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FOREWORD

d in orde. to make the information

Classified material has been remove
to any interested

available cn an unclassified, open publication busis,
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 mak ing as much information as possible available to

all interested parties.

The material which has been deleted is either currently classified as
Restricted Data or Formerly Restricted Data under the provisions of the Atomic
Energy Act of 1954 (as amended), or is National Security Tnformation, or has
been determined to be critical military information which could reveal system
or equipmert 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 pelieves that the deleted material is of little or no
tudies into the amounts, or types, of radiation received by

significance to 8
heric nuclear test program.

any individuals dur ing the atmosp
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ABSTRACT

The objective was to improve the basic understanding of the physics of high-altitude nuclear
detonations by measuring the thermal radiation from the high-altitude Shots Yucca, Orange,
and Teak. Spectral irradiances (H )) obtained by distant airborne instrumentation are pre-
sented as a function of time in four wavelength bands: 0.3u to 0.4, 0.4u to 0.5u, 0.5u to )
lu, and 0.3u to 3.6u. The measurements are vxtrapolated to an assumed point source, and
these generallzed results are discussed.

Shot Yucca, a palloonborne device detonated at 84,680 feet, radlated approxi-
mately like a black body, and, as expected, the thermal pulse had the characteristic shape .‘
of a sea level burst. Time to flrst maximum was approximately time to mini-
mum was , and time to second maximum was The thermal pulse was of
shorter duration than a similar low-altitude burst although the total thermal energy was
about the same— 40 percent of the device yield.

oo oL

Shot Orange, a device carried to 140,990 feet by a Redstone rocket, showed
marked deviations from low-altitude bursts. Time to first maximum was , the ) a5 J
minimum, which was evident only in the 0.5u to 1u region, occurred at about 3 Mae'el ‘
and the primary thermal pulse was over in . There was a shift in the spectral

distribution toward the infrared. Inthe 0.3u to 1u region the total thermal energy was
20 percent of the yield whereas an extrapolated figure for the 0.3u to 3.6u region was 45 L
percent of the yjeld. . K
Shot Teak, a device carried to 250,380 feet by a Redstone rocket, had only one o i
thermal maximum occurring at The pulse then decayed <
The } ower radiated at maximum, extrapolated to a point
source, had a spectral distributior. as follows: 0,3u to 0.4, 0.4u
0.5u, 0.5u to 1u and 0.3u to 3.6y, By
subtraction, an upper bound of watts radiated at wavelengths greater than 1u {8
obtained. The pronounced shift of the radiation toward the infrared is apparent.
Simple scaling laws are not sufficient to predict the thermal radiation from a high-alt{-
tude nuclear detonation. In particular the power radiated in the {nfrared exceeds by a
large factor that expected from a black body of dimensions comparable with the viasible
fireball. This {mplies the existence of some mechanism that {s producing a greater pro-
portion of infrared radiation than would be obtained using the equilibrium black body theory.
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FOREWORD

This report presents the final results of c=u of the projects participating In the military-
effect programs of Operation He-_wck. Overall Information about this and the other mil{-
tary-effect projects can - _ optained from ITR— 1660, the “Summary Report of the Com-
mander, Task Un* 3."" This technical summary includes: (1) tables listing each detonation
with {ts yle'”, type, environment, meteorological conditions, etc.; (2) maps showing shot
locat! .a; (3) diacussions of results by programs; (4) summaries of objectives, procedures,
-csults, etc., for all projects; and (5) a ll3ting of project reports for the milltary-effect

programs.
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PREFACE

Project 8.2 was a large operation with important contributions from many people. The
5 particular efforts of a few are hereby gratefully acknowledged.

The effort and talents of Major Leon Stone, USAF, were primary reasons that this

project was so successful. He coordinated and managed the early phases of this work and
smoc:aed the way 8o well, both in the laboratory and in the field, that the technical work
was accomplished in the shortest possible time. He seemed to find solutions where none
existed and, in general, efficiently expedited the whole program.
1/Lt. John W. Reed, USAF, was a valuable assistant during and since the Hickam AFB
phase and was materially responsible for obtaining the data on Shot Orange by flying as the
technical operator on Aircraft RB36-750. This proved to be invaluable since Afrcraft
B RB36-748 failed to obtain data on both Orange and Teak primarily because a civilian scien~
tist was not allowed to be aboard.

J.W. Grenier capably participated in all phases of the operation and was of particular
help with the instrumentation and cinespectroscopy. Preshot theoretical predictions were
provided by H. K. Sen and A. W. Guess. V.A. Marcello and D. E. Thomas were able assist-
ants during the field operations as were the field crew of the Cook Research Laboratories,
in particular E. Roslak. Thomas B. Smith of Allied Research Associates, Inc., performed
an exceptionally capable job in preparing the balloonborne instrumentation and meeting an
extremely difficult deadline. Many consuitations with I. Kofsky, Technical Operations,
Inc., provided understanding and constructive criticism.

% The aid of R. E. Plerce, who contributed to the data reduction and preparation of this
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report, and Louise Mercier, who laid out the graph formats and typed the manuscript, is
acknowledged.

Finally, the considerable consultations and advice of M. Annis of Amer} 'an Science and
Engineering, Inc., who helped point out the important conclusions of this work, and, in
general, the fine support tendered by this group is gratefully acknowledged.
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P Chapter 1

INTRODUCTION

- d

1.1 OB.ECTIVE . .

The objective was to provide a basic understanding of the thermal radiation resulting
from the detonation of nuclear devices at high altitudes. Such an understanding is vital to
the evaluation of nuclear weapon effects at high altitudes as applied to such problems as
ICBM kill and countermeasures, and, in general, to our defensive retaliatory capability. ‘

Absolute spectral irradiances were to be obtained. For the purpose of this report, A SN ﬁ
thermal radiation has been defined as that radiation extending in wavelength from 1,860 A g3 ' z ‘
through the infrared that escapes to large distances from the device. It was necessary to Lo
obtain the measurements with sufficient wavelength and time resolution to monitor expecied By g ‘.. D
variations in the spectral distribution and intensity as compared to sea level bursts. IR

Analysis of this data would also aid in understanding the effect of reduced density and
different composition of the ambient air at high altitudes.
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1.2 BACKGROUND . e
& T
5 Although thermal radiation from near sea level nuclear detonations has been wel! docu- A
= meanted, high-altitude bursts were expected to present many new and intricate facets. These e \_‘
arose from changes {n two Important parameters: (1) the decrease in the ambient air den- o‘-: -‘4

R

sity with the associated changes in collision, attachment, and recombination times; and (2) SR

the change in the composition of the air. New scaling laws were developed that modified e

3 the usual hydrodynamic scaling laws by the inclusion of radiation effects, but those too i -
o became inoperative with large changes in atmospheric density and composition. Tl ]
3 The high-altitude 3-kt burst of Operation Teapot was the only previous applicable ex- .
L[: periment, and few significant changes occurred at the moderate altitude (~ 32,580 feet). It : »
5 became apparent, however, that most of the thern.al energy would be emitted faster at .
f higher altitudes and would have different characteristics. These differences would prove S S
[ quite important, since the amount of energy, its rate of delivery, and the spectral distribu- Ll
: tion determine the thermal lethal envelope for missiles and high flying aircraft. The -'-f‘}.j: -:}.','
L" Thermal Radiation Laboratory, Air Force Cambridge Reseaich Center, proposed to ohtain p Jog Boo]
the necessary measurements during Operation Hardtack, both with balloon dragline ing "~

mentation and instrumented aircraft.

Originally, the only high-altitudc experiment pianned was Shot Yucca, a balloonborne

device with an expected detonation altitude of 92,000 feet. Later planning included
devices to be carried aloft to high altitudes by Redstone rockets: one shot to be

detonated at 125,000 feet (Shot Orange) and the other to be detonated at 250,000 feet (Shot

Teak).
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. Since the change in environment was so important to the phenomenology of these bursts,
a informnation on the actual ylelds, heights, times, relative aircraft positions, and some of
y the associated geophysical parameters (Reference 1) is given {n Table 1.1.

T 1.3 THEORY -

'::‘ Theoretical investigations of puclear bursts at high altitudes have been carried out by a
i number of workers (References 2 through 11). The phenomena proved to be extremely
complicated with large differences occurring {.r re.atively small variations in yield and

i altitude in the vicinity of 100,000 feet and higher. One o« the primary factors affecting the
- thermal radiation was the opacity of the fireball. The fireball was still expected to be
quitz opaque for moderate altitudes (less than 100,000 feet) and to radiate like a black body;
however, at much higher altitudes it has a more transparent history and theoretical predic-

i
ﬁ tions were more uncertain.

1 1.3.1 Shot Yucca. The usual hydrodynamic calculations for strong shocks were expected
to be applicable to at least 100,000 feet if radiation effects—radiation pressure, energy
density, and radiative diffusion-—were properly taken into account, that iz, f the Rankine-
Hugoniot conditions were modified by including the radiation fleld. Then, as long as the
mean {ree paths of the thermal radiation were small compared with the dimensions of the
shnck front, the surface of the fireball would radiate like a black body (the opacity of the
air preheated by the shock precursor was ignored). These hydrodynamic computations
would give the early time history of the radius of the shock front Rg and its temperature
Tg. The amount of energy radiated per square centimeter would be f (Tg) o T; where o
=5.6724 x 107!? watts/(cm? — K and f (Tg) = the fraction of the radiation emitted at wave-
lengths greater than 1,860 A. Therefore, the radiation rate P from the fireball could be
calculated from P =4 Rs2 f(Tg) o T; . In general the thermal pulse was predicted to be
delivered faster than from bursts at lower altitudes. One difficulty in experimental plan-
ning for Yucca, however, was that these detailed theoretical calculations were not available
before the burst.

Radiation of wavelengths less than 1,860 A does not escape the shock front because of the
opacity of cold air, and therefore, only wavelengths greater than 1,860 A would be received
at a distant point. In practice, wavelengths shorter than 3,000 A have not been detected at
distant stations because of absorption in the ultraviolet, by several ions and compounds,
including ozone.

Near sea level, ozone presumably is formed far from the burst very rapidly by the
prompt nuclear radiations. This ozone absorbs ultraviolet radiation (2,000 to 3,000 A) very
strongly and forms an ultraviolet thermal shield. At higher altitudes the formation of ozone
is much slpwer because of decreased ambient density (three body processes required for
ozone formation); consequently, it is expected that the ultraviolet radiation from the burst
reaches longer distances. For instance, above 50,000 feet the mean time for formation of - ‘;,: |
ozone {s greater than 5 msec, and these times become important, because an appreciable Ly
percentage of the thermal energy {s delivered by these high-altitude bursts in comparable
times. However, the natural ozone layer, which is centered around 90,000 feet, also must
be considered.

No theoretical treatment of thermal radiation after breakaway for a detonation near
100,000 feet has been published. Some early estimates were made concerning this late
thermal pulse (References 5 and 8), and these will be presented for comparison with the
experimental data in Chapter 4. The opacity of a fireball at moderate altitudes was as-
sumed to be rather large throughout the time history; therefore, black body characteristics .'-ﬁ g
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were assumed even at late times. The distribution of energy from a black body radiator
into each of the wavelength regions of interest to the experimental program is presented
as a function of a temperature in Table 1.2 (Reference 12).

1.3.2 Shot Orange. At an altitude of 140,990 feet (actual altitude for Shot Orange) the
mean free path of the thermal radiation in the fireball is not always short in comparison to
the fireball dimensions and, therefore, the fireball may not always radiate as a black body.
As the fireball becomes more transparent, the absorption and emission coefficients of the
fireball constituents become increasingly important. The primary processes that must be
considered in calculating the opacity of the fir-eball are the bound-free and free-free transi-
tions and, of lesser importance, bound-bound transitions and electron scattering. (A bound-
free transition represents a change from (or to) a discrete energy state to (from) a con-
tinuum level —photoionization for example. Thus, bound-bound represents a transition be-
tween two discrete levels and free-free between two states of the continuous spectrum.)

At early times the phenomenology of the fireball for Shot Orange was qualitatively simi-
lar to that for a sea level detonation. There was an initial phase during which energy
transport was principally due to radiation diffusion and a later phase when hydrodynamics
(the formation of a strong shock) was the major mechanism for transporting energy. The
shock wave formed at a much larger radius than it would at sea level, and the peak tem-
perature of this strong shock was lower than it would be for a sea level burst of the same
yield.

During the period prior to breakaway, the mean free path of the thermal radiation within
the fireball was short compared with the diameter. Thus, the source of the thermal radia-
tion was relatively opaque, and the early radiation that was measured was related to that
from a black body with two exceptions: first, of course, is the absorption by the air that is
heated by the precursor; second, is the effect of the nuclear radiations on the total absorp-
tion coefficient of the cold air surrounding the fireball. At later times the Orange fireball
was expected to be quite transparent. Thus, the radiation time for this fireball was ex-
pected to be quite long, and the spectral distribution of this late radiation was not expected
to be that of a black body. Rather it was expected to be closely related to the opacity of the
air at the temperature in question.

1.3.3 Shot Teak. At an altitude of 250,380 feet (altitude of Shot Teak) the initia]l] mecha-
nism of energy transport was qualitatively different from the dominant mechanisms for the
two other detonautions. The major fraction of the radlation emitted by the weapon case was
deposited within a distance of the order of 3 km from the burst. It was expected that ap-
proximately 75 percent of the total yield would be radiated as soft X-rays, and 85 percent
of this X-ray energy would then be deposited in a sphere 6 km in difameter within a time
determined mainly by the velocity of light. Following this X-ray deposition phase, a radia-
tion diffusion phase occurred, also with great rapidity, and an {sothermal sphere was
formed approximately 15 km in diameter within a time again determined principally by the
velocity of light. The density at the altitude of Shot Teak was so low that it was expected
that the fireball immediately following the first phases just described would be quite trans-
parent. Thus, the Shot Teak thermal radiation was not expected to be black body radiation
for any appreciable time during its history. The hydrodynamic phase for Shot Teak did
not occur Thus,
hydrodynamic motions are not of interest during most of the times covered by the thermal
measurements. The radiation emitted by the fireball was, as in Shot Orange, modified by
the surrounding cold air, which had been sensitized by the nuclear radiation from the

13
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fission products, and in this instance, by the more penetrating thermal X-rays from the

case.
During late times when the temperature of the Teak fireball had fallen to approximately

1 volt, the fireball was predicted to become even more transparent. Thus, the time of the
thermal pulse for Shot Teak was predicted to be extremely long—of the order of many

seconds.

BT
S .

14

et et . O M
O SR N W N APVR AL PR I, I,




- TR

HIGH-ALTITUDE BURSTS AND RELATIVE AIRCRAFT POSITIONS

Cofi obes i S e B i oo i o

TABLE 1.1
p/p.e - Date, Johnston Atrcraft Position
Shat el dltitae d D18y Island Time Altitude Slant Rauge
km ft
Yucca 25.81 84,680 2.21 =231 2,91 (<2) 28 Apr 11.3 24.5
) 1440
Orange 42 97 140,990 203 (=3 217 (=1 11 Aug 9.3 138
2330
Teak 76.31 250,380 2.02 (-5 3.20 (~5) 31 Jul 9.3 137
2350

* Py = 101,325 newtons/m’.
tp, = 1.225 kg/m’.
1 Number in parentheses indicate the power of 10 by which each entry must be multiplied.

PERCENTAGES OF TOTAL ENERGY RADIATED IN VARIOUS SPECTRAL REGIONS

TABLE 1.2
BY A PLANCKIAN RAUIATOR AT DIFFERENT TEMPERATURES
Black Body Far Ultraviolet Near Ultraviolet® Visible Infrared Bolometert
Temperature (FUV) (NUV) (VIS) (IR) (BOLO)
0.2u to 0.25u 0.3uto0.4u 0.4u to 0.5u 0.54 to 1u A>lu

*K
1,000 _— _ — 0.035 35.
2,000 —_— —_ 0.03 1. 69.
3,000 —_ 2 1. 27. 62.
4,000 0.03 8 5. 42. 47.
5,000 c3 5.7 10. 47. 28.5
6,000 1 11. 13. 47. 24.
7,000 d 15. 16. 42. 16.5
8,000 5. 18. 16. 38. 13.
9,000 8. 21. 18. 32. 10.
10,000 10.5 21.0 15.2 27.5 8.0
11,000 11.5 20.9 13.9 23.9 8.7
12,000 13.3 20.4 13.0 20.8 5.4
13,000 14.8 19.3 11.8 17.7 4.1
14,000 15.8 18.0 10.8 15.4 3.4
15,000 16.0 17.1 9.7 ¢ 13.3 3.1
20,000 15.3 11.7 5.8 7.1 1.3
25,000 12.5 7.8 3.5 4.3 0.74

* Experimentally, it was known that no radiation of wavelengths 0.254 to 0.3u reached the afrcraft.

1 The bolometer wavelength band was limited only by the transmission of quartz, ~80 percent

from 0.2u to 2.64u and from 2.9u to 3.6u.

longer wavelengths than detectable by the dispersion units; A > 1.
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Chapter 2

PROCEDURE

2.1 OPERATIONS

The desired measurements of the thermal radiation from high-altitude nuclear bursts
required the development of a complex system of airborne instrumentation. The long op-
tical paths through variably absorbing and scattering atmospheres ruled out the location of
thermal detectors on the ground or aboard ship.

Two RB-36 aircraft were chosen to carry thermal detection equipment above possible
cloud cover and as close to the burst as feasible. It was planned to operate these aircraft
at an altitude between 30,000 and 40,000 feet. Special thermal sensors, together with the
necessary recording systems, were developed and integrated into an automatic airborne
data-gathering system. Each aircraft carried a complete set of instrumentation, which
provided the necessary backup and allowed the couveiage of a wide dynamic range of possi-
ble radiation magnitudes.

Because Yucca was a balloonborne event, it became feasible to locate additional thermal
detectors on an instrumentation dragline. With a proposed detonation altitude of 90,000
feet, there would still be at least 70 percent of the atmospheric ozone between the aircraft
and the nuclear device. The attenuating effects of ozone are particularly strong in the ul-
traviolet region, and thus, aircraft measurements in this region would be obscured. Ac-
cordingly, thermal detection, calibration, and delayed telemetry systems were installed in
canisters on the dragline configuration of the balloon. Three thermal canister stations
were located at various distrnces below the device to obtain attenuation measurements as
well as provide the backup and dynamic range so necessary for securing data from such
one-shot thermal events.

2.1.1 Shot Participation. The project participated in Shots Yucca, Orange, and Teak
(Table 1.1). The nuclear device for Shot Yucca was suspended from a free balloon. The
balloon was launched from the deck of the aircraft carrier USS Boxer. Shots Orange and
Teak were thermonuclear devices carried aloft by rocket vehicles launched from Johnston
Island.

2.1.2 Pretest Activities. Afrcraft and canister systems development and installation
had been essentially completed prior to departure for the forward test area. In the field,
many checks and dry runs were conducted to {nsure that operation of the complex aircraft
and canister {nstrumentation was satisfactory. These checks included the recording and
playback of simulated thermal pulses over each of the many detection and recording
channels.

After final estimates of the detonation point and aircraft positions were made available
by Joint Task Force 7 (JTF-7), the anticipated ranges of flux levels were computed for
each thermal detector at each of the various locations, allowing for final system sensitivity
level adjustments. Prior to each shot, preflight checks were accomplished; these con-
sisted of detector calibrations, sensitivity adjustments, recorder erase and alinements,
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system calibrations, logic functions, camera loading and calibrations, and system per-
formances. Manual In-flight checks and monitoring of automatic instrumentation sequenc-
ing was based on the broadcast event countdown.

2.2 INSTRUMENTATION

T 'vv”m‘y"r.v‘-.—i 15

To accomplish the close-in thermal measurements on Shot Yucca, a remotely controlled
thermal detection and delayed telemetry system was installed in each of three canistars.
These canisters were suspended on the balloon dragline at positions 1,050, 1,500, and
2,100 feet below the nuclear device. Each canister was equipped with a set of spectroscopic
detectors, a multichannel magnetic tape record and playback system, a command receiver,
and a telemetry transmitter, together with sufficient battery power. Space and instru-
mentationineach canister were shared with Project 1.10 for pressure measurements. Com-
mand and telemetry links were established between each canister and a control station on
the USS Boxer. Figure 2.1 illustrates the balloon and dragline configuration. A typical
thermal and pressure canister internal assembly is shown in Figure 2.2, and a block dia-
gram of the thermal instrumentation contained by each is given in Figure 2.3.

The two RB-36 aircraft were employed as instrumentation platforms for the relatively
distant thermal measurements of all three events. The various electrical and photographic
thermal detectors were mounted behind specially constructed optical windows installed in
the fuselage of each aircraft. Aircraft instrumentation space and control circuitry were
shared with other projects. The thermal instrumentation in each alrcraft consisted of
spectroscopic detectors, automatic sequencing and calibration logic, multichannel magnetic-
tape recorders, spectroscopic cameras, aud a command receiver, together with the neces-
sary power supplies and control circuitry. The system functioned automatically upon re-
ception of command signals over a radio link from the control center at the launching site
on the USS Boxer or at Johnston Island. The detection and recording system is outlined in
the block diagram of Figure 2.4.

2.2.1 Thermal Detectors. Both the aircraft and the canisters were equipped with broad-
band spectroscopic detectors (Figures 2.5 and 2.6) developed by the Thermal Radiation
Laboratory, Air Force Cambridge Research Center (AFCRC), under contracts with Paul
M. McPherson Precision Instruments and Allen B. DuMont Laboratories, Inc. (Reference
13). These sensors were designed particularly for the measurement of irradiance as a
function of time and wavelength at high altitudes. Unique sensors were required, because
standard radiometers and calorimeters did not have sufficiently fast time responses or
spectral definition. Response time was of particular importance i{n these events, because
the thermal pulse was expected to be delivered much faster than for sea level bursts.

Four separate instruments were designed, each sensitive to a portion of the electro-
magnetic spectrum between 2,000 and 10,000 A (Table. 1.2). These detectors, each de-
signed to have a flat wavelength response within its spectral range, ware named dispersion
units.

The dispersion unit was basically a standard dispersive system utilizing slit, collimat-
ing lens, prism, focusing lens, and multiplier phototube detectors. The unique facets of
its design were the special prism and the focal plane mask (Figures 2.5 and 2.6). A straight-
through design was achieved using a one-piece, six-sided Mertz prism. The use of an op-
tical mask in the focal plane provided sharp cutoffs and flat response with respect to wave-
length. The mask aperture was essentially the mirror image of the datector response
versus wavelength. The response versus wavelength of the various units was not as flat as
desired because of the short time available for instrument development.
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Each of the dispersion units employed two roughened quartz diffusion disks in front of
the slit to provide a wider field of view and reduce pointing error. Flgure 2.7 shows the
field of view thus obtained and compares it with the fleid of view of the same instrument
using a clear window. The double diffusion disks caused a loss factor of about 30 in sensi-
tivity and also affected the shape of the mask aperture, because the diffusing (scattering)
was wavelength cdependent.

Each spectral region required an instrument with different slit widths, lens focal lengths,
prism designs, and photocathodes. Quar*: prisms were used in the FUV and NUV disper-
sion units. Specfal crown and dense fli.t glass, developed by Bausch and Lomb Optical Co.,
was used in the VIS and IR units locat:d on the balloon dragline. This glass was particular-
ly resistant to change under high neutron and gamma irradiations (Reference 14). Spectrally
selective photocathode materials were chosen for each wavelength region. The 3/4-inch
phototubes were designed and connected for use either as photomultipliers at 1,000 volts or
as simple photodiodes at 30C volts, depending upon the required sensitivity.

In addition to the dispersion unit configurations, the aircraft were equipped with a fast
response bolometer and a calorimeter, and the canisters were equippped with a radiometer.
These instruments we.e black body type detectors whose spectral response was limited only
by the quartz windows protecting the instrument faces.

The bolometer was designed for the Thermal Radiation Laboratory by the Allied Re-
search Associates, Inc., to measure total irradiance as a function of time (Reference 15).
This unit consisted essentially of a resistance bridge circuit, one arm of which changed
according to the magnitude of the thermal flux incident upon ft.

The radiometers and calorimeters were supplied by the Naval Radiological Defense
Laboratory (NRDL). These were thermocouple-junction detectors; the radiometer meas-
ured total irradiance as a function of time, while the 20-junction calorimeter measured
tota'! energy (Reference 16).

All thermal detectors in the aircraft were located behind glass or fused silica (quartz)
windows. Transmission characteristics of the glass are presented in Figure 2.8 and of the
fused silica in Figure 2.9. A diagram of the instrument arrangement behind the aircraft
windows is shown in Figure 2.10, and the actual windows and detectors are shown in Fig-

ures 2.11 and 2.12.

2.2.2 Recording Systems. The requirements for recording systems differed considera-
bly between the aircraft and dragline canister thermal detection systems. Because of space,
weight, and power limitations, only a relatively small number of detectors could be in-
stalled in each canister, requiring a small recorder with several channels. In addition,
since the canisters would not be recoverable, an automatic playback of each recorded
channel into the canister telemetry link was required. This delayed telemetry technique
was necessary because radio blackout due to ionization of the surrounding atmosphere by
the radiations from the burst would likely prevent any direct telemetry of the brief thermal
radiation pulse. Also, limited frequency response of the telemetry link required a slower
playback speed than during record, to faithfully reproduce the anticipated rapid signal fluc-
tuations. The canister recorder and instrumentation had to survive and function reliably in
a high-altitude environment subject to neutron and gamma radiation from the nuclear device.
The equipment was also required to operate through accelerations encountered during
launch, deployment, blast, and free fall.

Accordingly, a miniaturized canister magnetic tape recorder and playback system was
developed under contract with Gulton Industries, Inc., for the joint use of Projects 8.2
(thermal) and 1.10 (pressure). The recorder utilized two 1/4-inch continuous tape loops.
One loop was for amplitude modulation recording of six thermal data channels, whereas the
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other loop was used for FM recording of pressure measurements. The six channels for the
simultaneous recording of the thermal pulse in various wavelength ranges were achieved by
positioning three dual-track record heads around a 21-inch magnetic tape loop driven at

7.5 in/sec. Each head recorded for only 240 msec after the burst, after which the record
heads were deenergized to prevent any recording overlap on the tape. The first 125 msec
of this recording period were for the thermal pulse, and the remaining 115 msec were used
for the automatic recording of a 1.5-volt, 400-cps damped sinusuvid to establish an ampli-
tude and frequency reference. The canister recorder is shown in Figure 2.13.

Following a 10-minute warmup period, the canister recorder was activated 10 seconds
prior to the burst by a VHF command signal from the shipboard telemetry station. During
the burst, six channels of thermal data were recorded while simultaneously two of the
channels were directly telemetered in the unlikely event that some transmissions might
penetrate the ionization blackout. At the conclusion of the record cycle, the recorder auto-
matically switched into the playback mode for repeated playback and telemetry, two chan-
nels at a time, throughout the free fail of each canister. The telemetered data was de-
modulated and recorded at the telemetry station aboard the USS Boxer, using standard
multichannel FM recorders. The canister and ground telemetry system was developed,
installed, and operated by the Bendix Aviation Corporation.

The less stringent space, weight, power, and environmental requirements within the
aircraft allowed the use of a relatively large number of thermal sensors. Each sensor re-
quired at least one recording channel, but where available the dynamic range of possible
inputs could be increased by a second, parallel recording channel. This wide recording
range was necessary because of unknown variations in predicted irradiances. Accordingly,
Ampex 800 airborne magnetic tape recorders (Figure 2.14) were employed in each air-
craft. These 14-channel (1-inch tape) recorders, when used for FM recording of the
thermal pulses, exhibited a frequency response of dc to 10 kc when operated at a tape
speed of 60 In/sec. The upper limt was reduced to 5 k¢ when operated at 30 in/sec.

The signal outputs from the phototube detectors, which ranged from about 0.01 to 10ua,
were directed through a console of 14 dc preamplifiers developed by George A. Philbrick
Researches, Inc., (Figure 2.15). These chopper-stabilized, operational amplifiers »f
variable gain converted the signal currents to the voltages and impedances required to
drive the Ampex FM record amplifiers. The preamplifiers provided the offset voltages
necessary for the utilization of th= full dynamic ranges of the recorders and presented low
output impedances so that the shunt capacities of the coaxial signal cables to the recorders
did not limit the frequency response. An overall system frequency response of approxi-
mately dc to 7 kc was achieved. The upper frequency limit was determined primarily by
the shunt capacities of the signal cables from the phototubes.

The bolometer was provided with a special ac amplifier, which had a gain variable to
10° and a fr -quency response of 5 to 10,000 cps. The bolometer amplifier and power sup-
ply required very low noise characteristics. One ot the dc preamplifiers of the Philbrick
console was used to amplify the signal from the calorimeter for Shot Yucca; however, it
was replaced by an Electro-Mechanical Research operational amplifier for the other shots.

2.2.3 Photographic Detectors. Photographic instrumentation for the recording of ther-
mal data consisted of four N-9 gun-sight-aiming-point (GSAP) 16-mm cameras (Figure
2.16) and one high-speed Traid 16-mm camera in each aircraft. Two of the GSAP cameras
were used with spectroscopic film and AFCRC cinespectroscopic nosepieces to record fire-
ball spectrz in the wavelength range from 4,000 to 6,200 A, while the other two used mi-
crofile film to provide aiming, field of view, and documentary information. All GSAP
cameras were operated at 64 frames/sec. The Traid camera was outfitted with a similar
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spectroscopic noseplece but recorded the spectra at 200 frames/sec,

The spectrgscopic nosepieces were low resolutivn (A X = 20 A) devices that utilized
three-element Amici dispersing prisms. Flgure 2.16 shows one of the nosepieces attached
to a GSAP camera. These instruments are described in detail in Reference 17.

2.2.4 Calibration. The dispersion units were calibrated for absolute sensitivity and
wavelength characteristics in the laboratory, utilizing standard sources, calibrated de-
tectors, and a monochrometer. The relative sensitivities between units of the same spec-
tral range were obtained and then rechecked immediately before and after each shot, using
an analog flash source (Reference 18). Since the relative sensitivities of the dispersion
units were known, two units in each range were calibrated absolutely, and the others were
then evaluated relative to these. Sensitivities and wavelength passbands of the units that
obtained the best data from the three shots are listed in Tables 2.1 through 2.3. The rela-
tive flatness of the response versus wavelength of the various instruments was estimated
to be 20 percent, but individual units varied considerably.

Since the detectors could not be aimed precisely, the sensitivity as a function of the
pointing error (deviation of line of sight from the optical axis) had to be determined. Typi-
cal curves of the fields of view of the NUV, VIS, and IR dispersion units are shown in Fig-
ures 2.17 through 2.19. The actual aiming of the aircraft detectors was determined from
the GSAP cameras. The small range of pointing error for the dragline canisters was es-
tablished from many dry runms.

Initial calibrations of the bolometers were made in the field, using at both the Eniwetok
Proving Ground (EPG) and Hickam AFB, Hawaii, the zenith sun as the standard source.
The maximum possible irradiance value of 100 mw/cm* was assumed. Later bolometer
calibrations were accomplished in the laboratory, utilizing a standard lamp and light chop-
per. The sensitivities from the 2 techniques corresponded within 25 percent; however, the
bolometers failed internally before the final checks were completed. The calibrations for
the calorimeters and radiometers were provided by the manufacturers.

Aircraft system calibration to establish a signal amplitude reference on each data record
was accomplished by the automatic substitution of a stepping tunction of five calibration volt-
ages into each channel in place of the sensor outputs. This was done in the calibration and
junction box mounted on the amplifier console in Figure 2.15. The voltage function was se-
quentially generated, using a timing motor and cam-operated switches. Two cycles of the
voltage steps were recorded prior to and also after the nuclear burst. The data-recording
period extended from H — 1 minute to H + 1 minute to provide a wide margin for error. The
calibration voltages, which were derived from mercury cells and precision resistor divid-
er networks, were accurately measured prior to and after each flight with a Fluke 1801
differential voltmeter.

Amplitude-modulated 60-cps speedlock amplifiers were used with each Ampex magnetic
tape recorder to insure that record and playback tape speeds were the same. An addi-
tional time reference was established for Shot Orange by recording a precision (0.001 per-
cent) 1-kc sine wave on one channel of each recorder throughout the data-recording time.
This was generated by an American Time Products, Inc., temperature compensated tuning
fork and amplifier. A separate recording channel was also used to record the countdown,
fiducial tones, and aircraft intercom for all three events.

References for magnitude and time were automatically established for the canister data
by the 400-cps damped sinusoid, which was sequenced Into each channel after the recording
of the thermal pulse. This function was accurately calibrated prior to balloon launch.

The spectroscopic film interpretation required the calibration of two variables: the wave-
length as a function of the horizontal position on the film surface, and the incident energy
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{ as a function of the density of the exposed film.

' The wavelength calibration was obtained by exposing the film, through the mounted nosc-
pieces, to light from a mercury arc lamp immediately before the installation of the camera
assembly into the aircraft. The wavelengths of the resulting slit images on film were the
well-known mercury lines and could be used to determine a dispersion curve.

The f)lanned calibration of the spectral camera assemblies in terms of incident ¢energy
as a function of film density was not satistactory because of the malfunction of the optical
pyrometer in the ficld. An alternative method of approximate calibration was therefore
used. A sensitivity curve (Figure 2.20) for the type of film being analyzed was used as the
basic standarcd. This curve shows the ergs/cm?’ required to produce 0.6 density above the
gross fog level of the film. The film was processed by Edgerton, Germeshausen andGrier
(EG&G) to give v =1 for D = 2.5, i.e., the ratio of the change in density to the change of
logarithmic exposure was unity. These known factors gave an approximate value for the
energy incident upon the film surface, which did not take into account several transmission
factors, particularly the fact that the transmission of the nosepiece assembly was strongly
wavelength dependent.

2.2.5 Data Reduction. Preliminary data reduction in the field was accomplished using
a Consolidated Electrodynamics Corporation (CEC) 5-114 recording oscillograph to produce
visual records of the thermal pulses and calibration data. An Ampex 300 FM magnetic tape
playback rystem followed by a suitable Philbrick wideband Jde high-current amplifier was
used to drive the CEC recording galvanometer. The calibration deflections, dispersion
unit sensitivities, terminating load resistors, window transmissivities, apr-. sensor pointing
errors were all used to determine the calibration constant to apply to the thermal pulse de-
flections to give absolute values of irradiance as a function of time and wavelength for each
shot.

For detailed data reduction in the laboratory, an Epsco timing sequence and buffer stor-
age system (Figure 2.21) was developed specifically for analyzing waveforms characteristic
of nuclear thermal pulses. This system purmitted the high-speed sampling of analog volt-
ages, converted them into digital code, provided storage and format arrangement of the
converted data, and then displayed the data via a Commercial Controls Model 2 paper tape
punch. An Ampex FR 100A magnetic tape system was used to play back the data tapes into
an Epsco Datrac B6135, which accomplished the analog-to-digital conversion. The system
included an input amplifier with gains variable from 1 to 30.

This data reduction system was provided with two modes, for the sampling of both fast
and slow rise-time analog voltage waveforms. In the fast mode, signal voltages could be
sampled at two independent consecutive rates, to permit the data sampling to automatically
fit a particular voltage pulse shape. Sampling rates from 1 to 25 kc were available in this
mode with a total number of samples in 1 cycle of 298. In the slow mode of operation the i
sampling rates available were from 1 to 100 cps. o o 2 0e

The 25-kc sampling rate was used on all thermal pulses, providing accurate time meas- e
urements to the first peaks as recorded. The combination of the 25-kc sampling rate with | :: e
a tape playback speed of 30 in/sec gave a time resolution of 20usec, which exceeded the O8O0
time resolution of the detector-recorder system (~50usec). The slow mode of operation
was used for the readout of the calibration signals.

The punched paper tape output of the Epsco system was then automatically plotted by a
Benson-Lehner electro-plotter for a visual observation of the data conversion. Readout
wis also posilble in pringed form, using a Commercial Covrols Flexowriter FPC &-F
The paper tapes were then converted to Internatioral Business Machine (IBM) cards, using
the IBM-047 converter, for processing by an IBM-650 electr 'nic data-processing machine,
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which applied scale correction factors and Integrated each pulse to obtain total energy as a ) SO
Figure 2.22 shows a block diagram of the data-processing system. B o

»
.

function of time.

=Y.
o

2.2.8 Film Data Reduction. Densitometer traces of the spectrographic film data were
obtained by means of a Jarrell-Ash microdensitometer. Only a few representative frames
of each film were examined, since a visual scanning of the fillms indicated no abrupt changes
The maximum time resolution of 5 msec was too slow to detect the
The calibration factors were applied to the traces to give curves

(omOm G g
»

as a function of time.
very early fluctuations.

of energy at the film surface. .
The documentary cameras were alined with the optical axis of all the aircraftborne de- 5 IS

tectors, and processed films from thase cameras were used to compute the deviation from
the optical axis of the burst point for each shot.
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Figure 2.1 Flight configuration illustrating dragline, Shot Yucca.
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Figure 2.5 Schematic of AFCRC broadband photodetector (dispersion unit).

Figure 2.6 Photograph of a typical dispersion unit.
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Figure 2.9 Transmissivity of fused silica windows.
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Figure 2.14 Ampex 800 magnetic tape recorders installed in aircraft.
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i Chapter 3

E RESULTS

Thermal irradiance In each of the four spectral regions— FUV, NUV, VIS, and TR (Tuble
K 1.2) —was measured by dispersion units in the aircraft on Shots Yucca, Orange, and Teak.
: The thermal pulses were also recorded with the bolometers, and cinespectrographic in-
ﬁ formation was obtained on all shots. The calorimeter was used only on Yucca and Teak
; and did not obtain data on either. For Yucca the instrument sensitivity was too low, and
¥ for Teak the calorimeter amplifier failed because of a power fluctuation that occurred just
: prior to detonation.
: No measurements were obtained from the instrumented dragline canisters used on Shot
Yucca. Approximeately 2 minutes before zero time, a power surge disabled the shipboard
command transmitter, which was required to initiate the canister recorder and delay play-
back systems. A continuously transmitting link was also provided in each canister as a
backup for data recovery. This system functioned properly prior to zero time in the canis-
ters at 1,050 and 1,500 feet from the device. The telemetry link was never closed with the
third canister at 2,150 feet. However, immediately after detonation, there occurred a VHF
blackout caused by ionization. After 4 seconds, telemetry was again received from the
canister originally at 1,050 feet; ! owever, the thermal pulse was over before this time.
After zero time, the canister located at 1,500 feet was not heard from again. This particu-
lar canister used a modified dipole antenna, which is believed to have been destroyed by the
detonation.

Curves of irradiance as a function of time in the various spectral ranges for all three
bursts are presented in Figures 3.1 through 3.23. The ordinate values (w/cm? include the
corrections for pointing error and window transmission as noted in Table 3.1; hence, they
represent the actual irradiance at the ajrcraft. Pointing errors (degrees off optical axis)
were determined from the documentary pictures shown in Figures 3.24 through 3.26. These
corrections assumed that the fireball was a point source. An appreciable extended source
would affect these values because of the decreased instrument sensitivity as the source
deviates from the optical axis (Figures 2.17 through 2.19). Although the curves presented
are not shown returning to zero in every case, the actual oscillograph traces were read
out to zero irradiance for the purposes of obtaining the total energy received in each spec-
tral range. Zero irradiance is defined here as signal/noise = 1 rather than in absolute
terms.

The early portions of the pulses are also presented in expanded form (shorter time
scale) to give detail of the more rapid variations at short times such as during the rise to
peak values. Fluctuations of the order of 100usec can be discerned in most of the ex-
panded curves; however, faster variations are distorted because of tte limited high-
frequency response of the detection system.

Figures 3.27 through 3.29 present plots of the percentage of thernial energy delivered
for wavelengths less than 1u as a function of time for Yucca, Orange, and Teak, respective-
ly. These plots show graphically the rate of delivery of the thermal energy. They do not
include wavelengths greater than 1.0u, because the bolometer amplifier produced a
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nonlinear phase shift in frequencies below 100 cps and had a low {requency cutoff of about
5 cps, which combined to distort the more slowly varying portions of the pulse.

The b~lometer measurements of peak irradiances are listed along with the data for each
spectral region in Tables 3.2 through 3.4. Peak irradiance values, times to maxima (and
minima en Yucca), and the total energy received (obtained by integration of the irradiance
curves) are given for each spectral reglion. For the Orange and Teak bursts, irradiance
values at selected later times are also listed.

The cinespectrographic results from Shots Yucca and Orange, which do not show regular
structure, are not presented. This film data has been reduced to plots of energy incident
on the film surface versus wavelength; however, the transmission of the nosepieces as a
function of wavelength is still in the process of being determined.

The photographic results from Shot Teak, which yield line structure, are shown in Fig-
ures 3.30 through 3.34. The values of time indicated on the curves are the times as deter-
mined from time zero and are arrived at by the nominal values of frame speed characteris-
tic of the cameras. The margin of error is due to the uncertainty in establishing time zero
on the flilm record. Wavelengths observed on the teak records are listed in Table 3.5. The
total accuracy of the reduction and detection system yields wavelength values accurate to
1+ 15 A.

The results presented Ir this chapter are those obtained at the aircraft. In Chapter 4 it
is necessary to use various assumptions, such as atmospheric transmission and a point
source approximation, to generalize the thermal information. Therefore, it is recom-
mended that any independent work begin with the primary results presented in this chapter.
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K Figure 3.23 Expanded first peak 1n the bolometer, 2,000 to 36,000 A N
(3.6 ), Shot Teak. s q

Figure 3.24 Photograph of Shot Yucca utilized to provide pointing error.
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Figure 3.25 Photograph of Shot Orange utilized to provide pointing error.
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Figure 3.26 Photograph of Shot Teak utilized to provide pointing error.
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Chapter 4

DISCUSSION OF RESULTS

4.1 DATA RELIABILITY

The procedures used in detecting, recording, and reducing the thermal data have becn
described in Chapter 2. The capabilities of the system are given in References 19 and 20.
The high-frequency response of the overall system, which was limited primarily hy the
shunt capacities of transmission lines and frequency response of the preamplifiers, was
approximately 7 kc. This would tend to obscure fluctuations shorter than 50usec. The
primary factors that caused limitations on the absolute irradiance values obtained by the
dispersion units were the lack of sharp cutoffs of the spectral pass-band and the deviation
from flatness of the response versus wavelength. These calibrations as well as the sensi-
tivities of the various units that obtained data are given in Tables 2.1 through 2.3. In gen-
eral, a number of dispersion units obtained data on each shot and thus increased the relia-
3 bility of these measurements.

. The phase shift of the bolometer amplifiers has not, as yet, been completely determined;
% however, it is known that the system experiences a nonlinear phase shift for frequencies be-

low 100 cps, thus the late time information (t > 5 msec) from the bolometer is not presented
in this report. Only one bolometer measured the signal from each burst, which did not al-
low the same degree of confidence as the dispersion unit data. Only preliminary postshot
laboratory calibrations were obtained for the bolometers before they failed; however, these
values were in rough agreement with the field calibrations using the sun as a standard
source. Therefore, the bolometer data will be an upper bound, since sensitivities were
primarily established by using a zenith sun and by assuming the maximum solar irradiance
of 100 mw/cm? incident at sea level. A precise error figure has not been established for
these measurements; however, it is felt that the upper bound bolometer data could be re-
duced by no more than 25 percent by possible calibration error.

To generalize the results obtained, it was necessary to estimate the atmospheric trans-
mission and reduce the data to the source. Although atmospheric attenuation was not meas-
ured, some confidence in computations was possible, since the slant paths were always
above an altitude of 30,000 feet, and, consequently, above a considerable portion of the
turbulent atmosphere and water vapor. The detailed atmospheric transmission calcula~
tions are presented in Appendix A, and the resulting values used for each wavelength re-
gion as well as the respective slant ranges are given in Table 4.1.

4.2 EXPERIMENTAL-THEORETICAL COMPARISON

The data was reduced to an assumed point source, which introduced only a small error
if the measurement distances were large compared with the source diameter. This was
true if the source was not much larger than the visible fireball. The radiated power in
each spectral region was thus obtained, and the thermal energy was derived by integration
of the power-time curves.
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¢ The thermal measurements obtained by the FUV units were not utilized in this analysis.
h The relatively small irradiances measured in this reglion meant that scattered radiation of
i longer wavelengths within the instrument could have had a considerable effect, and the
strong dependence of the atmospheric transmission in this wavelength regton upon the un-
known amount and dis. ribution of ozone prevented meaningful calculations. Therefore,
these me: surements vwere not reduced to the burst point.
Spectrilly resolved data showed no radiation was at the aircraft between 2,500 and 3,000

A (Reference 21). This was expected because of ozone absorption. For this reason the
true short-wavelength cutoffs of the radiation recelved by the NUV units (designed for
2,500 to 4,000 A) has been taken at 3,000 A.
i Figure 4.1 presents curves of black body radiation for various temperatures in the se-
i lected wavelength regions normalized to the radiation of wavelengths 0.3u to 1u, the region
designated as “TOT.” This graph can then be utilized to compare the reducer experimen-
ﬁ tal results with black body radiation at various temperatures (Appendix B).

. Ty e g

—

{ 4.2.1 Shot Yucca. A summary of the results for Shot Yucca is presented in Table 4.2.
Spectral power and times to the first and second maxima and to minimum are presented.
As shown in the irradiance curves (Chapter 3), Yucca exhibited the characteristic thermal
minimum and second maximum of lower altitude nuclear bursts. However, the usual scal-
ing (Reference 22) no longer holds; for instance, use of where t ., i8 in
milliseconds and W is the weapon yield in kilotons, gives for the predicted time
to minimum. Similarly, Tor the time to second maximum.
When compared to the exper{mental values of it is
obvious that the thermal energy was delivered much faster than for sea level bursts. How-
ever, the extrapolated value of for the ratio of total thermal yield to weapon
yield (shown in brackets in Table 4.2) i8 comparable with low-altitude nuclear detonations.
As can be seen, s the figure obtained by integration of the irradiance curves
(0.3u to 1u), and was calculated by assuming that the spectral distribution at
late times was the Same as at the first maximum. This {8 perhaps a lower bound, since
the distribution at second maximum (compare Tables 4.3 and 4.4) indicates a larger per-
centage in the near infrared, as expected from a cooler radiator.

Tables 4.3 and 4.4 list some of the experimental results and varfous theoretical calcula-
tions. Peak powers in the various spectral bands are compared, and the data is converted
into ratio form using 0.3u to 1u as the norm to aid in the comparison. It is apparent from

Table 4.3 that the theoretical calculations of the first peak radiation rate (References 4 and -f::-":ﬂ.::-_j.-.'
9) are within an order of magnitude of the experimental values. This fact plus comparison NN ::--'_:-:
of the experimental ratio column (Au/TOT) with the various predictions implies that Yucca i
did indeed radiate like a black body at early times. e
Table 4.4 presents a similar layout of experimental and theoretical results for the sec- *"‘: '»'-%

ond maximum; however, the late time pulse was not predicted by the models in References
4 and 9. Some preshot estimates (Reference 5) that used black body assumptions also for OO
the second maximum are seen to agree within a factor of 2. Again, the ratio columns in- I
dicate that Yucca was still radiating much like a cooler black body even at such late times. AN ESNCy
Figure 4.2 presents a theoretical curve of thermal radiation loss (Reference 9) in kilo~ i :
tons compared with the experimental curve (Figure 3.27). Agreement cannot be expected
in comparison of absolute values of the thermal radiation at a given time, since the theo-
retical values were calculated for all wavelengths greater than the 0.186u oxygen cutoff
while the experimental 11easurements were restricted to a finite passband (0.3u to 1u).
However, it should be noted that the slopes (rate of radiation) of the experimental and
theoretical curve are in excellent agreement to times past the first muximum. The
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i theoretical treatment did not pretend to predict the radiation output past breakaway. Six
n percent of the thermal energy had been lost before breakaway versus a theoretical predic-
tion of 10 percent.

- 4.2.2" Shot Orange. It {8 apparent from the irradiance curves of Chapter 3 (Figures

3.10 through 3.12) tnat the pulse shape for Shot Orange was considerably different from sea
level megaton detonations. There was only a vestigial minimu n which occurred most
markedly in the reglon of 0.5u to 1y at about 10 msec. Theoretical calculations (Reference
10) indicate that the explanation for this waveform was at least qualitatively simlilar to sea
level bursts. In times like 5 to 10 msec, the hydrodynamic shock formed, and its radius
became larger than that of the isothermal sphere. At these temperatures and densities,

the shock was opaque and cooler than the isothermal sphere, so the rate of radiationdropped.
As the shock cooled further, the Rosseland mean free path became long, the shock became

il - - =
]
v

transparent, and radiation was again received from the isothermal sphere. The expanding
isothermal sphere maintained the radiation rate (note the plateau) until it also became
¢ transparent at about 200 msec and was no longer a good radiator. Figure 3.28 showed 86

[ percent of the thermal energy (0.3u to 1u) was radiated away by 200 msec.

I Table 4.5 presents the generalized data (reduced to a point source) for Shot Orange. Per-
’ haps the most unexpected result was the apparent sl.ift in the spectral distribution toward
[. the infrared. Column 2, for instance, shows that, at first maximum, more power was
radiated at wavelengths greater than 1y than in the region 0.3u to 1u. Although integration
of the power-time curves gives the thermal energy radiated in the interval 0.3u to 1u, an
¢ extrapolation must be used to obtain the total thermal energy in the wavelength region 0.3u
to 3.6u, since the bolometer did not obtain late time data. Because the field of view of the
bolometer was greater than that of the dispersion units, a large source would be expected
to produce a larger reading by the bolometer than by the dispersion units. It has been as-
sumed that the angle subtended by the apparent source was small compared to the fields of
view of the bolometer and dispersion units for this discussion.

The extrapolated integral bolometer figure of and the subsequent energy
partition ratio of for thermal yield to weapon yield were obtained by assuming that the
ratio Py .. (BOLO)/ Pmax(TOT) rémained constant past 200 msec. That this assumption is
qualitatively correct may be inferred by observing Table 4.6 where the irradiance data is
again normalized, as for Shot Yucca, to the region 0.3u to 1u. As the fireball cools, Row
3 indicates that proportionately more and more of the radiation is in the near infrared re-
glon 0.5u to 1u. By implication then, it might be expected that the later PBOLO/PTOT
ratio would be larger than, or at least of the same order as, the first maximum. Itisto
be noted that of the weapon yleld appearing as thermal energy is a reasonable
percentage for lower altitude and sea level bursts. Table 4.6 presents the power radiated
by the source at various times and again compares with theoretical predictions at first
maximum (Reference 4). Although the predictions are within an order of magnitude for all
wavelength bands other than the 0.3u to 0.4u, the trend of the relative magnitudes as pre-
dicted by this black body model is just the reverse of the experimental values, as can be
seen upon comparison of Columns 3 and 7.

Since the early fireball was expected to radiate like a black body, the yield was known,
and the altitude was measured, and since the fireball size was determined photographically,
an interesting upper bound theoretical-experimental comparison can be made. For air at
a given density, the energy stored per unit volume in the form of kinetic energy, ionization
energy, and energy of the radiation field is a function of the temperature of the medium.
Hence, within a given volume if the total energy stored is known (for example, the yield of
the nuclear device), within the visible fireball, then a temperature is defined.
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Table 4.7 presents, for Shot Orange, the derived temperatures for various radil of the
sphere within which the total yield is assumed t. be contained (Reference 23). The exact LI
size of the source contributing to the thermal measurements is taken to be unknown al- - '." t
though the visible fireball radius was measured (Reference 24). Later time scanner meas- SR
urements indicated a considerably larger infrared fireball (Reference 25). For of SR
energy stored at this density and for the assumed radii, the energy in the radiation field o
never becomes comparable with the material energy stored. The power radiated in the i “f
wavelength intervals corresponding to the dispersion unit cutoffs is calculated for a black i f:(:;.-,;_-,
body source at the derived temperatures and assumed radii (Appendix B). The interval ®
0.186u to 0.3u is included, since this radiation escapes from the fireball. The bolometer Lo
region lu to 3.6y is also tabulated. The calculated values in the table are upper bounds for
the radiation emitted from sources with the given radii. The calculations for the fireball
that was observed photographically (R = 0.9 km) are of particular interest.

At the bottom of Table 4.7, the measured powers are tabulated. The power between 1pu
and 3.6u I8 obtained by subtracting the sum of the dispersion unit values from the bolom- *
eter reading. This procedure is correct if the source was small within the field of view of ’

-f,“.'q.._ r ':': vﬁl

both instruments.
If values calculated for the observed radius are considered, the power radiated in the

region 0.3u to 1u is overestimated by factors between 7 and 70, whereas in the region 1u
to 3.6u it is underestimated by about a factor of 2. It is obvious, and borne out by the cal- -
culations for other radii, that since the trend in the observed data is the opposite of that %
for a black body no change in the radius of the radiating sphere will produce an agreement.
Considering only the interval 0.3u to lu, the observed data (Reference 26) could be ex-

plained by either a fireball with a low emissivity over this region, which is counter to pre-

diction, or a black body radiating through a filter. However, the radiation received beyond

1y requires the presence of a fluorescent medium between the source and the detector that :
will convert part of the more energetic radiation into infrared. It should again be noted at »
this point, however, that the figure of for 1y to 3.6u {s an upper bound that .
was obtained by subtraction. This means that this number contains the possibie errors of

all of the separate numbers.

4.2.3 Shot Teak. Figures 3.17 through 3.19, the irradiance-time graph , show that Teak
had no trace of the characteristic minimum and second maximum of low-altitude nuclear
bursts. This indicates that, because of the late time of formation of hydrodynamic shock,
it no longer had a large effect upon the thermal radiation pulse. However, Figure 3.29 T
shows that about of the thermal energy (0.3u to 1u) was radiated away by .

+ just as for Orange. .

The spectral data presented in Chapter 3 showed that radiation from the Teak fireball %
had strong emission line structure, but no quantitative statement can be made as to the
magnitude of the underlying continuum. From tables of emissivity of hot i1ir (Reference
27), it was expected that the fireball at this density would be partially t. ansparent in the
visible and ultraviolet; consequently, line structure might be expected. Theoretical cal-
culations (References 11 and 12), which did not take line emission and absorption (bound-
bound) into account, predicted the thermal radiation peak would occur later than the ob-
served 0.5 msec and also underestimated the observed peak power. Figure 4.3 gives a
comparison of experimental data with an early theoretical prediction (Reference 11). This
graph illustrates how valuable this theoretical prediction proved to be for the preshot es-
timates of the instrumentation recording levels required.

Table 4.8 presents the thermal data obtained on Shot Teak reduced to an assumed point
Again, as for Shot Orange, the spectral distribution of the radiation showed a

source.
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'_T_ marked shift to the infrared. In fact, Teak exhibited even a larger ratio of the total ther-

et mal power at wavelengths greater than 1y than did Urange. Again the total energy from

n 0.3u to 3.6u could only be estimated bv comparing with the integrated value from 0.3 u to
1.0y and assuming that Pmax(BOLO)/Pmax(TOT) remained constant. Such an extrapola-
ton ytells a thermal yicld to device yteld ratio of {in Lrackets 1o Table %) a ramnber

which is very high.
Just as for Shot Orange, the photographically observed radius of Shot Teak and other as-

sumed radii were used to derive the black body radiating temperature. This {8 shown in
Table 4.9 along with the observed values extrapolated back to a point source. Again, no
such simple artifice as varying the source radius can bring these values into agreement
with the observed values. The power radiated over the region 0.3u to 1u deviates even
more strongly from the black body estimates than was the case in Shot Orange. The radia-
tion beyond 1y, obtained experimentally (again by subtraction), exceeds by factors of 4 to
6 that expected from the various volumes of heated air, each radiating as a black body. In-
strumentation errors are not nearly sufficient to explain the large observed infrared ¢mis-
sion without some mechanism for degrading energy into the longer wavelengths.

Thare 18 a reasonable mechanism for creating such a fluorescing mantle of sensitized
air f,r these high-altitude bursts. The X-rays heat the air in the near regions of the device
to ircandescence. This fireball will then, in general, be viewed through the surrounding
cold medium; however, this medium should not be considered normal air. An appreciable
fraction of the X-rays, gamma rays, and, at times greater than a few milliseconds when
the device is sufficiently disassembled, the energetic electrons from beta decay of the fis-
sion products will deposit their energy (primarily through ionization) in the regions exterior
to the visible fireball without appreciably heating the atr.

The size and nature of this mantle is strongly dependent upon the altitude of the burst
aud the position in question. For example, for a shot such as Teak, the range of the beta
rays is about 50 km at co-altitude but only about 15 km in the downward direction. Again,
the formation time of various species varies strongly with altitude; at 80 km the attachment
time to form 0~ is about 0.5 sec; at 50 km f{t is of the order of a millisecond.

Hence, the detailed composition of the surrounding air (that is, the fractional amount of
N;. ot , 07, 07, free electrons, and any compounds such as N0O) cannot be obtained from
equilibrium considerations, since the air is not in kinetic, let alone thermodynamic, equi-
librium. This modified air must be examined in detail to determine the absorption and

emission that will take place over the thermal spectrum.
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n TABLE 4.1 SLANT HRANGES AND ATMOSPHERIC TRANSMISSIONS

. ._ Shot  Slant Range FUV :;}n\}(:spherlcv'r[;annmlsnl;)}: Bolometert
| km

i Yucca 24.5 — 0.65 0.32 0.98 0.90
. Orange 138 —_— 0.42 0.75 0.92 0.90

’ Teak 137 — 0.63 0.86 0.95 0.90

* For 0.3u to 0.4u. It was experimentally determined that no radiation of
0 254 to 0.3u reached the aircraft.
' 10.2uto3.6u.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

#.1 CONCLUSIONS

The results as discussed in Chapter 4, where the experimental data on Orange and Teak
showed more infrared emission than could be radiated by a black body of dimensfons com-
parable with those of the visible fireball, pose very important scientific questions

Careful consideration has been given to the validity of the experimental results. How-
ever, a detalled {nvestigation has lead to the conclusion that these values are realistic. The
same instruments and procedures were also used to obtain thermal data on 10 sea level,
low-yield devices during Operation Hardtack, Phase Il (Project 8.8). It is of interest to
note that in all of the Phase II data (final version of Reference 20 to be published as WT-
1675) the preliminary results are consistent with previous measurements on sea level det-
onations, and the amount of radiation {n the infrared agrees with that expected from black
body radiators. In general, the bolometer measurements on Phase II are only slightly
greater than the sum of the dispersion unit values, as is to be expected, since the bolom-
eters detect radiation over a larger wavelength range. Such experience with this newly
developed instrumentation system gives confiaence in the results.

A more detajled and exhaustive approach in describing thermal radiation from high-
altitude nuclear bursts than the equilibrium-opacity theory, which works satisfactorily for
low-altitude bursts, is obviously necessary to explain these experimental results. It is

necessary to postulate some nonequilibrium mechanism that increases radiation levels in
the infrared beyond the equilibrtum black body theory. The possibility of various species,
h such as NO or 07, emitting very strongly in the infrared is recognized, but the details of
9 the formation and excitation of such species in the vicinity of a high-altitude nuclear burst
! are, as yet, poorly understood.
a2 Another piece of experimental information that could shed light on the problem is the

size of the infrared fireball. The infrared picture of Teak, obtained by a modified AN/AAS-
4 (XA-2) infrared mapping device (Reference 25), shows an inner core, presumably the
visible fireball, surrounded by a much larger radiating infrared fireball.

One of the difficulties is the present lack of calculations on the absorption and emission
properties of relatively cold air that has been strongly ionized. An obvious conclusion as a
result of the data obtained is that simple scaling laws cannot describe the phenomena as the
altitude of the burst increases, particularly past 100,000 feet.

5.2 RECOMMENDATIONS

The thermal measurements obtained on Shots Orange and Teak have raised very impor-
tant questions concerning the general thermal military problem for high-altitude nuclear
bursts. The nature of the measurements were too gross to allow a complete determination
or even a rough description of the thermal phenomena. From the comparison of experi-
mental results with the considerable theoretical efforts, it is apparent that much more data
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and theoretical work are required. It would be invaluable to cbtain absolute spectral ir-
radiance with better spectral 1esolution (particularly in the infrared) from various posi-
tions proximate to a high-altitude burst such as Teak. Simultaneous measurements taken
from above, at co-altitude, and from below would present the necessary comprehensive
picture. _Close-in measurements obtained at varit .8 ranges are also very important pleces
of missing information.

It is recommended that theoretical and laboratory work be pursued on the properties of
{rradiated air, to check the possibility that alr at low densities, sensitized by ultraviolet,
X, v, and 8 rays, could produce such a hypothesized fluorescent mantle.

Another almost totally unexpected aspect of these first high-aititude detonations was the
spectacular, long-lasting, optical displays. Visible radiation was obaservable for at least
30 minutes after Shots Orange and Teak. Unfortunately, other than a few ‘“‘curiosity”
photographs, no measurements were obtained on these low-intensity, spatially extended
offects, which may have important consequences for optical seeking and tracking systems,
particularly {n the {nfrared. It is {imperative to pursue the possibilities of infrared black-
out by high-altitude nuclear bursts, especially since the orbital early warning and boost
kill AICB!” systems are based uporn the use of infrared sensors.

It {s recommended that a strong theoretical, laboratory, and field program be pursued
on these thermal problems. Simulation techniques should be investigated and utilized dur-
ing moratorium periods to isolate and aid in understanding, one by one, the geophysical
parameters involved. Full led :ory studies srhould be undertaken to obtain good basic
numbers such as cross sectic .. and transition probabilities, which are so important for
theoretical investigations. The theory of high-altitude bursts must be reexamined carefully
and expanded, taking into consideration the experimental results and experience gained
during Operation Hardtack.

A great deal can be accomplished by such a sound approach, but nature being as it is,
careful measurements of other high-altitude nuclear detonations must be obtained.
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Appendix A

ATMOSPHERIC TRANSMISSION

The transmission of thermal radiation through th-  ratosphere is chiefly attenuated by ozone, water vapor,
oxygen, and carbon dioxide absorption, and atmospheric scattering. The transmissions calculated here are
for an instrument platform at approximately 40,000 feet looking along specific slant paths at detonations at
altitudes of 85,000, 141,000, and 250,000 feet.

The region of the electromagnetic spectrum under primary consideration {8 from 0.2u to 1.0u. Figure
A.l indicates why measurements at wavelengths less than 0.2u are not feasible for this program (Reference
28). Even below 0.3u strong ozone and oxygen absorption together with atmospheric scattering should ef-
fectively blank out most of the radiation. There is evidence, however, that between the strong oxygen ab-
sorption of the Schumann-Runge continuum and the Huggins-Hartley bands there exists a tranamission window
at the altitudes under consideration. Photon counters, one of which was sensitive {n the band from 1,725 to
2,100 A, were flown in a V-2 rocket (Reference 29); the counting rate, i{n this band, rose sharply at 7 km,
and the tube was too sensitive to provide useful da‘a above 20 k. The altitude at which the atmosphere
above transmits 1- and 10-percent incident radiation {s shown in Figure A.2 (Reference 30); this also indicates
the possibility of a high-altitude window. It {s estimated in a feasibility study (Reference 31) that the trans-
mission for a shot similar to Yucca i{s approximately 5 percent in this window region.

An approximate measure of atmospheric transmission can be obtained by assuming that the {ntensity of a
pirallel beam decreases by a factor eKU where K 1s the attenuation coeffictent per unit length, and U is
the optical path length that the radiation traverses in the particular medium under consideration. The total
attenuation coefficient K is defined as K = K, + K,, where K, s the coefficient due to avsorption by atmos-
pberic constituents and K, {s the coefficient due to atmospheric scattering.

Atmospheric scattering consists of large- and small-particle scattering. The small-particle, or Rayleigh,
scattering (a/A << 1, where a I8 the diameter of the scattering sphere and A {s the wavelength of interest) (s
characterized by the scattering coefficient being proportional to the inverse fourth power of the wavelength.
Haze and most clouds are below the altitude of interest; bence, the scattering is considered to be pure Ray-
leigh (Reference 32). The attenuation coefficients are taken{rom theoretical calculations as presented in Ref-
erence 1. Appropriate path lengths are obtained by multiplying the reduced equivalent thickness from Table
16-19 of Reference 1 by the secant of the zenith angle.

The water vapor content of the atmosphere above the aircraft was not measured at the time of the shots.

A value of 0.01 cm of precipitable water above the tropopause (Reference 33) is used for computational pur-
poses. The values for transmittance of radiation through water vapor are found in Table 16 - 3 (Reference 1).

The ozone absorption coefficients used are taken from Table 18- 16 (Reference 1). The total ozone amount
and distribution—quantities which vary daily—also were not measured at the time of the shots; therefore,
the values used are from the theoretical models shown in Figures A.3 and A.4 (Reference 34). The total
ozone amount in a vertical column above the aircraft was multiplied by the secant of the zenith angle to give
the path length of the radiation through ozone.

Carbon diox{de has no absorption bands at wavelengths less than 1u; hence, this constituent can be dis-
regarded for the purposes of this report.

Figures A.5 through A.7 are graphs of the calculated percent atmospheric transmission versus wavelength
for Shots Yucca, Orange, and Teak. The tabular values used to prepare these graphs plus a transmiasion
breakdown by the individual constituents are presented as Tables A.1 through A.3.

The transmission graphs presented in Figures A.5 through A.7 can be considered only rough approxima-
tions for the following reasons: (1) The ozone amount and distribution could have been substantially different
from the theoretical model. (2) The calculations are based on an undisturbed atmosphere while in reality
this was not the case. (3) No attempt {8 made to compute the transmission in the window region (0.2u) be-
cause the oxygen absorption coefficients are not well known in this wavelength region. (4) For shorter wave-
lengths (NUV, VIS), the calculated atmospheric transmission will tend to be small, because the Rayleigh
scattering computation takes into azcount only scattering out of the beam whereas in reality multiple scatter-
ing caused scatter back into the beam. Such a calculation {s also complicated by the fact that the sensitivity
of the detectors falls off sharply with increasing angle [rom the optical axis (Figures 2.17 through 2.19).

For wavelengths greater than 1y, atmospheric transmission is dependent upon the amount and distribution
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of H,0 and C0,. The absorption Lands in this regfon are strong, thus necessitating a knowledge of the wave-
length distribution of the radiation or use of a narrow band detector. A transmission of 90 percent Is used
for the bolometer on all three shots.
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Figure A.3 Atmospheric transmission, Shot Yucca.
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Figure A.6 Atmospheric transmission, Shot Orange.
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Figure A.7 Atmospheric transmission, Shot Teak.




Appendix B _

BLACK BODY RADIATION AT VARIOUS TEMPERATURES

The specific intensity of radistion from an object radiating as & black body at a temperature T is given by
Planck's law

2rhy? 1

B == BT

Integration of this function over all frequencies ylelds the Stefan- Boltzmann equation
B(T) =0T

Where: o has the value 5.6687 > 107' watts em? CK) Y.

I, for example, the object is a sphere of radius R, then the total power radiated is

P = 47R'oT!

and the fractional amount radiated in a frequency interval, v to vy (vy > 1y} 18 given by
£y = (B)f"’ xdx

))x; (eX=-1)
Where: x = hv/xT.

By means of the tables In Reference 12, this integral can be determined with a minimum amount of computa-
tion.

In this particular case, the long wavelength transmission charscteristics of the quartz window that was
used in the bolometer required evaluation of this fraction in the regions from 1.04 to 2.64u and 2.9 to 3.64.
Table B.1 presents the valuss of xT(x =hv/XT, xT=hc/kA for wavelengths which pertain to the cutoffs of
the dispersion units and the bolometer. For any given temperature the limits on the integral are determined,
and hence, the fractional power in this interval.

TABLE B.1 WAVELENGTHS IN MICRONS TRANSFORMED
TO xT(he/kA

Alg) xT (K » 10Y

0.186 7.735
0.3 4.796
0.4 3.597
0.5 2.878

1.0 1.439
2.64 0.545
2.9 0.496
3.8 0.400
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