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VE a

SUMMARY OF SHOT DATA, OPZRATION TEAPOT

Latitude and
shot Cede Name Date Times Area Type Longitude of

Zero Point

1 Wasp 15 February '200 T-Y-0t 762-ft Air I?* is' SI.AN
III* $1' 11101

2 moth 22 February 0545 T-3 300-ft Tower It? 6115.31114"
11*6' 11.614?"

3 Tesla 1 March 0530 T-9b 300-ft Tower IT6' 311.6111"
lie 62, 51166?

4 Turk 7 March 0520 T-2 500-ft Tower 37 uie, 4

5 Hornet 12 March 0520 T-3a 300-ft Tower a?' it' ."43

I * 9i 993114

6 Bee 22 March 0505 T-7-la 500-ft Tower 3? 6 42.366

7 EUS 23 March 1230 T-l10a 67-ft Underground 31 26 66.18"
lie is, U.?616

8 Apple 29 March 0455 T-4 500-ft Tower IT? 65 0.186

9 Waool 29 March 1000 T-7-4t 740-ft Air 31? 66, SIAN"9

10 HA 6 April 1000 T- 51 36,620-ft MBL Air 37 0 .3142
11 6' 3.11314

11 Post 9 April 0430 T-9c 300-ft Tower 8?* of' 36.6661'

12 MET 15 April 1115 FF 400-ft Tower W 0,6.0T
SO' N' 44.2666

13 Apple 2 5 may 0510 T-1 500-ft Tower 3 63' 11.1661

14 Zucchini 15 may 0500 T-7-la 500-ft Tower j I SIOs: 42.366"

*Approximate local time, PST prior to 24 April, PDT after 24 April.
t Actual zero point 36 feet north, 426 feet west of T-7-4.
t Actual zero point 94 feet north, 62 feet west of T-7-4.
I Actual zero point 36 feet south, 397 feet west of T-5.
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ABSTRACT

The purpose of this phase of Project 8.4 was the measurement of
thermal radiation received at aircraft locations in the vicinity of
nuclear detonations at Operation Teapot. Specifizally, certain physical
characteristics of the thermal radiation received at the delivery air-
craft on the high-altitude detonation were recorded. In addition,
calorimeters and radiometers for the measurement of radiant energy and
irradiance were supplied to Projects 5.1, 5.2, and 8.1 for installation
in test aircraft and drones of these projects. Calibrations and installa-
tion assistance were also provided. This report deals primarily with
the measurements made from the high-altitude detonation delivery air-
craft

B-36 delivery aircraft for the high-altitude event was instru-
mented for measuring the thermal radiant energy, the peak irradianoe of
and th time to second maximum, and the broad-band spectral distribution
of the ermal pulse. The instrumentation used included 10-junction
Minneapol is-Honeywell thermopiles, a special 20-junction calorimeter, a
photocell, and a very-thin, blackened-silver-foil instrument. Gun-
sight-aiming-point (GSAP) cameras with wide-angle lenses were used in
conjunction with these instruments.

On the basis of the results obtained, the Minneapolis-Honeywell
thermopiles will satisfactorily measure thermal radiant energies of the
order of 0.01 cal/cm2 , and the 20-junction calorimeter and thin-foil
instrument can be used for energies of the order of 0.1 cal/as2 .

At shot time the aircraft was located 21,500 + 300 ft slant range
from the point of detonation at an altitude of 46,775 ft MSL. Its
ground speed was 294 mph. All equipment performed satisfactorily. The
radiant energy received on the aircraft was approximately 0.18 cal/ca2 ,
which leads to a thermal yield of 1.0 KT and a thermal efficiency of
31 percent. The radiant energy is subject to possible correction due to
the fact that no images were obtained on the GSAP films, which could be
attributed to aircraft orientation at shot time. The limits of error
due to this factor are discussed. The time to second maximum was about
45 msec.

Scaling on the basis of the relationship tuax a 0.032 4, where
tmax is the time to second maximum, in seconds, and W is the yield#
in UT, gives a yield value of 2.0 XT as compared to 3.2 + 0.2 XT, which
is the suggested yield. Comparison with the ground measurements made on
the correlation shot, Wasp', indicates that, as the altitude increases,
the thermal radiation is emitted in a shorter time, the peak of the
second thermal pulse occurs at earlier times and the apparent color
temperature increases. The thermal efficiency, as determined by the
aircraft measurements, appears to be no greater than that of Wasp' and
is likely smaller.
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FOREWORD
This report presents the final results of one of the 56 projects oomprie-
ing the Military Effects Program of Operation Teapot, which included 14
test detonations at the Nevada Test Site in 1955.

For overall Teapot military-effects informtion, the reader is re-
ferred to "Swu7 Report of the Technical Director Military Effects
Program, WT-U-53, which includes the following: (15 a description of
each detonation including yield, zero-point environment, type of device,
ambient atmospheric conditions, eta.; (2) a discussion cf project results;
(3) a sumary of the objectives and results of each project; and (4) a
listing of project reports for the Military Effects Program.

PREFACE
This report covers the participation of the Naval Radiological

Defense Laboratory (NRDL) in connection with thermal radiation measure-
ments made from aircraft at Operation Teapot. It represents only a
small portion of the total effort expended by the NRM in making thermal
radiation measurements at this operation. The other measurements are
discussed in the reports covering Projecti 8.4b, through 8.4f. Data
obtained with thermal instruments supplied by NRII to Projects 5.1, 5.2,
and 8.1 are covered in the reports for those projects.

The authors wish to acknowledge the cooperation and assistance of
the 4925th (Atomic) Group, and in particular, R. W. Knox, as well as the
operational crew for the B-36 aircrafto Thanks are due the personnel of
the Thermal Radiation Branch, NRDL, for assistance in the design,
calibration, and installation of the instrumentation and in the reduc-
tion of the data. In particular, R. W. Hillendahl, Frank I. Laughridge,
and R. L. Hopton made substantial contributions in connection with the
design of the more sensitive instruments used on the B-36 aircraft.

The successful installation and operation of the thermal instruments
used on aircraft in connection with Projects 5ol, 5.2, and 8.1 were due
in large part to the cooperation and technical assistance of the
following groups: Wright Air Development Center personnel and the
contractors; Radiation, Inc., and Cook Research Laboratories for
Projects 5.1 and 5.2, respectively, and personnel from both the Naval
Air Experimental Station at Philadelphia, Pa., and from the Naval Air
Special Weapons Facility in connection with Project 8.1.
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Chapter I

INTRODUCTION
1.1 OBJECTIVES

The principal objective of this phase of Project 8.4 was to
measure, from a B-36 type aircraft, the pertinent physical characteris-
tics of the thermal radiation associated with a lov-yield, high-
altitude nuclear detonation. The required measurements comprised the
radiant energy received, the peak irradiance, the time to second
maximum, and the broad-band spectral distribution of the total radiant
energy. Such information should be useful for predicting some of the
characteristics of nuclear warheads for anti-aircraft purposes.

The secondary objective was to provide an instrumentation service
to other projects, i.e, Projects 5.1, 5.2, and 8.1. This involved
supplying calorimeters and radiometers for test aircraft and drones to
study radiant energy and irradiance received by aircraft positioned in
the vicinity of nuclear detonations.

1.2 BACKGROUND AND THEORT

1.2.1 NR Partlcinat on in Aircraft Thermal ,asureata. The
Naval Radiological Defense Laboratory (NRIM) has made a number of
measurements from aircraft of the radiant energy, the peak irradianoe,
the time to second maxiaua, and the broad-band spectral distribution
of the thermal radiation from nuclear detonations during Operations
Tubler-Snapr (Referdnoe 1), Upshot-Knothole (Reference 2) Ivy
(Reference 3) and Castle (Reference 4). Consequently, there in some
information available regarding these characteristics of the thermal
radiation of nuclear weapons from about 1 KT to several megatonse In
some cases these measurements were made to determine the operational
criteria of aircraft and in other cases to derive more basic data which
would allow extrapolation to situations other than those prevailing at
the time of the measurements.

The high-altitude event provided a unique opportunity to determine
the variation of the thermal characteristics of a nuclear detonation
with altitude. Instrumentation of the drop aircraft was undertaken
on this event because it provided an opportunity to make measurements
at a higher energy range than was available an the ground and provided
an opportunity for comparison with similar measurements made on the
surface near ground zero. These measurements were of additional
interest, since with both the source and the receiver at high altitude,
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the atmospheric attenuation is different than at lower elevations and
is influenced very little by the presence of the reflecting desert floor.

Arrangements for making the measurements from the B-316 type drop
aircraft were made at Albuquerque with the 4925th (Atomic) Group of the
Air Force Special Weapons Center (APSWC) organization (Reference 5).

1.2.2 Service to Other Agencies While making preparations for
the above types of measurements during operation Teapots a number of
requirements were placed on this project in connection with aircraft
themal-radition measurements for a number of other projects. Project
8.1, being carried out by personnel from the Naval Air Experimental
Station at Philadelphia, requested instruments and toohnical assistance
in connection with the operation of their Navy AD planes (Referenoe 6).
Wright Air Dsvelopment Center (WADC) also requested (Reference 7)
essentially the eas type of assistance in connection with two of their
project., vis., Projects 5.1 and 5.2. The first of these projects
involved the instrumenting of four F-8 drone planes, whereas the
second project involved two manned F-8W type jet planes. The bulk of
the instrumentation on Project 5.1 was performed by the contractor*
Radiation Inc., of Orlando, Fla. On Project 5.2 the Instrumentation ws
carried out by Cook Research Laboratories of Skokie,

10
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Chapter 2

EXPERIMENT DESIGN

In the case of the B-36 drop aircraft, it was necessary to develop
more sensitive instruments than the standard MK-6F instrwments (Refer-
once 2) since the delivery aircraft was to be positioned at 50,000 ft
altitude at the time of drop and the mean slant range at time of
detonation was estimated to be about 20,000 ft. This geometry, together
with an anticipated yield of about 3KT on Shot 10 HAL), gave an estimated
thermal energy of less than 0.30 cal/a 2 . The instruments were designed
to provide information leading to a value of the lethal thermal volume
Some details regarding these sensitive instruments are given in Section
2.3. Standard instrument holders and HK46 calorimeters and radiometers
were used n conjunction with oscillographic recorders and supplied to
Projects 5.1, 5.2, and 8.1. The actual type of oscillographic recorder
used varied from project to project. In all cases where thermal radia-
tion Instruments were used on aircraft, GSAP cameras were mounted
adjacent to these instruments. These cameras were to be used to
provide information regarding the orientation of the thermal instruments
with respect to the line joining aircraft and point of detonation at
time of detonation.

All the thermal instruments were calibrated at NRML prior to the
operation by exposure to the Mitchell high-intensity thermal radiation
source (Reference 8) using techniques identical to those described
elsewhere (Reference I). Several series of calibration rus were made
prior to shipment of the instruments to the Nevada Test Site. The
procedure provided for recalibration of the instruments on the same
source upon their return to NREL.

The electrical calibrations were accomplished by introducing
standard millivolt signals in series with the final field circuits a
few hours before scheduled shot time. flectrical calibrations were
checked in the same way after each shot.

Details regarding the thermal instruments used in Projects 8.1,
5.1, and 5.2 will not be given here, but they can be found in the
respective reports for these projects. These same reports also include
the results obtained during the operation.

2.1 MOP AIRCRAFT THER1AL INSTRUMENTATION

Only the B-36 aircraft designated as the drop aircraft ws provided
with thermal instruments. It was assumed that, if difficulties
developed in connection with this aircraft, it would be possible to
transfer the thermal instrumentation to the standby aircraft prior to
the shot. As noted above, it was necessary to use special thermal
instruments, because of the anticipated low thermal energies involved.

11

SECRET



These special instruments had 900 fields-of-view and included the
following items:

1. Nine of these sensitive instruments were 10-junction Minne-
apolis-Honeywell thermopiles (Reference 9). These were mounted in
standard MK-6F instrument cases and had a sensitivity of about
480 mv/cal/n 2 . The decay rate for heat loss was about 260 percent per
seconds

2. One special 20-junction calorimeter was built for these measure-
ments. This consisted of 20 blackened-silver buttons 0.25 in. in
diameter and 10 mile thick. Each button had a copper-constantan thermo-
couple soldered to the back with these thermocouples connected in
series to the recorder. The whole assembly was contained in a standard

TASM 2.1 TIMMAL INSThUMNTATION ON B-3 H AIRAFT

Instramn, ennt Instr see n
Position No. Type Filter

1 T7-1 Thin foil Q
2 M-1, 10 Junction Q # ND-It*
3 .41-2 10 Jumtion 0-52 # NiD-i
1. 3M-3 10 Junotlo 3-69 + ND-I
5 M"6 10 Junction, i-76 + D.1
6 -1 Photocel Q # ND-2

7 XX-2 20 Junction Q

S344-7 10 Junction Q 3 ND-1
9 I-8 10 Juctiln 0-52 # ND-i

10 34-10 10 Juntn 2-58 * ND-i
12 M-5 10 Junction 7-56 # ND-i

M R designates Minneepoli-MNmeriall thermp ile.
** ND designates neutral density 1.0 Kodak Vratten gelatin filter

(laequered). 0-52, 3-69P 2-58, 4-6 and 7-56 are deeinations
used by Corning Glass Warks for their filters. Q refers to a
quarts filter.

MK-6F instrument case. This particular instrument had a sensitivity of
about 40 mv/oal/cm2 and a decay rate for heat loss of about 35 percent
per second.

3. The last special instrument used had a very-thin blackened
silver foil less than 1 mil in thickness with a copper-constantan
thermocouple soldered to the back of it. This instrument was designed
to measure the temperature of the silver receiving disc just prior to
the time of detonation. This measuremont was made possible by by-passing
the brass cold junction in the calorimeter with the oonstantan lead wire
and taking it, instead, to a constantan stud and from there, using
special shielded copper-constantan lead wire, to an ice bath. In this
manner the voltage recorded on the Heiland oscillograph represents the
difference between the temperature of the ice bath and the temperature
of the receiving disc. The data obtained can be used to correct the
receiving disc for its change in heat capacity as a function of tempera-
ture and to correct the thermocouple junction for its change in thermal
EMP as a function of the temperature of the junction. This same instru-

12
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ment is also capable of measuring the total radiant energy delivered by
the thermal pulse, so it serves a dual purpose. This unit was also
contained in a standard MK-6F case. This instrument had a sensitivity

GSAP 0 GSAP
Comero Camera

GSAP ( GSAP
Comera Camera

Firm 2.1 Drop aircraft station layout.

of around 27 v/eal/em2 and a decay rate for heat lose of about 90 per-
cent per second. The remaining instrmaent used was a photooll to give
a direct measurement of the time to second mazIn.

The instrwents were all designed to measure the the l radiant
energy at the aircraft. The output of each instrment, as reorded by

13
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the Hoiland oscillograph, appears as a trace of a quantity proportional
to the thermal energy versus time. Application of the appropriate
calibration factors and the making of corrections for the decay rate of
heat loss lead directly to values of the thermal radiant energy.
Application of a suitable differentiation process to the resulting
curves of thermal energy versus time also gave values for the times to
second maximum and for the peak irradiances. The instruments differ
primarily in sensitivities and decay rates of heat loss. All the
instruments described were contained in two standard instrument holders
(Reference 2) oriented to look at the fireball at zero time and mounted

70 " - __ _ _

50 A '

Z

40 ,____, ,vi~n
4

_ _ _-30 ' -_ __ _

0 05 5 t 20 25 30 35 40 45 50 $5 o

WAVE LENGTH (P)

Figure 2.2 Transmission of Kodak Wratten gelatin
ND-i filter (laoquered)o

in the tail of the aircraft. Two Hiland Model 500B osaillographie
recorders were provided to record the signals.

Figure 2.1 is a schematic layout shoving the positions of the
various instruments in the holders, while Table 241 gives details
regarding the individual nstruments. Colum 1 refers to instrument
positions as given in Figue 2.1. The meanings of Colums 2 and 3 are
self-evident. Column 4 gives the filter designations*

The type of nuclear device used on Shots 9 and 10 was of higher
yield than originally anticipated. This made it necessary to use ND-i
neutral density filters with the Minneapolis-.eneywll theruopiles so
that the galvanometer deflectins would not go off scale. The type of

14
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filter used had to be decided late in the project preparations and final
calibrations had to be made back in the Laboratory. The Kodak ND-i
type of neutral density filter was an unfortunate choice because of the
way in which its transmission depends on wave-length. This is shown in
Figure 2.2. The transmission values, in percent, for the Corning
filter types 0-52, 3-69, 2-58, 7-56 and 4-76 are taken as 92, 90, 88,
88 and 80 respectively, while the value for quartz is taken as 92.

Each instrument holder was provided with two GSAP cameras, oriented
in the same manner as the thermal instruments. These cameras were
provided with 17-mm-focal-length wide-angle lenses by the 4925th (Atomic)
Group. NRIL supplied microfile film, and made the necessary provisions
for development. All power and recording circuits were installed to the
Heiland and camera junction boxes by the 4925th (Atomic) Group.

2.2 PROJECT 8.1 THERMAL INSTRUMENTATION

This project was concerned with separating the direct fireball
radiation from the ground-reflected thermal energy and involved the use
of three Navy AD type planes. Each plane was provided with a total of
12 thermal instruments, six in each of two modified NRL Instrmnt
holders. Each of these holders contained five MK-67 calorimeters and
one MX-6F radiometer, all with 900-fields-of-view. The instruments and
filters were chosen to measure total radiant energy, broad-band spectral
distribution, peak irradiane, and time to second maxium. One instru-
ment holder was oriented so that the instruments looked directly at the
fireball, while the second instrument holder was orented so that the
instruments looked directly down at the ground. Recording was done on
Century oscillographic recorders. It was intended that only two planes
would be used on the events of interest, the third plane being on a
standby status.

2.3 PROJECT 5.1 THERMAL INSTRUMENTATION

This project involved the study of destructive loads on aircraft In
flight and made use of a total of four F-80 drone planes. All of these
planes were provided with thermal instruments, which were standard
MI-6F calorimeters and radiometers. Each plane had two pods, one under
each wing, used for instrumentation purposes. One pod had two MK-6F
900-field-of-view calorimeters and one MK-6F 90o-field-of-view
radiometer mounted in it. The signals from these Instruments were
telemetered to a ground station and recorded on a Consolidated
oscillographic recorder. The second pod was provided with two N16-61
900-field-of-view calorimeters. The signals from these instruments were
recorded on a Consolidated oscillographic recorder mounted In the plane.
All thermal instruments had quartz filters and were oriented to point
at the fireball at zero time.

2.4 PROJECT 5.2 THERMAL INSTRUMENTATION

This project was concerned with studying thermal effects on
fighter-type aircraft in flight. Two F-84F jet aircraft were involved.

15
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Each of these aircraft was provided with three thermal instrumental two
calorimeters and one radiometer. All of these instruments were standard
MK-6F 900-field-of-view instruments with quartz filters; they were
oriented to look at the fireball at zero time. The signals were recorded
on a Consolidated oscillographic recorder located in the aircraft

16
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Chapter 3

RESULTS

At shot time the B-36 delivery airoraft va traveling with a ground
speed of 294 mph at 2960 from true north and at an altitude of 46,775 ft
mean sea level and a slant range with respect to point of detonation of
21,5W00 300 ft. The calorimeter receiving Junction tmerature was
-35°C. Records were obtained on all instruments, and all GSAP cameras
operated. In order to reduce the data to usable form, calibration and
correction factors are applied that depend upon the Instruments the
method of calibration, and the particular data desired. Because of the
low thermal energies antioipated, which set the types of instruments
involved, the problem of reducing the data becomes quite involved with-
out using machine computation. This arises from the fact that using
sensitive instruments results in a high rate of heat decay. This is
particularly true of the Minneapolis-Honeyvell Instirments. These
instruments also displayed a sero drift (cold-junction beating) that
will change the shape of the pulse depending o the amount of beat that
is conducted to the cold junctions. In this particular case the maximm
amount of heating of the cold junctions was 0.43 mv, which represents
0.009 cal/sq on.

The decay rate of the heat loss of the Mnneapolis-Hene7wll (ME)
thermopiles is not consistent among the various instruments, this heat
loss being found to be a function of the temperaturs rise of the receiver.
Norvally these thermopiles have such a high rate of beat loss that they
will tend to follow the pilse of the source, so it becomes difficult to
mosure the rate of heat los from the shot record* A measrement of
this heat loss was made in the laboratory using a Bouser olimatio-
si jator unit at -30OC (similar tn the onditios in the field) by
exposing the instruments to a square-4ave pulse of thermal eneru
equivalent to that received in the field and then meamar g the decay and
plotting it as a funotion of the temperature of the receiver. This
Information can then be related to the field data and the proper heat-
loss correotions applied to the data, A few decay points may be obtained
from the shot record, so one may graph the time versus heat loss and only
extrapolate the curve over a very short range. The nonlinearity of the
thermocouple was negleoted, since the receiver only had a tempematuvr
rise of les than 1&OC and the linearity of the thermocouple is good
over such a short range.

A voltage was introduced into the circuit both at room temperature
(2000) and in the Bouser Unit at -300C to determine if there was a change
in the line resistance to the circuit at the lover temperatures. There
was no change noted on any of the instrumente, so it was concluded that
the eleotrical calibrating voltage introduced into the circuit at both
ends of the shot roll vas applicable during flight and the recording
period for the bomb data.

17
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Although all four of the 0811 oameran operated, the developed film
was oupletely blank. Two of the oameras were operated at 16 and two
at 32 frames per second. These speeds were chosen due to the early
starting time of the recording circuits. To compensate for the long
exposures, Miorofile film was chosen because of its slow speed and its
long latitude. Micrc.ile film is also capable of reoeiving up to
5000 roentgens of gamma radiation before serious fogging appears.

Although the GSAP cameras were equipped with wide angle lenses
(17.50 half-angle, 17 - focal length), it is quite possible that the
drop aircraft could have been oriented in such a manner, due to side
load winds or the trajectory of the weapon, that the point of detonation
appears outside the field-of-view of the lens. In this case, it is
doubtful that an image would appear due to the slow speed of the film.
Of course, the possibility that the cameras were inadvertently operated
sone time before or after shot time cannot be entirely eliminated.
Assuming that the absence of a fireball Image on the film is due to the

TAILE 3.1 - CALOWRDR WSULTS - KA

Total I TotalInst*ru. Use calrl- Unde n~tor XIen )
Poslt.' Cods iltar mtor No. (Zu'm )  

(el/e')

1 13 Q 11-2 0.13 .U
7 13 Q T1-1 0.17 0.18
I 13 Q 0 NO-1 W1 00015 0.19
3 11 Q 0 NID. 67 0.016 Os2
4 SP 0-52 # ND-1 4 0.016 -
9 SP 0.52 0 ND-1 -2 0.015 -

5 )-69 * ND-1 10-9 0.012 -
10 SP 3-0 # N-1 11-3 0.012 -

6 SP 2-58 0 1D-I 1-10 O 0.O1U -
12 SP 7-56 * 14-1 145 0.005 -
UI SP 4-76 + ND-1 M&64 0.00D3

2 - Q'0 -2 -1 - -

* See PIure 2.1.

orientation of the aircraft then the angle between the line of eight of
the oamera and the point of detonation must be considered to be greater
than 17.5 degrees. It is not possible to make the necessary osine
corrections for the actual angle involved although one can set limits
of errr. These limits are discussed in Chapter 4 of this report
together with the effect on the results obtained.

Still pictures were also taken of the instrumentation and recording
system by Lookout Mountain laboratory personnel. However, these
pictures were not entirely satisfactory, so only diagram can be given
to depict instruments and recording stations.

A smmary of the thermal energies received at the aircraft for the
various instruments and their associated filters in givn in Table 3.1.
These results represent thermal energies received by the instruments.
Colnml 1 shows the position of each thermal instrument referred to In
Figure 2.1o Column 2 gives the code indicating the type of msuement
being made by the instrument; Column 3 gives the filter designations;
Column 4 gives the instrument designation which is determined by the
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sensitivity; Column 5 gives the thermal energy received by the receLvlng
element after passing through the filter, and Column 6 gives the thermal
energy incident on the filter.

Column 6 is obtained from Column 5 by correcting for the filter
loss. The values listed in Columns 5 and 6 have been corrected for the
changes in the thermoelectric power of the thermocouple and the heat
capacity of the receiver elements due to the low temperature encountered
only In the oases of the XX-2 and TF-1 instruments.

Owing to the method of construction of the M4 thermopiles, namely
laying Chromel-P and constantan thermocouple wires over each other and
then flattening them together to form the receiver, it is impractical to
determine the heat capacity for the receiver, since there will be varying
amounts of the two thermocouple wires in each receiver.

Referring again to Column 2 (Use Code) TE refers to an instrument
used to measure total thermal energy and SP refers to an instrument used
to measure a broad-band spectral region. In Column 3, the filter
designations are those defined in Table 2.1.

From Table 3.1, there appears to be good agreement between the
incident thermal energy values obtained with the TF-1, NH-1, and 14-7

TADIZ 3.2 DIFFhEWIAITM.CAL.08MC'R RMJLTS - IIA

Peak I
lrradin Peak Inaldet Time to

IAwtrA. uerlmter Under ?&ter Irradiana Ssoaed MX (tp)
Posit.. Ho. (O/. se) (eal/m /sea) (00)

1 XX-2 r1.21 .9 O 6
l X2 IU1.29 0.01A6

7 TI-1i 2.31 2.4.7 0.010
a '4-I 0.223 2.61 0.0.3
3 144-7 0.219 2.74 0.0464 &41 0.197 - o.CK9
9 144-2 0. 247 -0.0

5 1N-9 0.134 - 0.051
10 i1-3 0.156 - 0.04.5
6 14-10 0.150 - .0.9

12 PS-5 0.06. - 0.045
U P4-6 0.052 0.0.6

2 __-0 ___ 0.0452 j-t - - _____

0 See Fiur. 2.1

instruments. However, the latter two instruments used ND-1 neutral
density filters for which the transmission varies considerably with wave-
length. Consequently, it is necessary to assume some type of spectral
distribution for the thermal radiation in order to make the necessary
transmission corrections. The method which has been used is discussed
in Section 3.2 of this report. Because of uncertainties in this
procedure, only the thermal energy value measured by the TF-1 instrument,
0.18 cal per cm2 , is used in subsequent computations. For the same
reason, total incident energy values are not quoted for those instru-
ments using both Corning filters and ND-I filters. The XX-2 instrument
behaved in an erratic manner which was due to a poor thermocouple
connection.

In Table 3.2, Column 3 gives the peak thermal irradiance values as
measured at the receiving buttons of the instruments. Column 4 is
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obtained by adjusting the numbers in Column 3 for filter losses*
Although the peak incident irradiance values for the TF-i, MH-1, and
MH-? instruments are in fair agreement, only the value for the TF-1
instrument, 2.47 cal per cm2 per sec, is used in subsequent calculations
because of uncertainties associated with correcting for the ND-1 filters.
For the same reason, peak incident irradiance values are not given for
instruments using Corning and ND-1 filters. Again, the erratic behavior
of the XX-2 instrument is apparent. The values listed in Columns 3 and
4 include low temperature corrections only in the cases of the XX-2
and TF-i calorimeters. Column 5 gives the times to second maximum and
there is fair agreement between the values obtained by different
instruments. The average value of the time to second maximum is
0.045 seconds, using only the quarts filter instruments and the photocell.

There are a number of correction factors which have not been
applied to these data. The motion of the aircraft while thermal energy
is being received must be considered. However, owing to the lw yield
of the nuclear device involved, as well as the relatively low speed of
the aircraft, the correction is negligible. The thermal energy values
quoted above assume negligible atmospheric attenuation. For the
altitude and slant range involved, this is believed to be a valid
assumption. A final factor to be considered is the orientation of the
instruments with respect to the point of detonation. How large a cosine
correction must be introduced into the results due to this factor is
indeterminate owing to the negative results for the GSAP film However,
the limits of error due to this factor are discussed in Chapter 4.

The photocell (instrument -l) gave a time to second maximum of
about 45 msec. This is to be compared with a value of 43.7 msec obtained
with the bolameter equipment at the ground station (Reference 10). The
MH thermopiles gave varying results with regard to times to second
maximum, which probably is due to the fact that these instruments were
originally designed as null-type instruments and have a time constant of
the order of 2 seconds, according to the manufacturer. Their transient
time constant has not been measured; but it is felt, on the basis of the
technique of construction of the thermpiles, that after the proper
corrections have been applied to the data, this type of instrument
should give results consistent with the MK-6 field instrument. For this
low-yield weapon, the response of the recording galvanmeter is being
approached; since the cold junction is being heated by conduction down
the thermocouple wires, one would expect the galvanometer response to
lag the pulse and the shape of the output to change as the cold Junction
is heated. The most serious of these two variations would be the
response of the galvanometer, since the diameter and length of the thero.
couple wire is such that the cold junction is not receiving beat until
after the time to second maximum in this particular case.

Figure 3.1 shows a plot of total incident thermal energy versus
time for the TF-1 calorimeter. No attempt has been made to include any
of the instruments using ND-1 filters because of the difficulties In
correcting for transmission. It will be seen from Figure 3.1 that
95 percent of the total incident thermal energy is received in
0.22 seconds. Figure 3.2 shows a plot of thermal irradiance versus time
which was obtained by differentiating the curve of Figure 3.l. Again,
curves have not been included for the instruments using ND-1 filters
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because of the difficulties in correcting for transmission* From =Figure 3.2 it will be seen that the peak irradiance is 2.47 cal. percm
per sec and the time to second maximum is 0.045 sec. The irradiance
drops to 5 percent of peak irradiance in about 0.195 sea&

3.1 SCALING (DNSIDERATIONS

A numbe1' of weapon-yield scaling considerations have been developed
an a result of previous operations (Jleference 11). Unfortunatelys the
data on relatively low yield devicse say less than 5 IT, are extremely
meagre and data on high-altitude shots are essentially non-existent.

- 2 _ _ _ _ _ _ _ _ _ _ _ _ _

2.

2i
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0 0.02 0.04 006 0.00 0.10 0.12 0.14 0.16 0. 1& 0.20 0.22 0.24 0.26
T IME (SEC)

Figure 3. 2 Thermal irradiance versus time
(TF-l calorimseter)*

Consequently, the scaling laws available are based primarily on measure-
ments made at lower altitudes and are primarily applicable to devices
of Yield greater than about 10 IT. Factors such as scattered radiation,
atmospheric attenuation, cloud obscuration, and ground-reflected energy
have less effect on the time to second maxim=m than on sowe of the other
scaling reolationshlps. Consequently* the only scaling relationship
applied here is that relating weapon yield and time to second maximsum
viz., tw - 0032 W*, where twax is in seconds and W Is in kilotons TNT
equivale-it. This relationship gives a value for W of L.0 IT as compared
to 3.0 + J92 IT, which is the suggested yield.

The thermal yield can be calculated by using the thermal energy
values at the zero time position of the aircraft and integrating these
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over a sphere. In this case the tbermal energy values measured by the
instruments have been used because of the slow speed of the aircraft and
the low yield of the device. This method ignores the effect of a
number of variables, such as cloud obscuration and scattered radiation.
Using an atmospheric transmission of 95.4 percent (Reference 12) over a
slant range of 21,500 ft to correct the energy incident on the aircraft,

100 1 1 f l

so
IO0

40

r- o20

2 iI0 TUMBLER- SNAPPER
x WASP' 0 UPSHOT-KNOTHOLE

- + TEAPOT

I --- . SLOPE" 0. 95

04 -"

0.2

efiiny O pecn. Th"picia unetityi hsevle

1 4 5 6 70910 20 40 6O $0100
TOTAL YIELD (KT)

Figure .393 Therma 1 yields versus total yield for
several air bursts.,

mne arriveR at a thermal yield of 1,0 XT which corresponds tio a thez-ml
efficiency of 31 percent* The principal uncertainty n these values

arises from lack of adequate information regarding the aircraft orienta-
tion at shot time.

Figure 3.3 is a plot of thermal yield versus total yield for
various air drops of Operation Tumbler-Snapper (Reference 1), Upshot-
Knothole (Reference 2), and Teapot. Shot 10 (the gun shot) of Operation
Upshot-Knothole is included in this plot. The best fit appears to be a
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line of slope 0.95. It will be noted that the high altitude shot, of
Operation Teapot, falls well below this line. However, any correction
due to aircraft orientation or a lower atmospheric transmission than
that assumed will tend to raise this point on the plot. It should be
noted that the correlation shot in Operation Teapot, Shot 9 (Wasp'),
appears to fall on the line.

Figure 3.4 shows another plot of thermal yield versus total yield
which includes tower and surface bursts as well as air bursts and covers
a range of total yield from around 1 IT to around l5 MT. It wi be
noted that the line giving the best fit has a slope of 0.90. In spite

I~~~ ~ Ill z fI t

1000

100

l illll i I i fill

I ________________________ T

iif

U1 000 1000 10 -

LOE 0 9 I

TOTAL YIELD0 (ItT)

Figure 3,.4 Thermal yield versus total yield for a
variety of burst conditions and yields*

of the wide range of conditions represented in this plots the line best
fitting the data has a slope which does not differ drastically from the
case of air bursts only, at least from the viewpoint of certain opera-
tional requirements.

Figure 3. 5 shows a plot of slant range versus calories per o32 per
KT for the same air bursts as In Figure 3.3. Incident thermal energies
are used so there is no correction for atmospheric atenmaticm. The
line which fits the data best has a slope of about -0.4+7. Both the UA
and Wasp' shots of Operation Teapot appear to fit this line within
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Figure .3.5 Slant range versus thermal energy per 9T
for several air bursts.

exp~erimetal error. Figure 3.6 shows a similar plot which includes the
wide range of conditions of detonation and of yield as in the came of
Figure 3.4. The line which appears to fit the data best has a slope of
-0.45. In this case the difference in the slopes of the lines best
fitting the data is negligible whether one includes only air bursts or a
wide range of conditions.
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Figure 3.6 Slant range versus thermal energy per XT
for a variety of burst conditions and yields.
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3.2 SPECTRAL CONSIfERATIONS

The data obtained fra the calorimeters utilizing the Corning and
ND-i filters are difficult to analyze because of the transmission
oharacteristics of the ND-I filters. The full designation of these
filters in Kodak Wratten neutral density gelatin filters (lacquered).
They were used to reduce the energy impinging an the receiving elements
so that the resultant voltage would not drive the galvanometers off
scale. The need for a neutral density filter wan not apparent until
just prior to shot day and this was the only type that could be obtained
c4 such short notice. It was necessary to measure the transmission

?ADL 3.3 THERMAL ENRGIES UNDEP FILTERS VERSUS TIM e - HA 830T

Th Enrgy 0-i1 W.. M5-2 U.S M H-3 , UN-9 IM-10 MR-S UN-
Under iljtyr TY-i 'Q4ND- Q430-1 0-624ND-1 0-524ND-1 3-69430-1 3-366& D- 1 2-640iI 7-553 .1 4-1-1a-5a I 1 4 I 4D

(Q/), zQ O -3 x10-
3  z10-3 zO-3 x lO-3 zi08 z10-3  

404

Tn1 (eeo)

0 0 0 0 0 0 0 0 0 0 0
0.01 0004 0.4 0.3 0.4 0. 0.2 0.2 0.2 0.1 0
0.02 0.012 1.3 1.0 1.4 0.8 0.9 0.6 0.7 0.3 0.2
0.03 0.02 3.1 2.t 3.3 2.1 2. 1.6 1.7 0.0 0.5
0.04 0.061 5.4 4.4 5.6 3.6 . 3.1 1.5 1.0
0.00 0:0741 7.6 1 6.6 7.6 5.? 4.2 4.6 F.P 1.5
0.06 n.094 9.5 8.8 10.0 7.8 6.8 6.5 0.1 3.8 2.0

0.OT a.100 10.0 10.5 11.5 9.5 6 .0 6.7 7.3 5.2 3.
O.OI 0.11S 11.5 11.7 12.4 10. ? .: o7 8. 8.6 3.5
0.10 0.18112.5 13.1 18.6 12.1 9.7 8.9 9.4 4.0 3.7
0.13 0.185 13.5 13.9 14.2 13.0 10.4 9.0 10.0 4.4 3.0
0.14 0.145 15.5 14.. 14.5 18.7 10.6 10.2 10.5 4.0 000.16 0.144 14.2 i14.9 14.9 14.3 11.2 10.6 10.8 4.8 8.0
0.16 0.151 14.3 16.2 16.2 14.5 11.4 10.9 11.0 4.09 3.0

0.20 0.156 14.5 15.4 15.3 14.8 11.6 11.4 11.2 5.0 So0
0.04 0.15S 14.5 15.7 15.3 15.2 11.5 11.5 11.4 5.1 3.0
0.28 0.161 14.6 15.7 15.3 15.4 11.6 11.5 11.4 5.1 5.0
0.32 0.166 14.6 157 16.3 15.6 11.6 11.5 11.4 5.1 3.0
0:36 0.266 14.6 16.7 15.3 16.6 11.8 1 .5 11.4 5.1 3.0

6 0.166 14.6 15.7 16.3 16.6 11.5 11.S 11.4 5.1 3.0

characteristics upon return to the laboratory and the results are showm
in Figure 2.2. Its short wavelength out-off tends to limit its use to
total energy measurements of high temperature black body radiators.

An attempt has been made to correlate the measurements made with
instruments using Corning and ND-1 filters with that made with the TF-1
instrument by determining an apparent color temperature for the fireball.
In this reports "color temperature" is defined as the temperature of a
Planckian radiator which most nearly watches the radiation from the
source at all wavelengths. The technique used (Feference 13) vas to
aase several black body color temperatures dnd to mul 4piy the
intensities at several wavelengths by the tranmission of the various
filters in each instrument system at these wavelengths and then plot
the resulting values against wavelengh. By Integrating each black
body cuave and comparing the value obtained to the area under the
resulting curve for each instrument system, it is possible to make a
reasonable estimate of the apparent color temperature of the fireball.
This was done and it was found that each of the instrments gave a
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fireball color temperature of around 12,000Ke The two Minneapolis-
Honeywell instruments designated as total energy calorimeters, vie.,
14-1 and NH-7, gave values comparing quite favorably with the TF-1
calorimeter total energy measurements, once their filter combinations
had been related to a 12,0000 K black body radiator*

Table 3.3 shows the data used in applying the technique discussed
above. The thermal energies, as measured by the receiving elements of
the instruments and corrected only for heat losses, are shown as func-
tions of time for various instruments. The XX-2 calorimeter is not
included because of its erratic behavior. The captions at the tape of
the columns give the instrument types and filters, which have been
previously defined. The data listed in this table, together with the
filter transmissions as functions of wavelength and curves for several
black body color temperatures were used in arriving at an average color
temperature of about 12,0000 K or perhaps a little lower.
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Chapter 4

DISCUSSION
One nossible source of error in some of the results quoted in

Chapter 3 stems from the fact that no image was obtained on the GSAP
camera films. If this were due to the orientation of the aircraft at
shot time, then the thermal radiation must have been incident on the
instrument receiving elements at tin angle between 17.50 and 450,
measured from the normals to these elements. This follows because of the
350 field-of-view of the cameras and the 90 0-field-of-viev of the instru-
ments. It is probable that the error in angle is nearer the 17.50
because of the fact that the thermal energy and irradiance values
measured from the aircraft agree reasonably well with the ground station
values after suitable corrections for distances and atmospherio attenua-
tion. In any case the cosine corrections necessary for angle errors of
17.50 and 45 are 1.05 and 1.41, respectively. Consequently, the therm
energy and irradiance values should be increased by a factor of 1.O5 for
a directional error of 17.50 and by a factor of 1.41 for a directional
error of 450. There should be a negligible effect on the time to
second maximum and the ratio of peak irradiance to total thermi energy*

It is unfortunate that, due to circumstances, it was necessary to
use the ND-i neutral density filters since the transmission of these
filters depends strongly on wavelength (see Figure 2.2). The technique
used to correlate the results obtained from the Instruments using
Corning and ND-I filters with that from the TF-i calorimeter leads to
reasonable results. Certainly, it appears that the apparent color
temperature is considerably higher than in the cases of devices detonated
at much lower altitudes. This is corroborated by the measurements made
from ground stations on shots HA and Wasp' (Reference 13). Of course,
the 12,0000 K quoted in the results is not intended to be considered
as a highly accurate number. However, all indications are that the
apparent color temperature is above 10,0000Y4

4e1 COMPARISO OF GROUND AND AIR WEASUREWXT

A number of thermal measurements were made by Project Se4b n the
high-altituie shot from two ground stations, one located at the ground
zero position and the other at station 410. The details of these wmure-
merts are included in the report for the project (Reference 13). A
comparison of some of the thermal radiation characteristics for the
ground and B-36 aircraft measurements is given in Table 41.

The thermal energy measurements made from the B-36 aircraft may be
subject to question due to the failure to obtain images on the GSAP
films. Any errors in these measurements would introduce the same
percentage errors in the thermal yield and thermal erricieny.
Assuming the absence of film images to be due to aircraft orientation,
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then the thermal energy value could range between 0.19 and 0.25 cal per
M,2. The thermal yield would be in the range 1.07 KT to 1.44 KT and
the thermal efficiency in the range 0.33 to 0.45. The upper limits are
certainly too high because, for the angular error involved, the receiving
buttons would have received negligible energy. Any error in the
assumed atmospheric transmission would also affect these quantities.
However, one would expect such an error to have a greater effect on the

TABLE 41 OW9ARISOF OPUND AND AIR M6ASU)SNTS ON MA

Slant Thermal tn. Thera.
hop old.to. St& Uield Theml Tim to Peek Irmad.

Station (ft) (a~~ (KT) Iff. 2nd Nax. total Zft

B-36 21,500 0.18 1.02 0.31 0.0415 IA.3

02 32,565 0.0606 0.89 0.27 0.043 11.2

410 47,175 0.0284 0.95 0.29 ncne

ground station measurements due to the greater distances involved and
uncertainty regarding atmospheric conditions near the earth's surface.

The time to second maximum and the ratio of peak irradiance to
total thermal energy should not be affected by aircraft orientation
or assumptions regarding atmospheric transmission. It is very unlikely
that the aircraft orientation would have changed drastically while
thermal energy was being received due to the short time involved* From
Table 4.1 it will be seen that there is excellent agreement between
ground station and aircraft measurements of the time to second maaxim.
The difference in the values of the ratio of peak irradiance to total
thermal energy can possibly be attributed to the instrumental difficulties
associated with measuring small physical quantities. This is particu-
larly true of the ground stations because of the distances involved.

4.2 EFFECT OF BURST ALTITUIR

It is unfortunate that arrangements could not be made for this
project to make aircraft measurements on Wasp'* The result is that in order

to determine the effect of altitude on thermal radiation characteristics

TALE A.2 EPPEOT OF ALTITU - MA 6ASU IETS FROM 3-36 AIRCRAFT

Altituft Ti to bd TIMai Pea Ir adlane
mt HOL (ft) Mat. (0oe) Effieloney Total Toarml feta

RdA 46,775 0.0045 031 1.

asp' A,933 0.073 [ 0.0 6.3

it is necessary to use the ground station measurements made by Project
8.4b en Wasp'. Table 4,2 shows some thermal radiation measurements as
made on HA from the B-36 aircraft and on Wasp' from ground stations, It
is clear that the second thermal pulse peaks at an earlier time for HA
than for Wasp'. Also, the ratio of peak irradiance to total thermal
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energy is considerably greater for HA that for Wasp'. The difference in
the ground station and aircraft measurements on HA does not alter this
fact. The thermal efficiency value quoted for HA is as measured on the
aircraft with no correction for possible aircraft orientation. It
appears likely that any error introduced by this factor will not raise
the thermal efficiency of HA above that of Wasp'.

If one attempts to apply the scaling law t 1 ma - 0.032 Wi
relating the time to second maxim= in seconds to the yield in KT, a
high value for Wasp' and a low value for HA are obtained as compared to
the suggested yields. This iR not too unexpected in view of the fact
that this scaling law was derived from measurements on devices of higher
yield than Wasp' and HA. As a matter of fact, the application of this
scaling law to Shots I and 2 of Operation Tumbler-Snapper and Shot 3 of
Operation Buster-Jangle (Reference 14) all of which are devices with
yields less than 5 IT, gives yields considerably higher than the
accepted values. It is apparent that the peak of the second thermal
pulse occurs at earlier times as the altitude of detonation Increases.
If one uses the time in which 95 percent of the thermal eanergy is
receivec, then the values obtained for HA and Wasp' are abot 0.22 sea
and 2.4 sec respectively. Also the times at which the irradiance drops
to 5 percent of the peak irradianoe are about 0.19 sea and 0.5 sec
respectively.
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Chapter 5

CONCLUSIONS and RECOMMENDATIONS
5.1 CONCLUSIONS

The principal conclusions that can be drawn from the results obtained
in this project are: (a) significant differences were obtained in the
thermal radiation characteristics of nuclear devices detonated at
different altitudes. In particular, the effect of a higher altitude is
to shift the emission of thermal radiation to a shorter time scale as
compared with the low altitude correlation shot, with the peak of the
second thermal pulse occurring at an earlier time. Also, the thermal
radiation emitted by the device at the high altitude is emitted at a
higher temperature. Due to technical difficulties, it is not possible
to draw definite conclusions regarding the effect of altitude on thermal
yield. All indications point to the thermal yield of the high altitude
device being less than or equal to that of the correlation devioe.
(b) The special measurbig instruments developed for this project operated
in a generally satisfactory manner. The most sensitive of these instru-
ments will measure thermal radiant energies of the order of 0.01 cal per
cM2.

5.2 RECO NDATIONS

The amount of information available regarding the thermal radiation
characteristics of relatively low yield devices, say less than 5 IT, is
quite meagre. Further thermal measurements are required for these low
yield devices in order to arrive at appropriate scaling relationshipe
for total yield. Additional thermal measurements should be made to
obtain more definitive data on the effect of altitude. In this connec-
tion it would be highly desirable to use devices of the same type as
were used for the HA and Wasp' shots so as to reduce the number of
variable elements. It should be possible to detonate such devices at
altitudes up to around 80,000 ft and still obtain useful thermal
measurements from aircraft.

Although the special instruments used an the HA shot performed In a
generally satisfactory manner, more familiarity should be gained with
their performance. Attention must be paid to the calibration procedures
involved, particularly in the case of the Minneapolis-Honeywell instru-
ments. Efforts should be devoted to simplifying the design and fabrica-
tion technique involved in the thin-foil (TF-l) instrument and the 20-
junction calorimeter. If neutral density filters are needed then
efforts should be made to locate filters for which the tranmission is
fairly constant over the wave-length region of interest.
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