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The objectives of this project were to measure the neutron flux and spectrum from
the detonation of selected nuclear devices during Operation Redwinrg. Primary emphasis
was placed on measurements during Shot Cherokee, 2 thermonuclear, high-yield, air burst,
and on two shots, Yuma and Kickapoo. Measurements were also made on Shots
Blackfoot and Erie . During the operation, permission was granted to make neutron
measurements on Shot Osage, a low-yield prototype stockpile warhead unit in a bomb case.
Neutron-dose measurements made by chemical and semiconductor dosimeters were compared
with the dose calculated by the single-collision theory from the neutron flux and
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20. Abstract (Continued)

spectral data. The effect of the presence of different proportions of borax
and sulfur on the shielding efficiency of concrete against neutrons was
studied during Shot Blackfoot.

Neutron fluxes as a function of distance from ground zero were measured
with the following detectors: gold, plutonium, neptunium, uranium, sulfur.

No data were obtained during Shot Cherokee because of the difference
between the actual and intended ground zero.

The variation of the neutron flux about the devices fired for Shots Yuma
and Kickapoo was energy dependent. The ratios of the neutron flux along a
line of 65 degrees to the projection on the ground of the long axis of the
device, to that along a line at O-dégrees to this projection for Shot Yuma,
were 1.34, 1.91,1.94, and 1.18 for the plutonium, uranium, sulfur, and gold
detectors, respectively. The same ratios between the 85-degree and O-degree
lines for Shot Kickapoo were 1.62, 1.70, 1.62, ard 1.22.

Within the range of the measurements made and the accuracy of the
threshold detector system there was no variation of the neutron-energy spectrum
with increasing distance from the point of detonation.

Any data obtained from an extrapolation of a plot of the neutron flux
times slant distance squared versus slant distance to ranges of less than
300 yards may be in error. Theoretical calculations supported by experimental
evidence indicate that the relationship is non-linear in this reange.

The neutron dose results obtained by using the USAF chemical -dosimeters
were not consistent with those obtained by the threshold detector technique,
ranging from a factor of 1.26 high for Shot Erie to an average factor of 3.54
low for Shot Blackfoot.

The AEC germanium-dosimeter results were lower by factors of 3.46 to 5.38
than those obtained by the threshold-detector technique.

The AEC chemical-dosimeter system may not be used to measure neutron dose
in the range of 25,000 to 856,000 rep, due to saturation of the neutron-
sensitive dosimeter and difficulties inherent in obtaining accurate readings.

There is little or no increase in the attenuation of fast-neutrons by
adding borax or sulfur to concrete. The attenuation of the thermal-neutron
flux is increased by adding borax.

The neutron dose was reduced by a factor of approximately four by a concrete
box three feet on a side and 6 inches thick fabricated from a mixture containing
1.6 percent borax by weight. The gamma-ray dose, however, was increased by
an average factor of 2.75 by similar concrete boxes containing varying amounts
of borax and sulfur.

The measured neutron dose per unit yield was higher for all shots than was
predicted by TM 23-200. However, only the Yuma, Blackfoot, Kickapoo, and
Osage data falls beyond the factor or reliability stated in the manual.
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ABSTRACT

The objectives of this project were to measure the neutron flux and spectrum from the detonation
of selected nuclear devices during Operation Redwing. Primary emphasis was placed on meas-
urcments during Shot Cherckee, a thermonuclear, high-yield, air burst, and on twof
shots, Yuma and Kickapoo. Measurements were also made on Shots Blackfoot and Efie,f

, During the operation. permissicn was granted to make net‘ron measure-
ments on Shot Osage, a low~yicld prototype stockpile warhead unti in & bomb case. ‘Neutron-dose
measurements mado by chemical and semiconductor dosimeters were compared with the dose
calculated uy the single-collision theory {rom the neutron fiux and spectral data. The effect of
the presence of different proportions of borax and sulfur on the shielding efficiency of concrete
againct neutrons was studied during Shot Blackfoot.

Neutron fluxes as a function of distance from grbund zero were measured with the followlng
detectors: gold, plutonium, neptunium, uranium, sulfur,

No data were obizincd during Shot Cherokee because of the difference between the actual and
intended ground zero.

The variation of the neutron flux about the devices fired for Shots Yuma and Kickapoo was en-
ergy dependent. The ratios of the neutron flux zlong a line at 65 degrees to the projection on the
ground of the long axis of the device, to that along a line at O-degrees to this projecticn for Shot
Yuma, were 1.34, 1.91, 1.94, and 1.18 for the plutonium, uranium, sulfur, and gold detectors,
respectively. The same ratios between the 85-degree and O-degree lines for Shot Kickapoo were
1.62, 1.70, 1.62, and 1.22.

Within the range of the measurements made anc .he accuracy of the threshold detector system
there was no variation of the neutron-energy spectrum with increasing distance from the point of
detonat.on.

Any data obtained from an extrapolaticn of a plot of the neutron flux times slant distance
squared versus slant distance to ranges of less than 300 yards may be in error. Theoratical
calculations supported by experimental evidence indicate that the relationship is non-linear in
this range.

The neutron dose results obtained by using the USAF chemical dosimeters were not consistent
with those obtained by the threshold detector technique, ranging from a factor of 1.26 high for
Shot Erie to an average factor of 3.54 low for Shot Blackfoot.

The AEC germanium-dosimeter results were lower by factors of 3.46 to 5.38 than those ob-
tained by the threshold-detector technique.

The AEC chemical-dosimeter system niay not be used to measure neutron dose in the range
of 25,000 to 856,000 rep, due to saturation of the neutron-sensitive dosimeter and difficulties
inherent in obtaining accurate readings.

There is little or no increase in the attenuation of fast-neutrons by adding borax or sulfur to
concrete. The attenuation of the thermal-neutron flux is increased by adding borax.

The neutron dose was reduced by a factor of approximately four by a concrete box three feet
on a side and 6 inches thick fabricated from a mixture containing 1.6 percent borax by weight.
The gamma-ray dose, however, was increasad by an average factor of 2.75 by similar concrete
boxes containing varying amounts of borax and suliur.

Tne measured neutron dose per unit yield was higher for all shots than was predicted by TM
23-200. However, only the Yuma, Blackfoot, Kickapoo, and Csage data falls beyond the factor
or reliability stated in the manual.
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FOREWORD

Thic report presents the final results of one of the projects participating in the military-effect
programs of Operation Redwing. Overall information about this and the other military-offect
projects can be obtained from WT - 1344, the “Summary Report of the Commander, Task Unit
3.” This technical summary includes: (1) tables listing each detonation with its yield, type,
environment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussions
of results by programs; (4) summaries of-objectives, procedures, results, etc., for all proj-
ects; and (5) a listing of project reports for the military-effect programs.

PREFACE

The authors wish to express their appreciaticn for the efforts of all personnel who were assigned
to the project. The efforts of these individuals were instrumental in the satisfactory completion
of the project. .

The authors wish to acknowledge Wendell Biggers, Los Alamos Scientific Laboratory and
G.S. Hurst, Oak Ridge Nacional Laboratory for invaluable aid and service rendered during cal-
ibration of equipment; the Department of Radiobiology, School of Aviation Medicine, USAF,
particularly for the chemical dosimater measurements obtzined in the field by 1st Lt. Sanford
C. Sigoloff, USAF; and Drs. Dunham, Corsbie, and Butentoff, for making available to this
study the AEC dosimeter systems deacribed in this report; Drs. Taplin and Cassen, UCLA
Atomic Energy Project, for their production and evaluation of the AEC dosimeter systems.
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Chapter |
INTRODUCTION

1.1 OBJECTIVES

The objectives of Project 2.51 1n Operatior Redwing werz to: (1) measure the neufron flux
from selected nuclear devices as a fuuction of distance_from their respective points of detonation,
and evaluate the angular distribution of neutron flux of; idevxces; (2) wnvestigate the
eaergy spectrum of the neutron flux proauced vy these devices by_x{)eans of a system of threshold
detectors; (3) compa.e the threshold- detector method of determining the dose 1n rep with chem-
ical and semiconductor dosimeter mctnods; (4) measure the relative attenuation of neutron flux
by various concrete mixtures contamning borax and sulfur; and (5) compare the results obtained
with those from previous operaticns.

1.2 PURPOSE

The primary purpose of this study was to document the nevrtron flux from various nuclear de-
vices including an air-dropped megaton-range device, ana to investigate the neutron spatial dis-

tribution from the detonation of jdevices‘ The dcionation of a low-yield
device provided an opportunity to study the variation of the neutron spectrum with distance for
this type of device. This iow-yield,! shct aiso allowed the testing of a suggestion advanced

by the Corps of Engineers that the neufron attenuation by the concrete used in military construc-
tion might be increased by the incorporation of borax or sulfur in the mix. This study also afforded
the opportunity to field test recently developed neutron dosimeters.

1.3 BACKGROUND

1.3.1 General. There are two general reasons for measuring the neutron flux of a nuclear
device: (1) the evaluation of the operaticn of the device, and (2) the evaluation of the effects of
the neutrons on matter external to the device. The establishment of the number and energy of
the neutrons and their spatial distribution is of basic importance to the assessment of the effects
of the neutrons from a device. Measurements of this nature are called neutron-flux measure-
ments and have been made by the Department of Defense (DOD) agencies in the past.

In order to convert the neutron-flux measurements into terms which can be interpreted as the
effect of neutrons on tissue or other materials, a relationship must be established between the
neutron flux and the energy transfer tc these materials. The measurements describing this
energy transfer are called neutron-dose measurements. A discussion of the relationship between
neutron flux and neutron-dose measurements will be ¢iven later.

1.3.2 Neutron-Flux Measurements. Two basic types of neutron-flux measurements have been
made during past operations. Measurements were made in good geometry, or where the neutron
beam was collimated during Operation Greenhouse (Reference 1) and Operation Upshot-Knothole
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(Refzrence 2). The second typz of fiux measurements that have been made are those made 1n
poor geometry, or where the uncollimated beam was nieasurcd. This type of measurement was
n.ade during nearly all past operations.

Neutron measurements have been made over a wide range of ytelds. As yet, no successful
measurements have been made for a megaton-range device. Attempts to measure the ueutron
fren from the multimegaton shots of Operation Castle (Refercnce 3) failed, due to adverse
operating concditions. These conditions werce: extreme damage at close~in stations due to high
overpressures, iack of sufficient land on whi 4 *o place stations, long recovery times required;
exces1ve contannation of the counting arca after the first shot; and contamination of the
samples, believed to be caused by contaniinated wai~ . leaking into the sample holders.

P, evious operaticas (Reiercence 4) have indicated that the neutron flux from an asymmetric
device 1s approsimateiy 30 percent higher along a hine perpeadicular to the long axas of the de-
vice compared ty that parallel to the long axis. Since th.. type of device has a high neutron-to-
gartama ratio, it 1s of mterest to establish tue varation of the neutron flux with the geometry ol
this type device.

In the work done by the Civil Effects Group, Project 39.7, during Operation Teapot (Refereice
5j, it was shown that.; there is no apparent modifica-
tion of the neutron sp&€Cirum at increasing distances from ground zero. This is evidenced by the
fact that the plots of flux times slant range squared versus slant range for the various threshold
detectors are paralizl within the statistical variation of the data. This fact may have a con-
swderable effect 11 sinmiplifying the documenrtation of the neutron fluxes from future devices, since
the number of detectors required could be reduced considerably.

1.3.3 Neutron Detectors. Neutron measurements using the threshold detector technique have
beeu made on nearty all past operations (References 1 through 12). The conditions under which
these neutron measurements were made necessitated the development of a measuring system
which was rugged and insensitive to outside factors (such as gamma-ray fields and high therma;
fluxes) and which allowed the data to be collected at relatively long periods of time after the
short intiating event had taken place. Tre neutrou-flux measurements made prior to Operation
Teapot consisted mainly of measurements of thermal neutrons by the use of gold as a detector,
and of neutrons a2buve 3 Mev using sulfur as a detector.

During Operation Upshot-Knothole (Shot 10), a high-neutron flux was realized from a

necessitating the investigation of a neutron-produced dose, which could be a
major casualty-producing effect of this type of weapon.

As a result of this added emphasis on neutrons, several attempts were made to develop de-
tecters for neutrons in the biclogically-interesting region between thermal and 3-Mev neutrons,
The culmination of these attempts was the development of the fission-threshold detectors by G.
S. Hurst of the Oak Ridge National Laboratory (ORNL). This system of detectors consists of gold
plus cadmium-shielded gold, boron-shielded plutonium?®®, neptunium?®?, uranium?*®, and sulfur.
The gold 18 used to measure the total number of thermal neutrons, while the remaining detectors
mcasure the number of neutrons above 10 kev, 0.63 Mev, 1.5 Mev, and 3 Mev, respectively.

A discussion of the reaction and experimental techniques used for each of the above detectors is
given in Chapter 2.

The development of thermonuclear __\veapons brought abg_ut an interest in the
14.2 Mev neutrons, with a resultant development and use of iodine _ detectors for

_these high-energy neutrons.

By successive subtraction of the integrated fluxes of the various threshold detectors above
10 kev, it is possible to obtain an indication of the neutron spectrum in the region from 10 kev
tu 14 Mev,
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1.3.4 Neutro:. Dose Measurc.ments. A {irst-colision tissue~-dose for fast neutrous has been
reported (Reference 13). This curve is based on the assumption that the entire dose 1s caused
by the first collision of neutrons. Thy dose per neutron/cm? varies with energy as the quantity
E Zjoif;N; where ¢j is the scattering cross section of the it kind of atom, fj 1s the average
fracticnal loss of energy per collision of the neutron with the ith kind of atom and Nj 15 the
number per unit mass of the ith Kind of atom. The summation is to be taken for hydrogen,
oaygen, carbon, and nitrogen. By assumiag the composition of tissue to be 10 percent hydro-
gen, 13 percent oxygen, 12 percent carbon and 4 percent nitrogen, a relationship between dose
per reutron/cm? and neutron energy was established from the definition of the rep unit and the
fact that the dose s proportional to L I,¢f,N;. Figure 1.1 is a plot of dose for one neutron
per square centimeter as a function of energy (Reference 14;.

Dy taking the dose per neutron/cm’ at the average energy between the effective threshold of
the above detector system, the ioilowing equation was determ:ined (Reference 14):

D = {0.028 N1 + 1.0 {Np,, - NNp) « 2.5 (NNp - Ny

+ 3.2(Ny — Ng) + 3.0 Ng] 10~* (1.1)
Where: D = the dose in rep
the thermal flux

N7

Npy. NNps
Nr.andNg = the nuinber of neutrons per square centimeter above the thresholds for Pu, Np,
U, and S, respectively.

Agreement between dose measurements made with this system of detectors and the Hurst pro-
portional-neutron counter using the ORNL cyclotron, the ORNL tower-shielding facility, and
the LASL Godiva assembly as neutron sources was very good. In the case of a

thermonuclear device, Equation 1.1 is changed to include an additional term due to the presence
of a relatively large amount of 14.2 Mev nautrons yielded by (d,t) reaction) IAs
has been previcusly mentioned, the neutrons having energies greater than T2 Mev are meas-
ured, utilizing detectors. Therefore, Equation 1.1 would be written:

D = [0.029 Ny"+ 1.0 (Npy ~ Nnp) + 2.5 (NNp — Ny) + 3.2 (Ny - Ng)
+5.3 (Ng~ Nizp) + 6.5 (Nz) ] 10-? (1.2)

Where the coefficient for the (Ng~ Nz ) term is determined 1n the aforementioned manner,
, since the neutrons above the 12-Mev
threshold are within a very small energy range around'this point.

Preliminary results were obtained using the above system during Operation Castle (Refer-
ence 3). The complete system was used successfully during Operation Teapot by the Civil
Defense Test Group, Project 39.7 (Reference 5), and Naval Research Laboratory (NRL}), Proj-
ect 2.2 (Reference 4).

1.3.5 Other Neutron Dosimeters. During Operation Teapot, chemical dosimeters were,
for the first time, successfully used to measure the neutron dose (Reference 5). As indicated
in the reference, two general classes of chemical dosimeters were used for this purpose. The
two classes were the fast-neutron insensitive anhydrous chloroform and tetrachloroethylene
systems, and the neutron-and-gamma-sensitive halogenated-hydrocarbon dye water-equivalent
system. Further details of these systems are given in Chapter 2 of this report.

Agreement between the chemical dosimeter method and the fission-~foil methad of measuring
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neutron dose was within 30 percent during Operation Teapot. Recent calibrations accomplished
by Langham, Harris, Hurst, Sayeg, and Sigoloff utilizing Godiva I at the Los Alamos Scientific
Laboratory indicate agreement of + 10 peicent between these systems.

Germanium is a semiconductor whose conductance, on exposure to fast neutrons, changes
proportionally with the neutron flux. When a germanium crystal is irradiated with fast neutrons,
the crystal lattice is disrupted by the resultant recoils of the germaniuvm atoms. The defects 1n
the lattice structure act as traps for the electrons 1n the Ferm levels. The unoccupied Fermi
levels, or holes, act as though they were positive electrons, changing the conductivity of the
crystals. The resultant change in the conductivity is proporticnal to the number of neutrons
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Figure 1.1 Neutron dose as a function of energy.

passing through the crystal. The sensitivity to neutrons of 0.5 Mev or less is low for plain-
germanium crystals. By adding small amounts of gold to the crystal, the gensitivity toward
the lower-energy neutrons can be increased. There has been little or no sensitivity to gamma
rays found in the germanium crystals when exposed to gamma rays of energies comparable to
those found in a fission spectrum. Cassen and others, (Reference 15) concluded from results
of their measurements during Operation Upshot-Knothole that suitably-calibrated germanium
could be used as a simple fast-neutron dosimeter. The results of measurements made during
Operation Castle (Reference 3) were inconclusive. The results of measurements made during
Operation Teapot (Reference 18) were published in terms of relative values. No conclusions
were made from the preliminary data.

1.4 THEORY
The fission process is well known and uceds no further discussion here. It suffices to say
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that a certain fraction of the total number of neutrons produced is required to maintain the {is-
sion process. The fraction of the original number of neutrons produced which escapes the
fission process must pags through the material of the device; and in passing through this ma-
terial, a portion of these neutrons can be absorbed or scatterec by the material. In general,
the latter procesy resulits in a degradation of the energy of the neutrons and a change of their
angular distribution, while the former completely removes the neutrons from the system. As
the neutrons pass into the air, the absorption and scattering processes continue. PBoth the ab-
sorption and scattering processes are functions of the energy of the neutrons and of the material
through which they pass.

As a result of these processes, the number of neutrons which reach a given volume in space
outside a nuclear device wiil consist of those original neutrons produced by the source which
escape the absorption and scattering process plus an additional naumber of neutrons which have
been scattered. Any quantitative consideration of this problenr would, of course, have to con-
sider the reduction of the number of neutron’ due to the spherical geometry of the proLlem. A
mathematical formulation of this problem is given by the Boltzmann transport equation
(Appendix).

Solutions of the «ransport equation for several monoenergetic point sources in air have been
calculated. Through a series of operative techniques, these sclutions to the transport equation
can be compared to the measurements made in the fizld. A discussion of the technique used,
and comparison with past field measurements, is given in the Appendix to this report.

The solution of the complete transport equation 1s an extrewely difficult problem. 1t is
beyond the scope of this report tc go into the many other approximate me®aods for the solution.
At the present titne, it would appear that a combination cof a Monte-Carlo technique combined
with moment-method solutions of the transport equations may be the most-valuable approach.
For the conditions under which the neutron-flux measurements have been made, there are, as
yet, no selutions to the transport equation.

In the past, the fast-neutron data have been presented in ~ raphical form on a semi-logarith-
mic graph. The neutren flux times the square of the slant range has been plotted against the
slant range. A resultant straight line thus suggests that the neutrons {nvt) as a fuaction of
slant range {r) can be described by the followiag equation:

vt = -‘—:— exp (—kr) (1.3)
r

Where A and k = constants

This equation has the same iorm as that which can be derived for the attenuation of a mon-
ocenergetic neutron beam passing through matter assuming only absorption, and that scattering
of the neutrons will remove them from the measured neutron beam. This equation is:

I
avt = et exp (- Zr) (1.4)

where I, is the total number of neutrons emitted by the sourcc and nvt is the number of neu-
trons which succeed in passing through a unit area at a distance r of the material. The total
microscopic cross section of the material is . The 4nr? takes into consideration of the spatial
divergence of the spherical geometry.

At a given energy, the mean free path A is equal to 1/Z. From this analogy, the slope of
the measured dats obtained for fluxes with arbitrary spectra has been called a measure of the
mesn free path. As shown by results of the solution of the transport equation as given in the
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Appendix, the theoretical curve doeg xpproach this straight-line relation when plotted on a semi-
log graph. It is indicated in the Appendix that, based on the theoretical solution, a straight-
line extrapolation of the data beyond the meacured data may be erroneous.

in the past, che thermal-neutron flux has been presented graphically in two ways. During
Operation f{anger (Reference iU, it was presented in the same manner as the fast neutrons.
In the more recent references. the thermal neutron flux {imes the slant range has been plotted
agawnst the slant range. The latter plot is based on predictions for the penetration of thermal
neutrons 1n mattcr based on diffusion theory which gives a ¥r dependence. Diffusion theory
does not apply tn this case. There appears to be no a prior: reason for the spatial dependence
of thermal neutrons to differ radically from that of neutrcas of lugh energy (cf, discussion in
Referenc: 23). The therinai-neutron data 1a this report will be presented in the same manner
as the fast-neutroa data.
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Chapter 2
PROCEDURE

2.1 PARTICIPATION

Project 2.51 participated in six shots during Operation Redwing. The shot participation was
dictated by two major factors: the type of device to be detonated, and the land area available
for instrumentation. Pertinent information reiative to these s1x shots may be found in Table 2.1,

2.2 STATION PLACEMENT

The limited land area aand crowded conditions on the shot sites restricted the choice of posi-
tions for Project 2.51 stations. The locaticn of the stations, distances from the point of deto-~
nation, and the type of detectors for the six shots in which this project participated are given
in Table 2.2, Figures 2.1, 2.2, and 2.4 are diagrams of the station locations for Shot Cherckee;
Shots Blackfoot, Erie, and Osage: and Shots Yuma and Kickapoo, respectively. Complete cov-
erage of all stations with plutonium, uraraum, and neptunium samples was not possible because
of an inadequate supply of these detectors, and late changes in shot schedules, which prevented
the reuse of detectors on successive shots.

2.3 STATION DESIGN

The stations for Shot Cherokee consisted of concrete slabs to which were bolted steel plates
172 feet by 5‘/2 feet by 1-inch (Figure 2.5). The concrete slabs at the land stations were 12 feet
long by 6 feet wide by 6 feet deep. The steel plates were oriented so that they would be perpen-
dicular to a line from the station to the intended point of burst. In order to facilitate recovery,
the detectors were mounted on the steel plates by specially designed quick-disconnect clamps.

Three 1nstrument lines were required to determine the variation of the neutron flux with
angle about the asymmetric devices detonated in Shots Yuma and Kickapoo. One line extended
along the prcjection on the ground of the long axis of the device, the second line extended at 45
degrees to this line, and a third line excended at 64 degrees for Shot Yuma and 85 degrees for
Shot Kickapoo to the projection of the long axis of the device. It was desired that the third line
be placed at 90 degrees to the long axis of the dev.ce; however, a permanent structure housing
diagnostic measuring equipment along this line precluded the possibility of constructing an in-
strument line in this direction. Past experiments (Reference 4) had indicated that the variation
cf the neutron flux with angle was not great beyond 45 degrees from the long axis; therefore, an
angle less than 90 degrees was chosen in order o have a continuous straight exposure line. The
instrument lines used for Shot Yuma consisted of 1-inch steel cabies laid along the ground. At
100-yard intervals from ground zero the field detector holders were clamped to the cable, The
cable and holders at each of the 100-yard stations were raised off the ground by sandbags or 3-
foot-high wooden horses, in order to insure a clear hine of sight between the defector and device
to be detonated. For Shot Kickapoo it was required that one of the lines extend along the seaward
reef of the island. For this line, each 100-yard station c.nsisted of 3-inch pipe driven into the
reef. Welded to the top of this pipe was a 3,‘-inch roc, to which the standard fieid detector
holders were clamped.

For Shot Blackfoot the instrument line established by Project 12.1 was used. This line was
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also along the seaward reef and consisied of the same type of stations that were wsed during bduot
Kickapoo.

For Shot Erie two stations were instrumented at the reqguest of Project 19.1. A complete set
of threshold detectors was piaced at eacn of these stations. In addition, sulfur and chemical
dosimeters were placed along the Project 12.1 instrument line. This line consisted of stake
stations of the same design as those vsed for Shots Blackfoot and Kickapoo. Participation n
Shot Osage depended upon whether or not the device was to be aetonated over land or water. The
decision to participate came at a late date and conseguently, hasty arrangements for stations had
to be made. The stations consisted of ¥,-inch steel reinforcing rods to which the sample holders

werce clamped.

2.4 NEUTRON SHIELDING BY SPECIAL CONCRETES

Specially prepared concreie mixes, containing different proportions of sulfur and borax,
were used to construct {ive-sided boxes with 6-inch-thick walls. The boxes, which were 3-foot
—

cubes, were emplaced with their open gide set 8-inches below the ground level atong aa azc
approximately 750 feet from the point of detonation of Shot Blackioot (Figura 2.2), and were in-
strumented both inside arnd outside with neutron detectors, neutron dosimeters, and gamma-ray
dosimeters (Figure 2.3).

The compositions of the concrete boxes were: Box 1, ordinary reinforced concrete, no ad-
mixiure, approximate weight of concrete 2,500 pounds; Box 2, which was fabricated by Beall
Construction Company, Sarasota, Florida, utiiized a special concreie without rinforcing,
trade name {Thermo Con), no admixture, approximate weight c¢f concret> 1,%0¢ pounds; Box 3,
reinforced concrete with 20 pounds of borax added to the water beforr mixing, approximate
weight of concrete 2,500 pounds; Box 4, reinforced concrete with 40 j sunds of borax added to the
water before mixing, approximate weight of concrete 2,500 pounds; B, = #, ,sinforced concrete
with 60 pounds of borax added to the water before mixing, approximate weight of concrete 2,500
pounds; Box 8, rcinforced concrete with 15 pounds of sulfur adced to the fine aggregate before
mixing, approximate weighi of concrets 2,500 pounds.

2.5 METHODS OF MEASUREMENT
Counting of the axposed threshold detectorz wag accomplished 2t the two mobile lghorataries
20
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TABLE 2.2 PROJECT 2.51 DETECTOR STATIONS

e g AR Fas 7o SEORTNEIN | St e e e T ST Tt SR e T

&
Station Site é:me;::? ‘;?::;hzl::? Shot Dsscription
Tt

250.01 Charlie 80 270° Cherckee  Au, _ 8, Z sets of 3 fission detectors,
chemical and germanium dosimeters

250.02 Charlie 1,250 270° Cherokee Au, S, 2 sets of 3 figsion detectors,
chemical and germanium dosimeters

250 03 Charlie 2,500 270+ Cherokee Au, S, 2 sets of 3 fission detectors,
chemical ind germanium dosimeters

25101 Reef E of 7,500 1535° Cherokee Au, 8, 2sets of 3 fission detectors,

Charlie chemical and germanium dosimeters

252.01 Yvenne 348 337- 28’ 33" Blackfoot Au, 8, CD and G, (chemical and
germanium dosimeters)

252.02  Yvenne 442 337~ 28' 33" Blackiuot  Au, S, CD, GD

262.03  Yvonne 627 337 28’ 3577 Blackfoot  Au, S, CD, GD

252.04  Yvonne 961 337~ 28" 33" Blackfoot  Au, S, Pu, U, CD, GD

252.05 Yvonne 1,295 337+ 28' 33" Blackioot Au, S, Pu, U, CDh, GD

252.06 Yvonne 1,626 337+ 28’ 33" Blackfoct  Au, S, CD, GD

252.97  Yvonne 1,957 337+ 29/ 33" Blackfoot  Au, S, Pu, U, CD, GD

252.08 Yvonne 2,287 337+ 28’ 33" Blackfoot Au, S, CD, GD

252.09 Yvenne 2,616 337 28' 33" Blackfoot Au, S, Pu, U, CDh, GD

252.10 Yvonne 2,945 337 28" 33" Blackfcot Au, S, CD, GD

2,211 Yvonne 3,214 337° 28’ 33" Blackfoot A1, S, Cp, GD

255 01 Yvonne 750 315° Blackfoot Au, S8, Pu, U CD

253.01 Sally 300 110~ 28’ 26" Yuma Au, S, Pu, U, CD, GD

2063.02 Sally 600 110+ 28' 28" Yuma Au, 8, Pu, U, Np, CD, GD

283 03 Sally 909 110+ 28’ 26" Yuma Au, 8, Pu, U, CD, GD

263.04 Sally 1,260 110+ 28" 26" Yuma Au, §, Pu, U, CD, GD

25305  Sally 1,500 110~ 28’ 26" Yuma Au, S, Pu, U, CD, GD

253.0¢6 Sally 1,800 110+ 287 26" Yuma Au, S, Pu, U, CD, GD

253.08 Sally 300 67+ 28' 26" Yuma Ay, §, Pu, U, CD, GD

253.09 Sally 800 67¢ 28" 26" Yuma Au, 8, Pu, U, CD, GD

25310  Sally 800 67+ 28" 26" Yuma Au, S, Pu, U, CD, GD

253 1 Saly 1,200 67+ 28’ 26" Yuma Au, S, Pu, CD, GD

265 12 Sally 1,500 67+ 28! 26" Yuma Ay, S, Pu, U, CD, GD

263.13 Sally 1,800 67 28’ 26" Yuma Au, 8§, CD, GD

283.15  Sally 300 16* 38’ 26" Yuma Au, S, Pu, U, Np, CD, GD

253.16  sally 600 46+ 38’ 26" Yuma Au, 8, Py, U, CD, GD

253.17  Sally 900 46° 38’ 26" Yuma Au, S, Pu, U, CDb, GD

253.18 Sally 1.200 46° 38’ 26" Yuma Ae, §, Pu, U, CD, GD

283.15 Sally 1,500 48+ (8' 26" Yuma Au, S, Pu, U, CD, GD

253 29 Sally 1,800 46+ 38° 26’ Yuma Au, S, Pu, CD, GD

253.21 Sally 2,100 46+ 38" 26" Yuma Ay, 8, Pu, U, CD, GD

253.22 Sally 350 236~ 06’ 44 Kickapoc Au, S, CD, GD

253.23 Sally 600 236° 06 44" Kaickapoo Aw, S, Pu, U, CD, GD

253.24  sally 900 236° 06 44" Kickapce  Au, S, CD, GD
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TABLF 22 CONTINUED

Stat it L.stance from Azimuth frem Shot be .

atmn‘ ) e Ground Zero ____Qrou:.d Zero © escription
T T ft
253 05 Sally 1,200 236° 06" 44" Kickapoo Au, S, Pu, U, Np, CD, GD
L50.26 Sally 1,590 236° 06’ 44" Kickapoo Au, 8, CD, GD
253.27 Sally 1,800 236° 06' 44" Kickagpco Au, S, u, U, Np. CD, GD
253.28 Sally 2,100 2%0° 06" 447 Kickapoo Ay, S, CD, GD
153 29 Sally 2,400 236° 06' 44" Kickapoo Au, S, Pu, U, CD, GD
25332 Sally 3060 212¢ 227 15" Kickapoo Au, S, CD, GD
253.33  Saliy 600 204° 527 15" Kickapoo  Au, S, Pu, U, CD, GD
253 34 Sally 900 195« 52' 15" Kickapoo Ay, 5, CB, GD
253.35 Sally 1,200 195° 52’ 15" Kickapoo Au, 8, Pu, U, CD, GD
253.36  “ally 1,500 185° 527 15" Kickapoo Au, S. CD, GD
253 37 Sally 1,800 195+ 52’ 15" Kickapoo Au, 8, Pu, U, CD, GD
253 3¢ Sally 2,100 195+ 527 15" Kickapoc Au, S, CD, GD
25333  Sally 2,400 195¢ 527 15" Kickapoc Au, 5, CD, GD
253 40 Sally 2,790 195° 52 15" Kick.:poo Au, S, CD, GD
253 42 Sally 300 156 52' 15" Kickapoo Au, S, Cb, GD
253 43 Sally 60 150° 52’ 15" Kickapoo Au, S, Pu, U, CD, GD
253.44 Sally 90¢ 150° 52 15" Kickapoo Au, S, CD, GD
253.45 <ally 1,200 150° 52' 15" Kickapoc Au, S, Pu, U, Np, CD, GD
253.46  Sally 1,500 150 52’ 15" Kickapoo Station Missing
253.47  Sally 1,809 150 527 15" Kickapoo Au, S, CD, GD
25348  Sally 2,100 156> 527 15" Kickapoo Au, S, Pu, U, CD, GD
253.49 SHlly 2,400 150° 52 15" Kickapoo Au, S, CD, GD
253.50  Sall 2,700 150° 52¢ 15" Kickapoo  Au, S, Pu, U, CD, GD
253 51 Sally 3,000 150° 5.7 15" Kickapoo Au, S, CD, GD
1210 03 Yvonne 200.6 154° 47' 43" Erie Chemical dosimeters, S, Au
1210.03  Yvonne 934 0 154+ 47" 43" Erie Chemical dosimeters, S, Au
1210.05 Yvonne 1,601.9 154° 47’ 43" Erie Chemical dosimeters, S, Au
1210.07 Yvonne 2,276.9 154¢ 47' 43" Erie Chemicai dosimeters, S, Au
1210.09 Yvonne 2,937 3 154° 477 43" Erie Chemical dosimeters, S, Au
181101 Yvonne 935 192° 337 00" Erie Au, S, Pu, U, Np
1911.62 Yvoane 1,290 176° 11’ 00" Erie Au, 8, Pu, U, Np
IN Yvonne 155 NW Osage Au, 8§, Pu, U
18 Yvonne 155 SE Osage Au, S8, Pu, U, Np
2s Yvonne 456 SE Osage Ay, S, Pu, U, Np
38 Yvonne 755 SE Osage Au, 8, Pu, U, Np
43 Yvonne 1,055 SE Csage Au, §, Pu, U, Np
58 Yvonne 1,355 SE Osage Au, S, Pu, U
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set up un Site Elmer. All counting was done by Project 2.51 personnel. The general procedure
followed for each of the detectors was to establish the counting rate that existed at completion
of irradiation or at some specific time after irradiation and, by means of calibration numbers,
convert these data to integrated neutron flux.

SRR

s

B Fi%

2.5.1 Gold-Neutron Detectors. The Aul?? (n,7) Au'® reaction was used for the gold detectors.
The reaction ia characterized by a 64.8-hour half life with the Au!* decaying to stable Hg!* by
the emission of a 0.97 Mev beta particle followed by a 0.411-Mev gamma ray. There are no
observable interfering activities.

The cadmium-difference technique was used for measuring the thermal-neutron flux with gold.
The cadmium cross section for neutrons drops rapidly from a high of 2,500 barns at 0.04 ev to

N

+

1,250ft

2,500t

Intended
GZ

Lagoon —P

7,500¢¢t
on Reef

Figure 2.1 Station locations for Shot Cherokee.

23 barns at 1.0 ev (Reference 17). This rapid change in cross section is known as the cadmium
cutoff. Gold, on the other hand, has a cross section which has a 1/v siope in the thermal region,
with a high resonance peak of 10,000 barns at 4.8 electron volts. The major portion of the activ-
1ty produced in gold by bombardment with neutrons above thermal energies will be due to this
resonance. Therefore, when two gold foils are exposed, vne shielded with cadmium and the other
bare, the difference in the resultant activities of the two foils eliminates the gold resonance peak
anu is proportional to the thermal-neutron flux.

One-half-inch-diameter, 10-mil-thick gold f>ils were placed in field holders. The field
holders consisted of two ’/4-inch steel plates bolted together. Cavities were milied in one of the
plates which would accept one bare foil and one cadmium-shielded foil. The cadmium shield was
0.045-inch thick. A mounting web was welded to one of the plates to enable the assembled de-
tector to be attached to the cable or pipe station by U bolts.
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Figure 2.5 Sample station for Shot Cherokee. From left
to right on the steel plate can be seen a 1-cm fission ball,
2-cm fission ball, rold holder, special sulfur holder, and
zircomum holder. Clamped to the cable are seen the
chemical dosimeters.
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After irradiation, the activity of the foils was measured on scintillation counters. This
counting system in block form is shown in Figure 2.7 and is discussed in the section on fission
detectors. In using this system for gold, the samples were held by 1/ls—mch aluminum plate,
which was suificient to shield the beta emissions. The system was biased at 300 kev, which
allowed adequate measurement of the 411 kev gamma with a reasonable background count.

Sufficient data were taken to establish a decay curve for each sample. The counting rate at
time of irradiation was determined by the following equation:

Np, = Npexp {— A, (t—ty] (2.1)
Where: Ag = Au'™ decay constant

Nt, = wnitial counting rate 2* time t,

Nt = couating rate at time t

Standard counting technigues were used and the thermal-neutron flux was calculated as follows:

Flux = K(Nto bare — 1.025 Ny, shielded) (2.2)
Where: Nto = the initial counting rate
K = the calibration number

The factor 1.025 is a correction for the epithermal necutrons abgorbed by the 0.045-inch thick
cadmium shield (Reference 18).

2.5.2 Gold Neutron Detector Calibration. Originally, two separate calibrations of the gold
detector svstem were made, The first calibration was accomplished prior to the field phase of
the operation using the thermal column of the X-10 graphite reactor at ORNL as a neutron source.
The seccnd calibration was made during the field operation using the Omega water boiler reactor
at the Los Alamos Scientific Laboratory (LASL).

For the first calibration, the gold samples in their containers were irradiated for approxi-
mately five minutes in the thermal column of the X-10 graphite reactor. The thermal neutron
flux was measured by personnel from the Health Physics Division of ORNL with their previously
calibrated gold system. The procedure for determining the initial counting rate of calibration
samples was the same as that described in Section 2.5.1. The length of time of irradiation was
short compared with the half life of Au'®; therefore, no correction for decay during irradiation
was required. The measured thermal flux was 9.28 x10% n/cm? and the initial counting rate was
1.79 X 10% counts/min. The resulting calibration number was 5.18 X10°n/cm?/(counts/min). The
accuracy of the neutron flux determination was quoted as + 6 percent. The counting accuracy was
+ 1 percent, An error of indeterminable magnitude existed in positioning the project gold sample,
relative to that of the ORNL sample in the thermal column. It was estimated, however, that the
error was probably not greater than 10 percent.

The second calibration was accomplished by irradiation of the gcld samples in their container
in the south thermal column of the Omega reactor at LASL.. The samples were located adjacent
to the curtain position with the curtain up. The quoted thermal neutron flux was 6.44x10" n/cm?,
The samples were flown to the Eniwetok Proving Grounds (EPG) where the initial counting rate
was established as above. The initial counting rate was 1.10% 10* counts/min. The resulting
calibration number was 5.85x10° (n/cm?)/(counts/min). The uncertainty quoted in the neutron
flux was appiroximately 20 percent.

In addition, a third calibration was performed at LASL in April 1857, and the resnlting cal-~

26




ibration numbers of the two runs were 6.00X10° and 5.83 x10%(n/cm?)/(counts/min). Subsequent
calibrations at LASL in the spring and fall of 1958 (Refereuce 32) also yielded similar results.
Therefore, an average calibration number of 6.07 < 10° (r/em?/(counts/min) has been caiibrated
from the eleven individual calibrations taken and is used in this report.

2.5.3 Fission Threshold Detector. G.S. Burst and others (Reference 14) oi ORNL have devel-
oped a method of vsing Pu23, Np2s7, and U238 as neutron threshold detectors. The isotope Pu?®
does not have a naturally occurring energy threshold for fission above thermal energies; however,
a threshold can be produced by shielding the Pu®®® with-elemental BY. The isotopes Mp?! and U¥
havc energetic thresholds for the fission process. The gamma rays given df by the fission pro-
ducts can be used as a measure of the number of fissions prcduced 1n the exposed materials,

Plutonium, neptunium, and uranium in the form of foils were placed in steel spheres. These
spheres were constructed in such a way that it was possible for the periphery to be filled with B¥.
Extreme care was taken to shield againet thermal neutrons. The shield was designed so that an
ircoming neutron had to penetrate the required thickness of boron, regardless of its direction.
Further, the cavity inside the shield was lined with 0.025 inch of cadmium, so that neutrons mod-
erated 1u the shield were captured before entering the foils. The fission samples were sealed in
very thin (0.005-1nch) copper dishes to facilitate handling. One-centimeter and two-centimeter
BY shields were used, thus giving two separate thresholds for the Pu®®, The average density
of the 1-cm shields was 1.165 gm/cm® and for the 2-cm shields was 1.140 gm/cm?®.

The calculated effective cross section of Pu?®® shielded with 1 cm and 2 ¢cm of B! with the
above densities 15 shown in Figure 2.6 along with the Npm and U®® cross sections (Reference 17).
The effective cross section for Pu®®® is defined as:

OppF = OF eXP (-ogNp) (2.3)

Where: op = the fission cross section of pu?*

1

B = the cross section of the Bt (n, a) Li! reaction

Np = the number of B! atoms/cm? in the shield

* The cross section op 15 given in Reference 19, The effective threshold (by definition the
energy where the cross section is one hali of its maximum value) for the !-cm shield was 500
ev and for the 2-cm shield w~3 10 kev.

The foils were counted usiny scintillation techniques, and the natural radioactivity of the sam-
ples was determined prior to i-radiation. The ggintillation apparatus consisted of 1 by li/z-inch
Nal (T1) crystals, Type 5819 photomultiplier tubes, standard preamplifiers and linear amplifiers,
and scalers. Figure 2.7 ig a block diagram of the system. The crystals were covered with a
1/8-'mch brass piate machined to hold the foils. The system was biased at approximately 1.1 Mev
using the Co®® source as a standard. Tnis method was accurate and conventent.

The {ission decay curve for each sample was determined and extrapolated to a time 10 hours
after irradiation.

The neutron flux was then determined by:

Flux = K{CR; (2.9)

Where: K;p = the calibration number determined from the calibration decay curve at 10 hours after
irradiation for Pu%® Np®! or U,

CR; = the counting rate of Pu?®®, Np?*', or U’® samples at 10 hours after irradiation
21
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2.5.4 Fission Detector Calibration. The original calibration of the fission-detector system
was accomplished at ORNL. The plutonium samples were irradiaied in the thermal column of the
X-10 graphite reactor. Three unshielded Pu®® samples were exposed in the thermal column for
approximately five minutes. The thermal neutron flux in the column at the time of irradiation was
measured by using the standard gold detector method. Two of the sa-uples irradiated were 1.58

Sodium todide Pre— Amp Linear — Amp Binory Scoler
Crystaol (Cothodes Pius with { usecond

Follower) Discriminator Resolving Time

Photomuitiplier Detcctc‘
plus Lead G&hield

Voltage
Supply

Figure 2.7 Fission counting system.

grams while the -;ther was 0.1 gram. The 0.1-gram sample was used to minimize the effect of
absorption of the thermal flux by the plutonium sample. The 1.58-gram samples were used to

obtain the decay curve at long times after irradiation. The Pu®? samples were counted and the
decay curve plotted. The 1.58-gram-sample data were normalized to those of the 0.1-gram

7

10
Pu239 Fission Decoy

10 \

Counts /minule

i03 \
-

104 \
r—

Y, 1 BN 1 i 11t bd 1 Lo r gt ] Lol
1072 ! 1P 10! 1w0?

Time, hours
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Figure 2.8 Gamma decay curve for 0.1-gram Pu”" sample.

sample. Figure 2.8 is the decay curve obtained, and corresponds to the irradiation of 0.1 gram
of bare Pu®®® to 3.11 x 10° thermal-energy neutrons/cm?,

By using the ratio of the thermal fission cross section for Pu** ana the maximum fission cross
sections (Reference 14) of B!? shielded Pu?®®, Np®? and U?®, it was determined that the curve
shown 1 Figure 2.8 would be obtained from the irradiation of 0.1-gram samples of BY shielded

238
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Pu™® by 1.35 x 10" neutrons/cm?, of Np*? by 1.78 x 10" neutrons/cm? and of U?® by 4.53 x 10%
neut: ons/cm?,
For convenmence, the calibration nuniber was determined only at 10 hours after irradiation

and for a 1.38-gram sampic. The calibration numbers were:

gmple hf

Py’ 1.61 x 10% (neutrons/cm®)/cpm
Np®! 2.11 = 10? (neutrons/cm?)/cpm
yoe 5.36 < 10° (neutrons/cm®)/cpm

Five additional calibrations of the fission detectors have been made since the completion of
Operation Redwirg. The resulting ~alibration numbers. along with those listed above have been
averaged and were used 1n this report. The calibration numbers were determined for the same
conditions as mientioned above (1.e., for 10 hours after irradiation and for a 1,58-gram sample)
and were as follows:

Sample Kf

Pyt 1.58 x 10® (neutrons,/cm?/cpm
Np?! 2.06 x 10% (neutrons/cm?)/cpm
NG 4.89 X 10° (neutrons/cm?)/cpm

2.5.5 Sulfur Threshold Detect~r. The reaction of interest 13 §% (n, p) P¥. The P decays
with the emission of 1.7 Mev beta particles with a 14.3-day half life. This reaction has an effec-
tive threshold (i.e., the energy where the cross section for this reaction is one-half its maximum
value) at approximately 3 Mev. The cross section for this reaction is shown in Figure 2.9 (Ref-
erence 17).

Sulfur samples in the form of pellets were used. Two grams of sublimed sulfur were pressed
under a pressure of 10,000 psi to form a l-inch diameter, 1/,,-inch-thick pellet. The pellets
formed in this manner wore then placed with approximately 80 grams of loose flowers of sulfur
in polyethylene bags. The bags were sealed and, in turn, placed inside the lyz-inch-diameter,
6-inch long pipe nipples used as {ield holders. A mounting web was welded to the outside of the
pipe nipple, which allowed the holder to be attached to the cable or pipe stations ty U bolts.

After irradiation, the sulfur pellets were counted by using standard GM tubes and associated
equipment. Figure 2,10 Is a block diagram of the equipment used.

If the activity of the pellet was too low to measure, the loose sulfur (that which was packed
around the pellets) was used to obtain a measurement. Forty grams of the loose sulfur were
melted and poured into a cylindrical mold. The cylinders were counted in an anti-coincidence
unit which had a low background (approximately 4 counts/min)., Figure 2.11 is 2 block diagram of
this unit.

Standard counting procedures were used and corrections were made for coincidence loss within
the equipment. Sufficient data were taken to establish a decay curve for each sample. This was
done in order to assure that the correct activity was being measured. The counting rate was ex-
trapolated to the time of irradiation by:

Nto = Nt exp [+ Rp(t—to)] (2-5)
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Where: Ap = P¥ decay constant
Nt, = counting rate at time t;
Nt = counting rate at time t

The neutron flux was calculated as follows:
Flux = KQ,Nto (2.6)
Where: Kg = the sulfur calibration number

2.5.6 Sulfur Detector Calibration. The only sources of neutrons which had been used for cal-
tbration of the sulfur neutron-detector system were the 14.2-Mev neutrons produced by the
(d,t) reaction in the Cockroft-Waltcn accelerator at LASL (Reference 32). The sources con-
sisted of zirconium foils impregnated with tritiumn. The Cockroft-Walton fon source was radic-

frequency~ionized deuvterium. The energy of the accelerated deutrons was approximately 250
kev.

The reaction used to form the neutrons was:

1D2 + 1T’ —— zﬂe‘ + on1

The number of neutrons produced was measured by monitoring the number of alpha particles at
a detector with a known geometry.

Two calibration runs were made during the operation at the EPG. The sulfur samples in their
field containers were placed approximately in the 60-degree plane of the Cockroft-Walton neutron
source. The samples were irradiated for eight, 10-minute intervals spread over a time of ap-
proximately five to six hours. This procedure gave a reasonable counting rate in the sulfur. The
sulfur samples were then flown to the EPG where they were counted. Thc counting procedures
used were the same as indicated above. No correction for the time of irradiation was required,
since this time was short compared to the half life of the P¥ formed. ©

‘I'he accuracy of the alpha-particle counting was quoted as + 1 percent; the accuracy of the count-
ing of the sulfur samples +2 percent. The accuracy of the measurement of the distance of the
sulfur samples from the target was not determined.
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2.5,9 Chemical and Germanium Dosimeters. The Air Force and the AEC-UCLA chemical
dosimeters included three main types of chemical systems. All were based on the same principle;
the amount of acid formed from irradiation of a chlorinated hydrocarbon is a linear function of ra-
diation dose throughout a broad range (25 to 100,000 r), References 19, 20, 21, and 22.

All of the dosimeters were read directly by observing the color changes in the indicator dye.
The color change in most instances was from red (pH 6.0 or above) to yellow (pH 5.6 or below),
and gince the color transition of the overlying dye is a function cf dose, exposure ccses were es-~
timated by color comparison with irradiated controls,

The over-exposed dosimeters (pH 5.6 or below) were evaluated by measuring the amount of
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acid formed per milliliter of chlorinated hydrocarbon. This was accomplished by titrating the
acid solution against standardized 10° 3 normal NaOH. The dose in r was then obtained by com-
paring the amount of acid formed in the sample under consideration, to that formed by the irra-
diation of similar samples by known quantities of gamma radiation emitted by a Co® source.

Differential-hydrogen-content chemical dosimeters were used to estimate the fast-neutron dosz
in rep. This technique was based on the ability of a relatively high-hydrogen-content dosimeter to
respond to both gamma rays and fast neutrons and for a hydrogzan-free dosimeter to respond to only
the coexistent gamma rays (Reference 19). These systems were calibrated by G.S. Hurst and
P.S. Harris (Reference 5).

The measurement of neutron dose with the hydrogen-content dosimeter was accomplished by
evaluating the number of millieguivalents of stable acid produced in a mixed radiation field.

Since the water-equiv.lent-high-hydrogen-content dosimeter i{s X- and gamma-ray energy de-
pendent and has a known neutron response, the total acid production can be considered as a
function of the combined neutron and gamma radiations. Subtracting the gamma generated acid
as measured by the fast-neutron-insensitive chemical dosimeter system (Reference 20) yielded
the quantity of acid produced by the neutrons. By dividing the neutroun-generated acid by the
acid yield/rep of neutron radiation, the neutron dose was obtained.

For Operation Redwing, gamma measurements 1n the presence of neutrons were accomplished
using both anhydrous-chloroform and tetrachloroethylene fast neutron-insensitive systems. Data
reported by the Air Force was collected using primarily the anhydrous-chloroform system. Cor-
rections for the thermal-neutron sensitivity of this system [namely, 6.7 X 10-% rep/(neutrons/
cmz)} was small (in most cases <5 percent) and within the limit of experimental error of the
thermal-ueutron measurements and was, therefore, not applied to the data 1n this report. No
data was obtained with the tetrachloroethylene system since the neutron-censitive dosimeters
were saturated during exposure and, counsequently, could not be read. However, it is noteworthy
that during the previously mentioned calibration, agreement between the two chemical dosimeter
systems was determined at 5 percent.

The evaluation of the AEC germanium dosimeters was made by Dr. Cassen of the UCLA Atomic
Energy Project.

The U.S. Air Force and Atomic Energy Commission chemical and germanium dosimeters
were placed in 1’/’2-inch-diametcr pipe nipples of the same construction as those used as sulfur
holders. These holders were then clamped to the cable or reef stations. Upon recovery, the
samples were mailed to the United States fcr evaluation.
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Chapter 3
RESULTS

3.1 NEUTRON FLUX MEASUREMENTS

3.1.1 Shot Cherokea. No results were obtained from Shot Cherckee, due to the large error
in the . ctual detonation point with respect to the progosed detonation point.

3.1.2 Ghot Yuma. The results of the neutron flux measuremests from Shot Yuma are sum-
marized in Table 3.1. As indicated in the table, the cata obtained for plutonium and uranium
when placed in the 1-c¢ni ball have beer adjusted to equivalent 2-cm ball data. In the case of
plutonrim, adjustment was required in order to give sufficient data points for analysis. It was
also determined that there was an attenuation of the neutrons with energies above the uranium
threshold by the added material ir the 2-cm ball. The correction factors of 0.73 for plutoniui‘n
and 0.92 for uranium were determined experimentally on Shot Kickapoo (Section 3.1.3). Fig-
ures 3.1, 3.2, 3.3, and 3.4 show the results of the measurements of the variation of the neutron
flux about the device for plutonium, uranwum, sulfur, and gold, respectively. The angles in-
dicated on the graphs are the angles made by the instrument lines with respect to the projegtion
of the long axis of the device on the ground.

The neptunium data were not plotted, as only two data points were obtained on this shot. The
validity of the neptunium value at Station 253.15 is 1n doubt. It is much too low when compared
with the neptunium data at Station 253.02, This can probably be attributed to the small amount
of 1nduced radioactivity observed in the neptunium sample at this station, thus producing very
poor counting statistics.

The straight lines drawn through the plotted points are based on a least-squares analysia cf
the data and a common sicpe between detectors on a given line. This will be discussed in Chap-
ter 4. The dotted lines connect those points not used in the least-squares analysis. No extrapo-
lation of data toward the zero poirt has been attempted, in accordance with suggestions made in
the Appendix.

The thermal-neutron data in Figure 3.4 have been plotted in the same manner as the fast-
neutron data for reasons discussed in Section 1.3.2. The variation of the thermal flux with angle
about the device was small, hence only one line was drawn through the data points.

3.1.3 Shot Kickapoo. The results of the neutron-flux measurements for Shot Kickapoo are
given in Table 3,2, Both 1-cm and 2-cm fission balls were placed at Stations 253.25 and 253.45,
The conversionfactors used to adjust the 1~-cmball data to that of the 2-cmball data vere deter.
mined from these data. The average conversion factor for plutonium was 0.73, and for uranium 0,92.
Verification of these factors and an indication of the validity of their use is shown by the consist-
ency of the converted 1-cm ball data when plotted with 2-cm ball data. Remarke made in Section
3.1.2 also apply to these data. Figures 3.5, 3.6, 3.7, and 3.8 show the results of the measure-
ments of the neutron flux variation about the device. Again, all statements made in Section
3.1.2 about the graphs apply. The neptunium data were not plotted, since only three consistent
points were obtained. The neptunium value at Station 253.27 is very low when compared with the
three other points.

3.1.4 Shot Erie. The results of the neutron flux measurements for Shot Erie are given in
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Table 3.3. Only two stations could be instrumented with fission detectors. These results are
shown in Figures 3.9, 3.10, and 3.11. The extrapolation of these data is baged on the result
that, for a given instrument line, the semilog plots of the data from all detectors will have a

common slope. This will be discussed in Chapter 4. A best-fit curve has been drawn through
all thermal neutron data in Figure 3.11.

3.1.5 Shot Blackfoot. The results of the neutron flux measurements for Shot Blackfoot are

given in Table 3.4. The data at Station 255.01 are those obtained from the detectors placed in
the concrete boxes listed in Section 2.4. Insufficient plutonium and uranium detectors prevented
complete instrumentation of these boxes.
Figures 3.12 and 3.13 show the results from Shot Blackfoot. No explanation can be given for
the results of measurements made at Stations 252.09 and 252.11. The remaining
data have been checked against the results of Program 12 measurements and show
excellent agreement,

Again in Figure 3.13 a best-fit curve has been drawn through the thermal-neutron data.

3.1.6 Shot Osage. The results of the neutron flux measurements for Shot Osage are given
in Table 3.5 and shown in Figures 3.14 and 3.15. No reasonable explanation can be given for
the uranium and neptunium results at Station 5S.

3.2 NEUTRON AND GAMMA-RAY-DOSBE MEASUREMENTS
3.2.1 Shot Cherokee. No results were obtained for Shot Cherokee.

hs. 37438 deleted.
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3.2.2 Shot Yuma. The results of the neutron dose measurement from Shot Yuma are given
in Table 3.6.

The shortage of neptunium required a change in the procedure from that indicated in Section

- -

1.3.3 for calculating the threshold-detector neutron dese. Where neptunium data was available,
the dose was determined using the following equation: ’

D - [1.0(Npy 2cm — NNp) + 2.5 (Nyp — Ny)
: 8.2 (Ny— Ng) + 3.9 Ng] x 107* (3.1)
Where: Npy 2em = the number of neutrons/cm? either measured directly by the plutonium i
the 2-cra boron shieids or that extrapoiated irom the measurement made
in 1-cm boron shields.
The remaining terms are the same as indicated in Equation 1.3,

The thermal-neutron dose has been neglected, since it can be shown to be inaignificant when

compared to the total dose. Wherever neptunium data was not available, the following equation
was uged,

D = [1.8 (Npy 2cm — Ny) + 3.2 (Ny — Ng)

+3.9 (Ng)] x 107° (3.2)
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where the factor 1.8 was determined at the average energy between the effective thresholds of
the Z-cm boron-shielded plutonium detector and the uranium detector. In those cases where
the uranium data is missing, (i.e., Stations 283.11, 253.13. and 253.20} figures were obtained
from the lines drawn to represent the data plotted ir Figure 3.2.

The results reported in Table 3.6 for the threshold-detector dose were calculated using Eq-

- OAE Sare ¥ P

., -
uation 3.2. The AEC germanium calibration curve was double-valued between 0 and 27,000 rep
resultiag in the possible assignment of two dose values in this region. The second values avre
reported in parentheses in Tables 3.6, 3.7, and 3.12. No neutron results were obtained from the
AEC chemical dosimeters due to saturation of the neutron-sensitive dosimeter.

The gamma-ray dose measurements which are determined in conjunction with the measure¢ -
ment of the neutron dose by chemical methods are reported in Table 3.7 for Shot Yuma. Again,
difficulty was experignced with the AEC chemical dosimeters, resulting in only approximate

values, as indicated. , 6 < J 4 ﬂe“ /, Z‘Md
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Figure 3.16 is a comparison of the neutron dose measurements for Shot Yuma. The threshold-
detector results are calculated from the flux data; therefore, no data points have been shown.
The angles 1ndicated refer again to the angle the instrument lines make with respect to the pro-
jection of the long axis of the device on the ground.

3.2.3 Shot Kickapoo. The results of the neutron dose measurements for Shot Kickapoo are
given in Table 3.8. The same remarks made in Section 3.2.2, pertaining to the threshold detector,
apply. Only one instrument line included AEC germanium dosimeters; again double values are

¢

4

Ve o
glven. ’ﬁble 3.9 summarizes the gamma ray measurement for this shot. Figure 3.17 shows the

comparison of the different detector results. As above, the angles refer to the projected axis of
the device on the ground.

3.2.4 Shot Erie. Table 3.10 gives the results of neutron dose measurements for Shot Erie.
No AEC chemical or germanium dosimeters were used on this shot. The gamma results are listed
in Table 3.11,

Figure 3.18 compares the threshold-detector neutron dose measurement with the chemical
dosimeter neutron measurement.

3.2.5 Shot Blackfoot. The neutron dose results are givea in Table 3.12. Since no neptunium
samples were available for this shot, the method used in Section 3.2.2 was used to calculate the
threshold detector dose. All other remarks pertaining to the AEC germanium and chemical
dosimeters also apply to these results. Again the boxes listed at Station 255.01 refer to the con-
crete boxes as listed in Section 2.4.

The gamma-ray dose measurements are listed {n Table 3.13.
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TABLE 3.8 LAESULTS OF NEUTRON DOSE MEASUREMENTS FOR SHOT KICKA OO

Station_ slant Threshold USAF Chemical AEC Germanium
Number Distance Detector Dogimeter Dosimeter
yd " Trep rey T rep
ERREER 144 — — —
25423 224 5.56 < 10° 4.8 x 108 _—
254.24 316 205 x 10°+ 1.4 x 10° —
253,25 413 7 61 » 1g4 4.8 <104 —_
8.20 x 10 ¢
7.81 x 164 ’
3.32 x 104+
205 26 511 310 x 18 « 1.4 x 10 —_—
253.27 610 1 31 x 104 6.4 x 10° —
110 x 1044
253 28 709 6.09 x 103+ 3.2 x 10° —
253 29 567 252 x 163 1.5 x10° -
235.42 144 —_ — —_
253 33 22 5.06 x 108 4.5 x 16° —
251 54 Jto 178 % 105+ 1.2 x 10° —
252.35 413 6.70 x 104 3.7 x 10t —
255 30 51% 267 x 104 (Lost) -
753 57 610 1.19 x 1ot 4.8 x 10° —
253.38 704 5.18 x 105 * 2.1 x 10° —
253 29 807 2.54 x 10° + — —
253.40 905 - — _—
253 42 144 - — -
253 43 221 4.05 x 108 3.7 x 1¢8 —_—
253.44 316 129 x 10%* 9.6 x 10* —
253.45 4113 479 x 104 2.3 x 108 3.7 x 10*
5.06 x 104§
4.67 x 104
5.00 x 10°¢
255 47 619 8.27 x 103+ 4.0 x 10° 1,500 2.2 x 10%)
253.48 709 3.84 x 10° 2.0 x 10° 900 (2.5 x 10%)
253 49 807 1.79 > 103 » —_ 500 (2.7 x 104
253 50 $35 8.89 > 10° —_— (2.8 x 104
9.75 x 10%
253 51 1,005 450 % 10%» —_ —_

* Dose calculated by extrapolation of available data.

t Dese calculated using Np data.
/a; .80 Jeleted.
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TABLE 3.12 RESULTS OF NEUTRON DOSE MEASUREMENTS FOR SHOT BLACKFOOT

; Station Slant Threshold USAF Chemical AEC Germanium
4 Number Distance Detector Dusimeter Dosimeter
! yd rep rep rep
252.01 — — - (Lost)
252.02 — — — {Lost)
. 252.03 220 —_ —_— 80 x10°
, £52.04 327 8.56 x 10° 1.79 » 10 3. x 108
252.05 436 3.38 » 10% 1.04 x 10° 6.8 x 104
252 06 552 13i %105+ 3.4 x 10° 30 x 10!
252 (7 656 499 <304 1.4 - 104 94> 10°
252.03 769 2.19 x 1044 5.8 % 10° 90 x19°
252 09 878 967 » 103 3.7% » 10° 3.0 x 10% (20,000)
: 252.10 987 5.02 » 103+ 1.48 x 10° 2.0 x 10% (22,000)
252 11 1,098 2.56 x 100« 8.5 x 19? 1.5 x 10° (25,000)
255.01 256 — (Lost) —
Box 1 259 - (Lost) —
% Box 2 259 -— {Broken) ——
3 Box 3 259 —_ 1.0 - 108 —
' Box 4 259 365~ 10° 2.2 x 10° -
H Box 5 259 — (Lost) —_
Box 6 259 — 2.8 x 10° -
H
i- * Dose calculated by extrapolation of available dxta.

TABLE £.13 RESULTS OF GAMMA RAY MEASUREMENTS
FOR SHOT BLACKFQOOT

. Station Number Slant Distance USAF Chenucal AEC Chemical
Dosimeter Dosimeter
yds rep rep
252.01 — — —
252.02 —_ — —
252.03 220 _— 108
252.04 327 8.5 x 10 §.65 x 10°
252.05 436 5.4 x 10 3.32 x 10°
252.06 552 1.8 x 104 1.10 x 10°
262.07 656 8.72 x 10° —_
252.08 769 4.51 x 10° 10t
252.09 878 2.6 x 10° 4.0 x 10°
252.10 $87 1.6 x 10° 4,0 x 10°
252.11 1,098 1.0 x 10 4.0 x 10°
255.01 259 (Lost) —
Box 1 259 (Loust) —
Box 2 259 7.4 x 10° —
Box 3 259 4,0 x 10° —
Box 4 259 3.8 x 10° —
Box 5 259 (Lost) -—
Box 6 259 5.86 x 10° —
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Figure 3.19 gives a comparison of the USAF chemical dosimeter and the AEC germanium dosim..
eter measurements with the threshold detecior dose measurements.

3.2.6 Shot Osage. Tabie 3.14 summarizes the results of the threshold-detector dose results

W ki
A — T FET

TABLE 3.1. RESULTS ©OF NEUTRON DOSE MEASUREMENTS
FOR SHOT OSAGE

Staion Nunber sranit Distance Threshold Detector
Tt e o }(’\‘ i rep

1A 244 4.09 x 10°

1S 237 4.54 x 10°

25 272 2.86 x 10°

35 333 1.45 ¥ 10°

48 411 . 5.97 x 10%

53 490 2.07 x 104

for Shot Osage. No chemtcal or germanium dosimeters were available for this shot. The results
of the thresho:id detector neutron dose calculation are shown in Figure 3.20,

3.3 WEATHER

Weather conditions at the time of detonation of the various devices are given in Table 3.15. No

TABLE 3.15 DETONATION TIME WEATHER DATA

Shot Sea Level Free A Relative
Pressure Temperature Humudity
mb F pct
Yuma 1,010.2 81.7 80
Kickapoo 1,009.8 85.6 7
Blackfoot 1,012.5 81.1 84
Osage 1,008.5 85.9 74
Erie 1,009.1 80.3 80.2

air-density corrections of the data kave been m:de in this report, since the correction was small
{ <10 percent), and within the limits of experimental error for the technique used.

3.4 MEASUREMENT OF SCATTERED NEUTRONS

In order to determine the percentage of the measured neutrons which were scattered neutrons,
and experiment was devised utilizing a collimator.
The collimator consisted of a piece of steel pipe which was 8 inches in diameter and approxi-~
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mately 4 feet long. The pipe was shielded by 3 to 4 feet of sand. A sulfur detectur was placed
inside the pipe, and another sulfur detector outsxd>e che pipe. This array was 1nstalled at Shot
Kickapoo at a slant distance of 413 yards {rom the device. -

wed e L
< It was concluded that approxi-

mately 68 percent of the measured neutrons above 3 Mev at this distance from ground zero were
scattered neutrons.
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Figure 3.20 Threshold detector dose for Shot Osage.
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Chapter 4
DISCUSSION

4.1 NEUTRON SPECTRUM

During tl.e field phase of Operation Red »ing, the schedule for Shots Blackfoot and Kickapoo
was revised, necessitating a reduction in the planned instrunieniation arrays ior each cvent. Doe
to the lirmted number of fission detectors available, it v-as not possible to expose a complete set
at each station. Therefore, 1n most cases, iasuificient data were obtained to completely eval-
vate the n2utron spectrum. In addition, the apparent unreliability of some of the neptuaium datn
as :ndicated 1n Chapter 3 reduced the provability of reaching positive conclusions regarccing the
variation of the neutron energy spectrum in the 0.6 -Mev region.

Table 4.1 lisis the percentage of fast neu.rons n the various energy ranges for Shots Kickanoc,
Erie, and Osage. Tnesec data were obtaircd Ly taking an average of the information obtained at
the stations wrich were fully instrume.ted for these events. The results from Shots Yuma and
Blackfoot were aiso checked and fouad in good agreement with the values shown in Table 4.1, but
2re not preseinted since only plutonium, uranium, and sulfur data were available,

A statistical analysis of the fast ncutron data from Shots Yuma, Kickapoo, and Blackfoot
showed that the neutron flux-times-disiance squared versus distance curves for any cne given in-
strument line had a common slope beyond 300 yards from ground zero. This result indicated that
there was no detectable change in the energy spectrum with increasing distance beyond 300 yards
from the scurce. It is possible that the expected variation 11 spectrum as indicated in the Appen-
dix was not detecied, due to a smearing of the data by the non-step-function nature of the detector
crcss secticns, and/or the statistical variation inherent in the measurement system.

As a result of the above analysis, the common slope determined for each instrument line was
used in drawing the straight-line poruon of the curves in Figures 3.1 through 3.15.

4.2 NEUTRON FLUX MEASUREMENTS

4.2.1 Variation of Neutron Flux about an Device. Tabie 4.2 summarizes the angu-
lar variation-of the neutron flux about thetwo _____  devices. The values listed are the
average values cf the ratio of the :lux times slant distance squared measured on the 64-degree and
85-degree lines to that measured on the O-degree line for Shots Yuma and Kickapoo, respectively.
The data from the straight-line portion of the curves as drawn 1n the figures in Chapter 3 have
been used.

The variation of the 45-degree~line data, both in Shots Yuma and Kickapoo, is quite interesting.
In Shot Yuma the apparent decrease in the slope of the 45-degree line, when compared to the clopes
of the 0~ and 84-degree lines, might be caused by the variation of the quantity of the hydrogenous
material on the sturface over which the measurements were made. It was noticed during installa-
tion of the detectors on the 45-degree line for Shot Yuma that the 100-and 200-yard stations were
over a grass-covered surface. Proceeding to the more distant stations, the grass cover decreased
until at 500 yards the surface was free of vegetation and consisted mainly of coral sand. I this
effect 15, in fact, the cause and 15 as large as indicated by the variation in the slope, it would also
explain the large increase in the ratios for uranium and sulfur shown in Table 4.2, The O-degree
line-was completely over a grass-covered surface while the 64-degree line was over a sandy surface.

For Shot Kickapoo, it can be seen that the plutonium data for the 45-degree line lies almost on
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top of the data for the 85-degree line, while the sulfur and uranium data tend to approach the 0-
degree-line data. In this case, the O-degree line was almost entirely over water; the 45-degres
line, except for the first two stations, was over 2 grass-covered surface; and the 85-degree line
was over a sandy surface.

The variation in the thermal-neutren flux wath angle about the device also tends to substan-
tiate the above argument. At ranges greater than 30C or 400 yards, the major portion of the

——

L i —~———
thermal-neutron {Iux 18 believed to be due to the thermalized fast neutrons which have escaped
{rom the device. The thermal neutrons, thus, are a measure of the total number of {fast neu-
trons present. It is noted that the ratios for the gold detectors are in agreement with the 30-
percent variation found for a similar device measured during Operation Teapot.

4,2.2 Data from Stations Close to Ground Zero. Attention is called to the curvature in the
lines 1n Figures 3.1 through 3.4. Shot Yuma afforded the first real opportunity to obtain this
close-in data, Part of this curvature is known to be caused by the attenuation of the neutron
flux by the tower. A quantitative estimate of this attenuation cannot be made. It is also believed
that a portion of the curvature is due to that predicted by the theory as indicated in the Appendix.

4.2.3 Mean Free Path. As mentioned in Section 1.4, the slope of the neutron flux times slant
distance squared versus slant distance plot is a measure of the mean free path. For purposes
of comparison, these slopes were calculated in the form of e-fold distance (the distance in which
the flux is reduced by a factor of 1/e).

Table 4.3 lists the values of the e-fold distances for the various shots of this operation.
These values, with the exception of that for the 45-degree line at Shot Yuma, are similar to
those made at past operations at the EPG (Reference 12).

4.3 COMPARISON OF THE VARIOUS MRTHODS FOR
DETERMINING NEUTRON DOSE

As can be seen in ‘Figures 3.16 through 3.20, the chemical dosimetera were low by an average
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factor of 3.47 for Shot Yuma, 1.76 for Shot Kickapoo, 3.54 for Shot Blackfoot, and ranged from a
factor of 1.20 high to a factor of 1.20 low for Shot Erie.

The germaninum dosimeters were low by an average factor of 5.38 for Shot Yuma, 3.68 for
Shot Kickapoo, and 3.46 for Shot Blackfoot.

No reason can be given for the inconsistencies in these various systems for measuring neu-
tron dose. However, since the systems have never been directly cross-calibrated, it is posaible
that future experimentation may either reduce the differenc:s noted, or at least bring about a
logical explanation for them.

Similarly, no ready explanation is available for the apparent nonlinearity in the chemical-
dosimeter data as ground zero is approached, even though this same phenomena was cbserved
during Operation Teapot.

As in the past, the germanium data are somewhat erratic. The germanium used in this teat
was known to have a nonlinear response up to 27,000 rep, 1.e., a double-valued calibration

TABLE 43 THE c—FOLD DISTANCES FROM
SHOTS YUMA, RICKAPOQO,
BLACKFOOT, ERIE AND OSAGE

Shot e-Fold Distance
yd
Yuma
0° 215
45° 218
64° 210
Kickapoo
6e 203
45° 203
85° 203
Blachfoot 230
Ene 200
Osage 190

curve was observed in this range. This fact indicated that N-type germanium crystals were
used.

4.4 NEUTRON AND GAMMA-RAY SHIELDING BY SPECIAL
CONCRETES

An analysis of the data given in Table 3.4 indicates that the addition of borax or sulfur does
not increase the fast-neutron shielding characteristics of the concrete a sufficient amount to be
detected by the threshold detectors. The attenuation of the thermal-neutron flux by the addi-
tion of borax to the concrete can be seen by comparing Box 1 with Boxes 3 and 5. Box 1 con-
tained no additives. Box 3 contained 20 pounds of borax added to the water before mixing. Box
5 contained 60 pounds of borax added to the water before mixing. In all cases the boxes con-
sisted of approximately 2,500 pounds of concrete. The ratio of the thermal-neutron flux
measured 1n Box 1 to that measured in Box 3 was 2.8. The same ratio for Box 1 to Box 5§ was
7.2. As might be expected, the addition of sulfur to mix had no apparent effect on the thermal-
neutron flux,

By extrapolating the threshold-detector-dose data presented in Table 3.12 to 259 yards and
comparing this figure to that obtained inside Box 4, which was the only station at which complete
data was obtained, it is noted that the neutron dcse inside the box was reduced by a factor of
approximately four. This factor can be referred to as an estimate of the neutron shielding af-
forded by a structure of this type.
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Similarly, by comparing an extrapolated gamma-dose value to that obtained in Boxes 2, 3,
4, and 6, 1t is found that the gamma dose inside the boxes was increased by factors of 1.8, 8.3,
3.5, and 2.3 respectively. This resultant increase 1n ganm'ma dose is 1n good agreement with the
results found at Operation Teapot (Reference 5). The fact that the gamma dose increased due
to the presence of the shielding material indicates a possible requirement for the consideration
of the induced .ztivities when neutron shields are being designed for equipment such as a tank,
or when the shielding characteristics of thin-walled buildings are being considered. Again, no

! }

r——
attempt has been made to make more than a semi-quantitative znalysis of these data, due to the
uncertainties in this particular field measurement; for example, the restricted geometry and

the various additives in the concrete.

4.5 COMPARISON WITH PREVIOUS OFERATIONS
Tabie 4.4 and Figure 4.1 contain information relative to the dose per unit yield versus ground
range observed for Operation Redwing Shots Yuma, Blackfoot, Erie, Kickapoo, and Osage;
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Operation Teapot Shots Moth, Post, and Wasp, and values predicted in TM 23-200. However,
only Shots Yuma, Blackfoot, Kickapoo, and Osage data are beyound the factor of reliability stated
in T™ 23-200,

It should also be notad that the data from Operation Teapot events has been based on obsolete
cross section data. When corrections are made for current data, the dose 1s increased. An ex-
ample of this correction may be seen in the Shot Moth data in the table, It is aiso illustrated by
lines H and H’ in the figure.

Table 4.5 shows a comparison of the dose per unit yield data for the aforementioned shots at a
slant range of 500 yards and the high-explosive thickness through which the neutrons passed be-
fore arriving at the detectors. An inspection of this data will show that there is generally a de-
crease in the dose per unit yield with increasing high-explosive thickness. Additional measure-
ments and investigations may show a more definite correlation hetween these parameters.

A. o1 Detlefed.

e
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Chapter 5
CONCLUSIONS

The conclusions that may be drawn from the measurements made by Project 2.51 are as follows:

o data were obtained during Shot Cherokee because of the differeiace 1n the actual and intended
ground zero location.

The variat.on of the neutron flux about the devices {ired for Shots Yuma and Kickapoo was
energy denendent. The ralios of the neutron flux along a line at 6 degrees to the projection on
the ground of the long axis of the device to that along a line at 0 degrees to this projection for
Shot Yuma were 1.34, 1.91, 1.94, and 1.18 for the plutonium, uranium, sulfur, and gold detectors,
respectively. The same ratios between the 85-degree and 0-degree lines for Shot Kickapoo were
1.62, 1.70, 1.62, and 1.22.

Within the range cf the measurements made and the accuracy of the threshold detector system
there was no variation of the neutron energy spectrum with increasing distance from the point of
detonation.

Any data obtained from an extrapolation of a plot of the neutron flux times slant distance
squared versus slant distance to ranges of less tha~ 300 yards may bz in error. Theoretical
calculations supported by experimertal evidence indicate that the relationship :s nonlinear 1n this
range.

The neutron-dose results obtained by using the USAF chemical dosimeters were not consistent
with those obtained by the threshold detector techmijue, ranging from a factor of 1.26 high for Shot
Erie to an average factor of 3.54 low for Sho: Blackioot.

The AEC germamum dosimeter results were lower by factors of 3.46 to 5.38, than those ob-
tained by the threshold detector technique.

The AEC chemical dosimeter system mey not be used to measure neutron dose in the range of
25,000 to 856,000 rep, due to saturation of .he neutron-sensitive dosimeter and difficulties in-
herent 1n obtaining accurate readings.

There is little or no increase in the att :nuation of fast neutrons by adding borax or sulfur to
concrete. The attenuaticn of the thermal -neutron flux is increased by adung borax.

The neutron dose was reduced by a fa :tor of approximately four by a concrete box 3 feet on a
side and 6 inches thick, fabricated from a mixture containing 1.6 percent borax by weight. The
gamma-ray dose, however, was increased by an average factor of 2.75 by similar concrete boxes
containing varying amounts of borax ard sulfur.

The measured neutron dose per un t yield was higher for all shots than was predicted by TM
23-200. However, only the Shot Yuma, Blackfoot, Kickapoo, ana Osage data falls beyond the
factor of reliability stated in the manual.
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Appendix A
THEORETICAL SPATIAL DEPENDENCE of the
NEUTRON FLUX from a POINT SOURCE

A.l OBJECIIVE

The objective o this work s to cumpare the theoret:col sp dial depenaence of the 4 # neutron flux from
a pont source ith estimates of this depeadence obtained in tield tests of nuclear devices. Theoret cal
calculations are based on numerica »olutions ot the transpori eyuation fur neutrons i1 air obtained by
tiorvand and flichards (Reference 23).

A2 THEORETICAL BACKGROUND

‘The pcnetration of neutrons in a umiform infinite medium may be calculated by using the moment method
tor solving the Bullzmann transport equation, this has been done (Reference 23) for monoenergetic 18otropic
noirt sowrees in aur. For coavenience, the following transport equatioa for an infinite, plane, 1sotropic
source was solved:

AN ix, cos0, v)

cos @ =
oN

= -uTN(x, cos@,u) + [ df’' fu du' N(x, cos®', u')p, (u')f (v, cosé) —,}— 6
4T 0 a4

2 K 1 8(u) &%
—uf - 2.1 - cos Uy Y ' S étxy
[" A °°<"] * ey 4R Nk, cosel, o) g K, u) + o= (A1)

Where: N = the neutron flux in a voluma element about x per unmt sohid angle per unit lethargy per
unit time, with lethargy between u and u + du and directed within the solid angle dQ
6 = the angle between the neutron direction and the normal to the source plane.
X = the dis ..: ce from the source plane to the volume element.
u = the lethargy, log (Eo/E)' where Et, 18 the source energv, and E 18 the neutron energy.
py = the total neutron cross secticn fur air.
e = the elastic-scattering cross section.
f(u',cos8) = the differential angular-scattering cross section for lethargy u’
¢ = the change in angle of neutron direction upon scattering.
K{u',u) = the differential inelastic-scaitering cross section, denoting the probability of scattering
from u’to u.

This transformation from point-source geometry to plane-source geometry {8 possible. since the moments
of the function which 15 the solution of the isotrop:c peint-source problem are simply related to those of
the solution to the 1sotropic plane-source problem (Reference 24).

Following the micthod of moments, the angular dependence of the neutron flux is removed by expanding
N in a geries of Legendre polynomials:

N(x. co89, u) =.§ axl Nj(x, u) P;(cos 8)

i 4% {A.2)

After substituting Equation A.2 into Equation A.1, multiplying by an arbitrary Py (Cos®), and integrating
over cosd from -1 to +1, the following 1s obtained:

oN aN
e S I it e M ehn ﬂ[r Mo [-*'! _v]
2}*1[1 " +(j 1) 3 ]*“TNj = fope(u)dJ (x,u) 2f v, 1 2(u w) Pyl 2(u u'y

[ u oW 1} r 1
du! + éjo!o N, u') K @', uydu’ + bjoé(u)é(x) *.9)
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The form of the integrand in the first integral term of Equation A.3 follovs from the Dirac delta function
in the corresponding term of Equation A.1, which requires, in scattering through an angle ¢, that the
erergy change of the neutron s fixed such that:

Josf - 1-% {u- u")

Where: M = the weighted average mass number for nitrogen and oxygen in air. !

The presence of the Kronecker delta function, éjo. in the second tcrm of Equation A.3 follows [rom the
requirement that inelastic scattering be isotropic.
f the moment by, of the funct:on Ny (x, u) 15 defined as:

g+t
bln = E— ’-fﬁﬂ XN

e l(x. u) dx,

Wherce: [ = a standard, reciprocal, meun free path associated .vith the neutrons of the source energy.

After multiplying by ™ **x", integrating over distance, and subtracting the moments for the direct

radiation:
1 2
B (2 = 57 [IB,_,’ ner “U+DB g “] +2 [Pug () By (20 [z'. 1-z(z-z')] B

[1-2(2-2')] 42 wop, = [*Bn (2" K (2!, 2)42!
YA
Ap

M 1
4 pm— [— u (0Yf(0, 1-22)F, (1-2Z)+ 6 K@©, %) ’
[ungn 1| 5 #H ? 1{] J )

1 -
Where: A? e [IA?_: + (1 + I)A?::] + 0y, 010

By, = the moment of the scattered flux only.

In Equation A.4 the lethargy has been hnearly transformed to Z, for convenience, such that Z = x/‘;1.
These equations (A.4) form a linked set of Voiierra-type integral equations which may be solved by ordi-
nary numerical methods when :xperimental and/or theoretical values for the various cross sections are
known over the complete energy range of interest.

In general, the moments By, obtained by solving these equations (A.4) completely determine the scattered
neutron flux. In a situation, however, where a single, closed, spatial weight function cannot be used over
the fuli ranges of distance and energy, it becomes difficult to reconstruct this function from its moments
by ordinary expansion techmques (Reference 25). The technique used in Reference 23 therefore essentially
deter:mined best-fit trial functions and thcir coefficients from a limited number of computed moments. The
trial functions were selected on the hasis of correct asymptotic behavior, theoretical one-velocity solutions,
and empirical results.

A.3 PROCEDURE AND RESULTS

A.3.1 Neutron Flux. Calculations based on the numerical solution of the transport equation by Holland
and Richards (Reference 23) are presented heretn for comparison with data from field tests of nuclear
devices. These czlculations evidently only approximate the actual solutions for neutron transport under
field test conditions. The application of these results to field tests ignores the perturbations both 1n the
number of outgoing neutrons from the source and in the shape of their spectrum due to the materials sur-
rounding the fissionable material 1n an actual bomb. Furthermore, the periurbation of the spatial depend-
ence and magnitude of the neutron flux near the ground 1s not quantitatively considered.

For the purposes of these calculations, the source spectrum chosen was the Watt fission spectrum.

! This treatment assumes scattering from one “average” atom rather than considering
the mor: complicated problem of different elements.
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This 1s admittedly :n approxiza tion, its use wus quanttatively justific 112 some extent (as discusscd below)
by computation of the spatial deperdence uf neutrens from a source originally of fission shape, but per-
turbed by traversing a hydrogerous medium.  The difficulties involved in comparing culeulated resuits for
an inhnite air medium (o field results fron, the aa-groaund interface were resalved by assuming that the
cffect of the gro nd on spatial Jependence of the flua 1s unitrportant at lurge wstances fram the source.

The progedure folluwed was to evaluaie tx scattered flun greater than thice threshold energles (U 2,
0.7, and 2.5 Mev) for the five tource encrgics which were uvailable from Reference 23 (0.5, 1.0, 2t § 1%,
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Figure A.1 Plot of scattered portion of the r? flux of neutrons with
energy greater than 0.2 Mev from a monoenergetic point source,
{emitting one neutron/sec) as a function of source energy at various
distances from the scurce.

and 14.0 Mev). The total scattered flux from source energies greater than the above threshold values was
obtained as a function of source cnergy by integrating the spectra for each line source between threshold
and source energies. These functions are plotted in Figures A.1, A.2, and A.3 for thresholds of 0.2, 0.7,
and 2.5 Mev, respectively. In the case of the 2.5-Mev threshold curves. only two source energies were
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energy greater than 0.7 Mev from a monoenergetic point source,
(emitting one neutron/sec) as a function of source energy at various
distances from the source.
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available, so that the uctual curves werc approaimated by fo lowing the same dependence on source enerly
as exhibited in the two previous cases, guided by the fact that the plotted function must vamsh for
Ey <Ethreshold

In order v cetermune the function r* times scattered flus greater than Egyreshold for neutrons feon a
pomni-f:ss10n sodarec at various distences from the source, the curves e Figures A.1, A.2, and A.3 we.e
weighted by the normalized fission curve (Reference 26) and integrated with respect to source energy. A
gimilar opciation was performed for the unscattered component of radiation as a function of distance (Fig-
ure A.4). 'igure A.5 shows the total r? flus per neutron emitted by the source as a function of distance
tor each of the sclected threshold values.  For the sake of comparison, sulfur data from Shot 10 (gunshot)
of Operation Upshut-Knothole are plotted. The sulfur datu were matched to the theoretical 2.5-Men thres-
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Figure A.3 Plot of scattered portion of the r! flux of neutrons with
energy greater than 2.5 Mev from a monoenergetic point source,
(emitting one neutron/gec) as a function of source energy at various
distances from the source.

hold flux at about 600 yards, and the rest of the sulfur data multiplied by the same matching factor. It is
seen that, except for points very near the source, the agreement is good.

A.3.2 Spectra. The spectra of neutrons emitted by a fission Bource in air were calculated at 200 and
1,000 yards using techniques similar to those cited above. The flux with arbitrary energy E at 200 and
1,000 yards was plotted as a function of source energy. These curves were then multiplied by the fission
curve and integrated over source energy. The spectra are plotted in Figure A.6. For very small energies,
it is seen that E™! dependence is approached. This was to be expected on general theoretical grounds,
since the scattering cross sections are relatively constant here and are nearly isotropic in their angular
distribution. High energy variation of these curves is dominated by the fission-curve dependence.

The calculated spectra are compared with a spectrum measured by Handloser and Delihas (Reference
27) for degradation in graphite in Figure A.6. Although quantitative comparison 18 impossible because of
the difference in media and the unkaown effective distance of travel of the experimentai scattered fission
neutrons, the same E™! dependence for low energies and the fission curve dominance at high energies can
be seen.

A.3.3 Dose. Figure A.7 shows the variation with source energy of the scatterad dose rate and its de-
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pendence up sn distance from an 1sotropic point source em.tiing one ncutron per second. These carves were
computed by multiplying spectra for the diserete monoererget:c source s by the dose we:ghting function
given by Snyder aund Neufeld (Reference 28). When weighted by the normaalized fission spectrum 2! inte-
grat. d over source energy, thesc curves yield the scattere!d cose rate as o function of distance fur o4 fission
source of unit strength. The total dose rate 15 obtained by adding in the direct dose ».ate obtamned *0 sinu-
lar manner. The Jdependence of the duse :ate on distance :5 plotted in Figure A.8.

A.3.4 Contnibution of Source Encrgies to Flux.  The normaliced r’ flux greater thun 0.2 Mev 15 plottcd
s 4 function of source energy m‘}Tg-\};t_: A.9. These curve: show that, in spite of the re.atively rypad
decrease of the fission spectrum for high energies, the coviribution from these nigh encrges 15 domivant
frr distances greater than 600 vards.

A.4 0 DISCUSSION

A4l Extent of Approxunation.  The data presented in this report are obtuned fiom an approxin.ate
wlution of the transport equation fur a uniform infinite wur space. The approximations involied are due
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Figure A.5 Plot of total r? flux greater than E¢hreghold from an
isotropic point-fission source {(emiting one neutron/sec) as a
function of distance from the source. The points represeat the
gun-shot data of Operation Upshot-Knothole,

to the lack of complete information about the various cross sections of importance and to reconstruction
of the flux from only a limited number of its moments.

There is, however, a more serious approximation introduced when these data are used to compare with
field measurements of neutron fluxes. In an actual test shot, the fissionable material i1s surrounded by
high explosives, steel casing, and possibly other materials, so that the original fission spectrum is per-
turbed to an unknown extent. Presumably the most effective ingredient of this surrounding material 1n
perturbing the fission spectrum is hydrogen. In order to get a rough estimate of the extent of the change
in source energy distribution, the spectrum of fission neutrons after being trananortad through 10 cm of
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water was obtained from Reference 29. The resulting ~pectzum differs only shightly trom a fission shape
for energies greater than about 0.5 Mev.  The number of rcutrons greater than 0.2 Mev was computed
usig the results in Reference 29 as a source spectrum, tne spatial acpendence was almost exactly the
same as that for a fission source.

Perhaps a more-significant aiff:cuity in comparing intinite-medium results o field data 18 due to the
fact that all field ineasurements were made near the ground. In order to determine quantitativelv the
neutron flux as a fanction of distance, the effect of the ground as weli as that of the bomb casing must be
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Figure A.8 Dose rate in mrep/ -5 a Junction of distance in
yards from a point 1sotropic frssion gvvrce enuiting one
neutron/sec.

rigorously considered. However, certain conclustons ot a qualitative nature may be drawn. For example,
1t was assumed that beyond a few mean free paths frorn the scurce the angular distribution of the flux he-
comes relatively fixed in an infinite ai1r medium. Near the surface of the ground, then, it is expected that
although the magnitude of the flux at each pont is perturbed it will be 1 ultiphed hy a constant factor at each
point in space. Thus, within a few mean free paths of the source the spatial dependence of the flux under
actual conditions of field geometry approaches that of the infinite air solution.

Finally, 1t should be pointed out that the theoretical r«:sults represent the uctual r* flux greater than the
selected threshoid energies. This quantity may differ somewhat from field data ¢btained with detectors
having cross sections which are not step functions i.e.x

ll

o (E)
g (E)

0 . E <Ehpreshold
%% E zEpreshold

n

A.4.2 Spatial Dependence. One of the most signmificant results of the evaluation of variation of the r
flux with distance 1s that considerable curivature exists in this function within the range of ¢ to 1,000 yards.
There is, 1n fact, a peak in this function at about 200 yards for all three Jetectors, Field-detector data
for previous nuclear tests tend to verify this theoretical result 1n some cases, though data taken within
400 yards of a burst are generally sparse.

The analytical reasons for such behavior are clear. As mentioned in Reference 23, the r-dependence
of the scattered fiux becomes Gaussian within a few mean free paths of the source. The trial functions in
Reference 28 for the r? flux at various energies, the use of which is jusufied ulimately by their compat~
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thility with moments computed from: the transport cquation, generally have peahs within the range of one

to two mean free paths from the origin.  On the other hand. the scatic:ed flux can be shown to have at most
a 1,/r sigularity near the origin so that the function r? (scatterd flux) must vamish at r = 0. The change
i sign of d,’dr(rZQ) near the origin is due to the qute~rupid decrease of the scattered contribution to 1¥Q
near the origin, where:

Q = ox N{r, u, cos8) sin0dodQ

Beyond 1,000 yards, er for the three detectors should be almost logarithmically linear with about as
much curvature as shown for the unscattercu contribution 1n Figure A.4. Thig 1s due to asymaptotic depend-
ence, xe* (Reference 23), except for each energy compunent of the scatterec neutrons, which for large
distances becomes as logarithmically linear as ¢™%. The slopes, however, of direct and scattered contri-
butions will not be the same in general, as can be secen trom the development of Reference 23. The scat-
tered portion, of course, will remain dominant in magnitude.

The above discussion points out the erro1 »a extrapolating experimental data (obtained in the quasi~
hinear portion of these curves) linearly to 1 = 01 aa effort to obtain the spectrum at the source and, per-
baps, the attenuation due to ‘he bomb casing.

In some cases, this fundamental fallacy has become apparent to data handlers, since the linearly extra-
polated curves :ndicate 2 significantly greater nuirber of neutrons at the origin than were calculated on the
basis of the numbe. of fissinn reactions

A.4.2 Proposed Theorectical Techniques. Though a completely rigorous techmque to handle the trans-
port of neutrons through the bomb casing, air, ana earth is not available at preseat, it appears that tech-
nmiques may be utilized which would give a better estimate of the neutron flux 1n this compiicated geometry.
A method has been suggested (Reference 30, whereby the geometry consisting of an isotropic point source
acbitrarily located in a composite medium of two mfimte half-spaces differing only 1n the density of scat-
tering points, may be handled rigorously by a modification of the moment metaod. In order to obtain an
equivalent source spectrum and its magmtude, 1t would be necessary to conduct Monte~-Carlo computations
of the outgoing neutrons from symmetrical Lombs with varied parameters. The combination of Monte-
Cario results with the modifird inement methed would then yield rigorous results in the event that the
cross sections in the upper half space were propertional to the corresponding ones in the lower half gpace
at all energies, with the same constant of proportionality. Even 1f the above conditions were not exactly
fulfilled, the use of this technique wculd presuniably yield a better approximation, which takes into account,
to some extent, the presence of the discontinuity in med:ia.
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