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FOREWORD

This report has had classified material removed in order to
make the information available on an wunclassified, open
publication basis, to any interested parties. This effort to
declassify this report has been accomplished specifically to
support the Department of Defense Nuclear Test Personnel Review
(NTPR) Program. The objective is to facilitate studies of the
low levels of radiation received by some individuals during the
atmospheric nuclear test program by making as much information
as possible available to all interested parties.

The material which has been deleted is all currently
classified as Restricted Data or Formerly Restri~ted Data under

the provision of the Atomic Energy Act of 1954, (as amended) or
is National Security Information.

This report has been reproduced directly from available
copies of the original material. The locations from which
material has been deleted is generally obvious by the spacings
and "holes" 1in the text. Thus the context of the material
deleted is identified to assist the reader in the determination
of whether the deleted information is germane to his study.

It is the belief of the individuals who have participated
in preparing this report by deleting the classified material
and of the Defense Nuclear Agency that the report accurately
portrays the contents of the original and that the deleted
material is of little or no significance to studies into the
amounts or types of radiation received by any individuals
during the atmospheric nuclear test program.




ERRATA SHEET FOR WT-1412  posqery "

NEUTRON FLUX FROM SELECTED NUCLEAR DEVICES
(OPERATION PLUMBBOR FINAL REPORT, PROJECT 2.3)

AL AN i )
1. Page 36, Table 3.5, Station 9-2.3-9004.12 slant range should read 195 instead of 161.

2. Page 45, Table 3.13, Station 9-2.3-907%.12 slant range at o = 0.82 should read 195 in-
siead of 161, and slant rancec at p = 1.0 should read 160 instead of 132.

3. Page 40, Figure 3.5, all points plotted at a slant range of 161 yafds should be deleted
and replaced by: .

Flux times Slan!
Detector_ Slant Range _R;mg-ﬂ Squared

rvd
Au 195 1.43 % 10%®
Pu 195 8.48 x 10%°
Np 195 3.73 x 10'°
U 195 9.66 x 10'®
s 195 3.88 x 101

4. Page 49, Figure 3.16, the point plotted at 161 yards slant range should be replaced with
a point at 195 yards slant range with a value for flux times slant range squared of 1.5¢ x 10'!,

5. Page 50, Figure 3.17, the point plotted at a slant range of 161 yards on the p = 0.82 line

should be replotted at a slant range of 195 yards. The point plotted at a slant range of 132 yards
should be replotted at a slant range of 160 yards. .

USAEC OFFICE OF TECHNICAL INFORMATION EXTENSION, . 0. BOX 40}, OAK RIDGE, TENNESSEE




FOREWORD

This report presents the final results of one of the 46 projects comprising the military-effect
program of Operation Plumbbob, which included 24 test detonations at the Nevada Test Site in
1957.

For overall Plumbbob military-effects information, the reader is referred to the “Summary
Report of the Director, DOD Test Group (Programs 1-2),” ITR- 1445, which includes: (1) a
description of each detonation, including yield, zero-point location and environment, type of
device, ambient atmospheric conditions, etc.; (2) a diszussion of project resuits; (8) a summary

of the objectives and results of each project; and (4) a listing of project reports for the military-
effect program.




ABSTRACT

The objectives of this project were to measure the neutron flux and spectra for certain selected
devices bheing tested during Operation Plumbbob and to provide neutron flux, spectra, and dose
measurements in support of other projects. A total of approximately 1,500 neutron flux meas-
urements were made utilizing the following detector elements: gold, plutonium, neptuuium,
uranium, sulfur and

For Shots Franklin, Wilson, Laplace, and Owens the measured dose values exceeded the pre-
dicted values obtained by use of the neutron dose curves of T 23-200 by {actors of 2.4, 2.9,
3.0, and 5.6, respectively. For Shot Priscilla, the measured dose was lowgr than the predicted
dose by a factor of 1.2,

Beyond 300 vards from ground zero there was no variation with increasing distance of the
neutron energy spectrum above the thermal energies.

The extrapolation of the straight-line portion of the curve of neutron fiux times slant distance
squared versus the slant distance to close-in distances was invalid, since experimental data
from Operation Plumbbob confirmed that the relationship was nonlinear at close ranges.

The foil-detector system for measuring neutron flux gave reproducible results, further veri-
fying its suitability for use in making measurements in nuclear weapons tests.
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Chapter |
INTRODUCTION

1.1 OBJECTIVES

The objectives of Project 2.3 in Operation Plumbbob were to: (1) measure the neutron fiux
versus ground range for selccted nuclear devices, and (2) provide neutron flux and dose meas-
urements as required in support of other projects.

1.2 BACKGROUND

Only a portion of the neutrons produced during a nuclcar detonation are utilized in maintain-
ing the fission process. The remalning neutrons are either absorbed by the material of the de-
vice or pass into the surrou..”ing medium. Physical measurements of the neutrons that pass
into the surrounding medium as a function of distance from point of aetonation have been made
during all nuclear-weapon tests beginning with Operation Sandstone (References 1 through 12).
General areas of interest for making these measurements were: (1) diagnostic measurements
for the evaluation of the operation of the nuclear device under consideration, and (2) measure-
ments for the evaluation of the effects of neutrons on rnaterial external to the device. This
report is directed to the latter area of interest.

Of prime importance to the investigation of the effects of neutrons from a device is the estab-
lishment of the number and energy of the neutrons. The measurement of these paramcters is
called neutron-flux measurements in this report, and the prime objective of this project was to
perform these measurements during Operation Plumbbob.

In general, two types of neutron flux measurements have been made during nuclear-weapon
tests. The first, made in good geometry (i.e., where the neutron beam was collimated) was
made during Operation Greenhouse (Reference 10) and Operation Upshot-Knothole (Reference 11).
The second type of flux measurement was made in poor geometry (l.e., where the uncollimated
beam was measured). This type of measurement has been made at nearly all test operations.

It can also be sald that neutron-flux measurements made prior to Operation Teapot consisted

mainly of measurements of thermal neutrons, using gold as a detector, and fast neutrons above
3 Mev, using sulfur as a detector.

During Opesgtion Upshot-Knothole (Shot 10), a2 high neutron flux was reallzecg ]
] ;thus necessitating the investigation of & neutron-produced dose, ch cou
X major casuatty-producing effect of this type of weapon.

Investigations into the biological effects of neutrons necessitated the development, of additional
detectors that would be senzitive in the Interesting region between thermal energy neuirons and

3-Mev neutrons. Culmination of these lgvestigations was the development of fission- threshold

detectors rence 13).

‘ ° Y e 3 = —

V" CeneraNy,"MEWTOn flux measurements nave Involved tne use uf devices that detect the total
(l.e., time Integrated) nautron flux from a nuclear detonation. Thes~ detectors consist of small
digks of selected materials for which there are (n,y), (n,p), (n, 2n), or (n, fission} reactions of
desircd threshold energy and with high cross section for ¢ccurrence.




In the case of thermal neutrons, activation is effected by exposing to the neutron flux two gold
{foils: one bare, the other shielded by cadmium. The cadmium is of sufficient thickness to absorb
the thermal neutrons. The difference of the resulting activation of these two foils is a measure
of the neutron flux below the cadmium resonance peak. The measured flux beiow 0.3 ev i8 re-
ferred tc as the thermai-neutron flux in this report. This method is known as the cadmium dif-
ference technique.

In the case of nonthermai neutrons, those neutrons having an energy greater than a particular
erargy E; will cavse a particular reaction in specific detectors, the total number of reactions
produced being proportional to the number of neutrons. .

By successive subtraction of the fiuxes rn:easured by the specific detectors, it is possibie to
obtain an indication of the neutron spectrum. Aiso, by placing groups of these detectors at vari-
ous distances from ground zero, information may be gathered about the relationship between the
neutron flux and spectrum versus distance from ground zero. )

Table 1.1 lists the materiais generally used with the type of activation and threshold energy

E;

Previous work with these devices has indicated that, within experimental error, the foiiowig
conclusions can be reached: (1) the flux from a detonation of a nuciear devicé

l'—* - ™ - ‘ & 1(2) With Boosted and nonboostea aevices,

TABLE 1.1 NEUTRCON DETECTORS

Detector Threshold Energy, Ei Reaction
Goud Thermal energies up to 0.3 ev Au'" (n, a) Au“‘
Put® 10 kev (w/B shield)* Fission
Npm 0.63 Mev * Fission
U 1.5 Mev Fission
., Sulfur 3.0 Mev , 2w p) P -
-— p——,

* These values reflect the latest changes in the fission cross-
section values for these materials and therefore are different
from those presented in the ITR. Additionally, they also reflect
the latest B!%n, a) Li' cross-section values presented in Refer-
ence 6.

the shape of the neutron spectium, excluding the thermal neutrons, does not change appreciably
with distance from ground zero; (3) with certain smail devices, the neutron hazard at distances
close to ground zero may be greater than other detonation effects (i.e., gamma radiation, ther-
raal, and biast effects).

From the aforementioned neutron-spectrum indications, it is possibie to determine the tissue
dose associated with the total measured neutron flux. In past experiments, a curve for first-
coliision tissue dose (Reference 13) has been used to relate the energy of the neutron to its dose
contribution. Fizure 1.1 is the plot of dose for 1 neutron/cm? as a function of energy (Reference
13). This curve is based on the assumption that ail energy of the neutron is transferred in its
first ccllision.

By applying the dose per neutron per square centimeter at the average energy between the
effective thresholds of the detector syster to the corresponding indicated fiuxes, the following
relationship was derived (Reference 13):

+ 3.2 (N - Ng) + 3.9 Ns] x 107 (1.1

12 y

____ﬂ—__



Where D is the tissue dose in rep, N, is the thermal flux; and Np,, Ny, Nyj, and Ng are the
aumber of neutrons per square centlmeter above the threshold for plutonium, neptunium, ira-
nium, and silfur, respectively. The coefficients used gave good agreement with results cbtained
using a Hur 't proportional counter to measure neutron dose {(Reference 14).
Another term is added in the case of a boosted device, because of the introduction o[
o measure the very-high-energy neutrons. =
" Equation 1.1 would then be written:

D=]0.029 N, + 1.0 (Np, — Nyn) + 2.5 (Na, — Nyy)
t Pu Np Np U

+3.2(Ny - Ng) + 5.3 (Ng— Ng,) + 6.5 NZr] x 107 (1.2)

ere the coefficient for the (NS — Ny, term is determiged jp the aforementioned manner.

relimin results were obtained using the above system during Operation Castle (Reference
7). The complete system was used successfully during Operation Teapot by the Civil Effects
Test Group Project 39.7 (Reference 9) and Naval Research Laboratory Project 2.2 (Reference 8),
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Flgure 1.1 Neutron dose as a function of energy.

and during Operation Redwing by CWL Project 2.51 (Reference 1).
Chemlcal doslmeters have also been used to measure the neutron dose during previous opera-
tions (References 1 and 9).

1.3 TH™ORY

As has been discussed above, the source of the neutrons is the fission or the fusion process,
depending on device design. Not all the neutrons produced are utilized in the propagation of the
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reactlon; herze, a certain portlon of the neutrons are available to escape to the surrounding
1wedium. In passing through the material of the device, a fraction of these neutrons are absorbed
or scattered by the material. The phenomena of absorption completely re..ove the neutrons from
the system, while that of scattering generally degrades the energy of the neutrons and changes
the angular distribution. As the neutrons pass into the air, the absorption and scattering proc-
esses continue; therefore, by the time the aeutrons reach any given volume in space outside the
nuclear device, the number of neutrons and the energy of the individual neutrons may In nc way
resemble those originally produced in the nuclear reaction.

In order to theoreticaliy explain the air scattering of neutrons emitted by the detonation of a
nucliear device, diffusion or transport descriptions have been attempted which give an apparently
reasonable explanation of the empirical data.

The neutron distribution is characterized by the quantity N’ (r, a, t), which represents the
solid angular density of neutrons at point T and flowing in the direction of unit vector o about
this point. The space density of neutrons at r, which is N (T, t) is merely the integral of
N’ (r, at) over all angles a.

Assuming equilibrium conditions and monoenergetic neutrons everywhere, the equation of
continuity may be written:

av [vaN G @] <0G D -veNF D) (1.9)
Where: v = the magnitude of the velocity of the neutrons assumed constant
p’ = the spatial and aagular sour.o:e density
u = absorption cross secticn of the medium

Equation 1.3 may be solvec (Reference 15) for the special case of a point isotropic source
iocated at the origin, yielding

e~ HT

Nr) = g3y (1.4)

Hence, the neutron flux, vN(r), times rlis logarithmically linear. In previous reports on the
neutron flux from nuclear detonations (References 5, 6, and 7), this special case of a point iso-
tropic source in spherical geometry has been tacitly used as a basis of description of the flux
using the nuclear device as a point source. However, it is to be noted that the above description
does not include scattering in its formulation.

A characterization that is not restricted to the above assumption of constant neutron velocity
may be obtained by rewriting Equation 1.3 so that N’ and p’, in addition to having a spatia: and
angular density, also have a iethargy density, where the lethargy, u, ls defined as:

Eq

= — 1.5
u = 1n 7 (1.5)
Where: E, = the inltlal energy of the neutron
E = the energy of the neutron at the time under consideration

The domain of N’ , 4, and p’ in eguation 1.3 must also be expanded to include u. Furthermore,
scattering may be incorporated on the right-hand side of Equation 1.3 by incorporating the term:

u
f du/da' vN(T, @, o) pg v’ f(a —@ u~—u) (1.6)
% . 0
Where: pg = the scattering cross section
f = the relative probability of a neutron with lethargy u’ and traveling in the direc-

tion a’, will, after scattering collislon, travel with lethargy u and in the directlon
a.

’
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The resulting equation obtained by the above substitutlons, may be solved by expanding N’ in a
series of Legendre polynomials in a.

Numerical results have been obtained (Reference 18), using a point isotrople source of mono-
energetic neutrons, giving the contribution of a given point source at energy E; to the total scat-
tered flux arriving at a detector having a threshold response at energy E;. These results were
weighted with a normalized fission curve, giving the neutron flux from a fission source as a
function of distance and threshold energy E;. This was added to the contribution of neutrons
coming directly from the device, (i.e., nonscattered neutrons) giving the total flux above energy
E; arriving at a detector (Reference 17).

From an examination of the functions used in the calculations, it is apparent that a definite
peak in the quantity vNr® occurs at an =300 yards for detectors of all thresholds. Beyond r =
1,000 yards, the results show that vNr? becomes approximately proportional to e™HT, i.e.,
logarithmically linear, remindful ¢f Equation 1.4. It is pointed out that due to the peak and
resulting curvature of vNr? at around 300 yards, logarithmically linear extrapclation back to
r = 0 yards is hazardous.

In a2 method similar to that outlined above, the neutron spectrum from a flssion source was
calculated as two values of r (Reference 17). Results indicated (1) from epithermal to 0.1 Mev,
the spectrum varies as E~!, and (2) for larger energies, the usual fission spectrum predomi-
nates. '

Neglected in the formulation are perturbations due to (1) the effect of the terrain over which
the detectors were placed, (2) the components of the device surrounding the fissionable material,
and (3) in the detectors, the finite domain of the step function of the threshold respo-se.




Chapter 2
PROCEDURE

2.1 SHOT PARTICIPATION; STATION DESIGN AND LOCATION

Project 2.3 participated in a total of nine shots during Operation Plumbbob (Table 2.1).

Five of the shots in which Project 2.3 participated were selected to fulfill the requirements
of the primary objective of this project, namely, to measure the neutron flux versus ground
range of selected nuclear devices. These devices were those used for Shots Fran'rlin, Lassen,
Priscilla, Owens, and Laplace.

Participation in all other shots except Shot Smoky were support efforts for other projects.
Because of the unique conditions under which Shot Smoky was detonated, it was possible to deter-
mine, at least generally, the effect of terrain on neutron flux versus range; therefore, Project
2.3 participation was warranted. Inherent in Shots Wilson and Smoky were measurements which
were applicable to flux versus slant range experiments, and the data were handled accordingly.

In general, wherever the measurements included flux versus distance, a ’/.-1nch wire cable
was laid along the axis at which the highest neutron flux was anticipated. Using wire rope
clamps, the detectors were attached to this cable at varying disiances from ground zero. Each

statlon consisted of a gold detector, a composite fission detector, and a gulfur detector]

[ As is shown in Figure 2.1, each station was was elevated slightly, giving
each detector a clear line of sight to the point of detonation. Recovery of the detectors was ef-
fected by using a tractor or truck to pull the cable out of the surrounding high radiation field.
The detector holders were then detrched from the vable and returned to the laboratory traiier,
located near the control point, whel e the samples were removed from the holders and countzd.

The station locations and the proj cts supported are presented in subsequent sections.

2.1.1 Shot Franklin. A cable line was installed which extended due east of ground zero, a
position that was clear of all shielding around the device. All data pertinent to these stations
are included in Table 2.2.

In addition, 17 complete sets of detectors were required by Projcct 2.4 for use in neutron-
shielding studies. These detectors were emplaced in M-48 tanks, Ontos vehicles, and steel
armor hemispheres. Installation and recovery were effected by Project 2.4 personnel.

2.1.2 Shot Lassen. Project 2.3 participation in Shot Lassen consisted of a lins of stations
at 100-yard intervals from 100 to 1,000 yards running at an azimuth of 168 degrees. Table 2.3
contains all station informa.ion.

In addition, detectors were supplied to Project 2.4 for neuti'on-shielding studies. Support
was identic.ol to that given during Shot Franklin.

Further suvport was provided to Project 2.10 in their investigation of the difference in the
results of naut.-on measurements tal.en at various heights above the ground. To obtain these
measurements, letectors were attached to cables supported by balloons.

2.1.% Shot Wilson. Again, Project 2.4 requested support for their neutron-shielding studies.
This support was identical to that given for Shot Franklin.

Detectors were also supplied to Sanaia Corporation’s Project 41.3 for the measurement of
neutron flux at various heights above the ground. Table 2.4 shows the location of these statinns.

Project 2.10 was supplied with seventeen sulfur samples for the studies of neutron flux versus
height above ground. .
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TABLE 2.1 PROJECT 2.3 PARTICIPATION DURING OPERATION rLUMBBOB

Height
Shot Date Device Yield of Support Area Sponsor
Burst :
kt ft
Franklin 2 June | 0.138 300 Tower 3 LASL
Lassen 5 June 0.47 x 1073 500 Balloon 9 UCRL
Wilson 18 June 10.3 500 Balloon 9 UCRL
Priscilla 24 June 36.6 700 Balloon FF DOD
Hood 5 July 74.3 1,590 Balloon 9 UCRL
Owens 25 July ' 9.6 500 Balloon 9 UCRL
John 19 July , L1713 14,850 Rocket YUCCA DOD
Smoky 31 Aug 43.71 700 Tower 2C UCRL
Laplace 8 Sept 1.22 750 Balloon 17 LASL

t

TABLE 2.2 PROJECT 2.3 STATIONS, SHOT FRANKLIN

Radial Distance

Station Slant )
Nimitir from Bdge Description
Ground Zero
yd yd

3~2.3-9001.01 123 158 Au, Pu, Np, U, §
3-2.3-9001.02 194 218 Au, Pu, Np, U, S
3-2.3-9001.03 312 327  Au, Pu, Np, U, §
3-2.3-9001.04 426 437 Au, Pu, Np, U, S
3-2.3-9001.05 538 547 Au, Pu, Np, U, 8
3-2.3-9001.06 649 656 Au, Pu, Np, U, §
3-2.3-9001.07 759 766 Au, Py, Np, U, S
3-2.3-9001.08 * 870 876 Au, Pu, Np, U, S
3-2.3-9001.09 980 . 985 Au, Pu, Np, U, 8§
3-2.3-9001.10 1,090 1,094 Au, Pu, Np, U, §

TABLE 2.3 PROJECT 2.3 STATIONS, SHOT LASSEN

Station Radial Dlstance Slant
Number from Range Description I
Ground Zero
yd yd
9-2.3-9004.01 100 195 Au, Pu, Np, U, S
9-2.3-9004.02 200 260 Au, Pu, Np, U, 8
9-2.3-9004.03 300 A3 Au, Py, Np, U, S
9-2.3-9004.04 400 433  Au, Pu, Np, U, §
9-2.3-9004.05 500 527 Av, Pu, Np, U, 8
9-2.3-9004.06 600 623 Au, Pu, Np, U, S
9-2.3-9004.07 700 720 Au, Py, Np, U, S
9-2.3-9004.08 800 8117 Au, Py, Np, U, 8
9-2.3-9004.09 900 915 Au, Py, Np, U, 8
9-2.3-9004.10 1,000 1,014 Au, Pu, Np, U, 8
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Figure 2.1 Typical neutron-detector installation.

TABLE 2.4 PROJECT 41.3 STATIONS, SHOT WILSON

Station Radial Distance Height Slant =

Number from akove Range Description

Ground Zero Ground
yd yd yd

9-41-7091.01 0 0 . 167 Au 8
9-41-7001.01F 200 ()} 260 Py, Np, U
9-41-7001.02 100 17 211 Ay, 8§
9-41-7001.03 ; 317 0 358 Au, Py, U, 8
9-41-7001.04 300 78 218 Au, S
9-41-7001.05 300 156 300 Ay, 8
9-41~7001.08 300 233 312 Ay, 8
9-41-7001.07 577 0 801 A, Py, U, Np, 8
9-41-7001.08 600 100 604 Ay, Py, U, S8
9-41-7001.09 600 200 801 Ay, Py, U, 8
9-41-7001.10 600 300 615 Au, Py, U, 8
9-41-7001.11 800 400 644 Ay, 8
9-41-7001.14 909 0 92¢ Ay, Py, Np, U, 8
9-41-7001.13 200 100 902 Ay, Py, U, s
9-41-7671.14 900 200 901 Au, Pu, U, 8
9-41-7001.15 . 900 300 915 Ay, Pu, U, 8§
9-41-7001.16 900 400 930 Ay, Py, U, 8
9-41-7001.17 900 500 960 Ay, Py, Np, U, §
9-41-7001.18 1,207 ()} 1,218  Au, Py, Np, U, §
9-41-7001.19 1,200 100 1,200 Ay, Py, U, 8
9-41-7001.20 1,200 200 1,200 Ay, Py, U, 8
9-41-1001.21 1,200 300 1,207 Ay, Pu, U, §
9-41-7001.22 1,200 400 1,222 Ay, Pu, U, 8
9-41-700].23 1,200 500 1,245 Ay, Pu, Np, U, §




2.1.4 Shot Priscilla. To obtain neutron flux versus ground range for this shot, a line of
stations running west of ground zero was instrumented at 160-yard intervals, beginning at a
distance of 300 yards from ground zero. Table 2.5 contains aii data pertinent to these stations.

Project 2.3 aiso supported shielding studies being performed by Projects 2.4, 3.1, 3.2, and
3.3 in connection with undergro .a structures and field fortifications.

TABLE 2.5 PROJECT 2.3 STATIONS, SHOT PRISCILLA

Radial Distance

Station Slant X
aghor from Rarige Description
Ground Zero
yd yd

F-2.3-9009.03 300 380 au, Pu, Np, U, 5{ ]
F-2.3-9009.04 400 463  Au, Pu, Np, U, S
F-2.3-9009.05 500 551  Au, Pu, Np, U, s{ !
F-2.3-9009.06 600 643  Au, Pu, Np, U, S |
F-2.3-9009.07 00 737 Au, Pu, Np, U, sI ]
F-2.3-9009.08 800 833 Au, Pu, Np, U, S_ .
F-2.3-9009.09 g0 929  Au, Pu, Np, U, 3
F-2.3-9009.10 1,000 1,025 Au, Pu, Np, U, S
F-2.3-9009.11 1,100 1,124 Au, Pu, Np, U, S{ ]
F-2.3-%009.12 1,200 1,223 Aq, Pu, Np, U, S g

2.1,5 Shot Hood. Support was again given to the Project 2.4 shizlding studies. This support
was identical to that provided during Shot Frank!in

Suppcst was given also to Project 2.10 for the measurement of neutron flux at various heights
above ground. This support was identical to that given during Shot Lassen.

TABLE 2.6 PROJECT 2.3 STATIONS, SHOT OWENS

Radial Distance

bi::)oet from ::::; . Description
Ground Zero
yd yd
9-2.3-9004.12 100 195 Au, Pu, Np, U, S
9-2.3-9004.13 200 260 Au, Pu, Np, U, 8
9-2.3-5004.14 300 343 Au, Pu, Np, U, 8
9-2.3-9004.15 400 433 Au, Pu, Np, U, 8
9-2.3-9004.16 500 527 Au, Pu, Np, U, 8
9-2.3-9004.17 800 623 Au, Pu, Np, U, 8
9-2.3-9004.18 700 720 Au, Py, Np, U, 8
9-2.3-9004.19 800 8117 Au, Pu, Np, U, 8
9-2.3-9004.20 900 915 Au, Py, Np, U, S
9-2.3-9004.21 1,000 1,014 Au, Pu, Np, U, 8

2.1.6 Shot Owens. Project 2.3 participation included the instaliation of a cable line at an
azimuth of 204 degrees. Detectors were attached to this cable line at 100-yard intervals be-
tween 100 and 1,000 yards from ground zero.

Table 2.8 contains all data relative to the location of these stations.

Additional detectors v.2re supplied to Project 2.4 for the measurement of neutron flux versus
depth at varying distances from ground zero. Instaiiation and recovery of these stations were
effected by Project 2.4 personnel.

2.1.7 Shot John. Project 2.9 was supplied with sufficient detectors to instrument four loca- )
tions cn each of the delivery aircraft as well as two additionai aircraft.
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2.1.8 Shot Smoky. Project 2.2 and Project ‘9.5 collaborated or. this shot, and three cable
lines were installed along various azimuths to optain 'informatlon relative to terrain effects on
neutron flux. One coatrol line was installed south fr¢gm ground zeroc along level teirain. The
second line was installed north from ground zer a 500-foct hill and, down the back side.

A third line extended northeast /rom ground zero over hilly terrain.

_ The three lines were instrumented with the usual neutron detectors supplemented by chemical
dosimeters, (for integrated gamma dose measurements) germanium dosimeters, National Bu-
reau of Standards film packs, and a group of punch-through voltage transistor dosimeters.
These transistor dosimeters were used in connection with a study by the Pilotless .Aircraft Divi-
sion of the Boeing Airplane Company to investigate the possible future utilization of these instru-
ments as neutron dosimeters. Additional information relative to the chemical dos.meters may
be found in Referrnce 18.

Table 2.7 cont: ins all information pertinent to these stations. Figure 2.2 shows a topographi-
cal view of statio'. locations. Figures 2.3 and 2.4 show a side view of the station locations on
the 58- and 353-¢.2gree lines, respectively.

2.1.9 Shot Laplace. A cable line was installed which extended frorn ground zero along an
azimuth of 225 degrees. The detectors were attached at 100-yard intervals from ground zers
at distances of 100 to 1,000 yards. Table 2.8 contains all information concerning these stations.
Additional detectors were previded for Projects 2.2 and 2.4 in conneccion with studies of neutron
induced gamma fieldls and neutron flux as a function of soil depth.

2.2 INSTRUMENTATION

The r.ethod used in making the neutron-flux measurements were similar to those employed
during Operation Redwing (Reference 1). A list of the detectors used is glven in Chapter 1.
The gcaeral technique is that of neutron activation of various materials, the resultant activity
being proportional to the neutron flux. Measurement of the radioactivity in the samples was ac-
complished at the NTS. A laboratory trailer containing all necessary counting equipment was
set up near the control point for this purpose.

2.2.1 Gold Detectors. Gold was used as the thermal neutron detector. Thermal neutrons
cause an (n, 7) reaction in Au'®", which results in the production of radioactive Au'*®, This iso-
tope is characterized by a 64.73 hour half life and decays to stable Hg'*® through the emission of
a 0.960 Mev beta particle followed by a 0.411 Mev gamma ray.

The cadmium-difference technique {Chapter 1) is employed, due to the cross section of gold.
As shown in Figure 2.5, the gold activation cross secticn is essentially represeated by a 1/v?
slope with the exception of a very-high resonance peak at approximately 5 ev. The cadmium
absorption cross section, also shown in Figure 2.5, is very high in the thermal energy region
but drops rapidly between 0.3 ev and 1.0 ev. This rapid change in cross sectlon is known as the
cadmium cutoff. Therefore, two gold foils were used; one shielded with cadmium, the other
bare. By taking the difference in the resultant activity of the two foils, the gold resonance was
eliminated, and the neutron flux below the cadmium cutoff was determined.

The gold foils were In the form of ¥;-inch-diameter, 10-mil thick folls. The fleld holders
(Figure 2.6) for these folls consisted of two ¥,-inch steel plates bolted together. Two cavitles
were mllled into one of thu steel plates to accept one bare and one cadmium-shielded sample.
The cadmium shield vras 0.045-inch thick. A mounting web was welded to one of the plates to
enable the detector to be easlly attached to the cable by the use of wire-rope clamps.

After Irradiatlon, the folls were counted on sclintillation counters (Section 2.2.5). Sufficient
counting was accomplished to establlsh a decay curve for each sample. The half life was calcu-
lated from this decay curve and compared to the known half life values of Au'™, The counting
rate at time of irradiaiion was determined by the following equation:

Ny = Ny exp [n (t-to).]. (2.1)
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TABLE 2.7 PROJECT 2.3 STATIONS, SHOT SMOKY

——

Radial Distance Elevation with

su“::r Azimuth from Respect to :lan!e Description lnntArumentlnz
o Ground Zero Ground Zero ha geacy
dig yd ft yd
400 S 147 400 -20 468 Au, Pu, Np, S, U, NBS-7*, GD? Project 2.3
600 8 167 800 -60 843 .4, Py, Np, S, U, NBS-F GD, CDt Project 2.3
600 8 167 800 -80 841  Au, Py, Np, S, U, NBS-F, GD, CD Project 2.3
1,000 8 187 1,000 -938 1,034 Au, Pu, Np, s, U, NBS-P, GD, €D Project 2.3
1,200 8 187 1,200 -108 1,229 Au, Pu, Np, S, U, NBS-F, GD, CD Project 2.3
1,400 S 187 1,400 -120 1,426 Au, Py, Np, s, U, NBS-P, GD, cD’ Project 2.3
1,500 S 187 1,500 -120 1,525 Au, Py, Np, 8, U, NBS-F, GD, CD Project 39.5
1,800 S 187 1,800 -125 1623 Ay, Pu, Np, S, U, NBS-F, GD, CD Project 39.5
1,700 8 167 1,700 -125 1,722 Au, Py, Np, 8, U, NBS-F, GD, CD Project 39.5
1,800 S 187 1,800 -130 1,821 Au, Pu, Np, 8, U, NBS-P, GD, CcD Project 39.5
1,900 S 187 1,900 -130 1,920 Au, Pu, Np, §, U, NBS-F, GD, CD Project 39.5
2,000 8 187 2,000 -138 2,013 Ay, Py, Np, S, U, NBS-F, GD, CD Project 39.5
450 N 353 450 +680 498 Ay, Py, Np, 8, U, NBS-P, GD, CD Project 2.3
600 N 333 600 +130 823  Au, Pu, Np, 8, U, NBS-F, GD, CD Project 2.3
700 N 353 700 +210 719 Au, Pu, Np, 8, U, Nas-?, GD, CD Project 2.3
625 N 353 - 828 +360 833  Au, Pu, Np, 8, U, NBS-?, GD, CD Project 2.3
900 N 353 800 +480 903  Au, Py, Np, 8, U, NBS-F, GD, CD Project 2.3
930 N 353 930 +820 933 Ay, Py, Np, 8, U, NBS-7, GD, CD Project 2.3
1,000 N 383 1,000 +470 1,003  Av, Pu, Np, 8, U, NBS-?, GD, CD Project 39.5
1,100 N 353 1,100 +380 1,108  Au, Py, Np, 8, U, N3s-p, GD, CD Project 39.%
400 E S8 400 +36 458 Ay, Py, Np, 8, U, $B-1001 Project 2.3
500 E 58 500 +43 545 Ay, Pu, Np, 8, U, 8B-100% Profect 2.3
865 E 53 863 +38 607  Au, Pu, Np, 8, U, SBE-100 Project 2.3
810 E 58 810 +21 451 Ay, Py, Np, 8, U, 8B-100, CD Project 2.3
€60 E 58 880 +44 893 Au, Pu, Np, 8, U, 88-100, CD Profect 2.3
725 K 38 728 +58 758 Ay, Pu, Np, 8, U, NBS-p, GD, CD, $B-100 Project 2.3
MmoE s8 180 +48 810 Ay, Pu, Np, 8, U, NES-¥, GD, CD, SB-100 Project 2.3
19 E 38 810 +36 841 Au, Pu, Np, 8, U, NBS-F, GD, CD, 3B-100 Project 2.3
880 E 88 480 +48 887 Ay, Py, Np, S, U, NBS-Y, GD, CD, $B-100 Project 39.5
95 E B2 985 +41 980  Au, Pu, Np, 8, U, NBS-p, GD, cn, 8B-100 Project 39.8
966 E -] 28s +30 990 Au, Py, Np, 8, U, NB8-F @D, CD Project 39.5
9IS E 58 975 +18 1,001 Au, Pu, Np, 8, U, NBS-r CD, CD Project 2.5 1
1,020 X ] 1, 9 +12 1,045 Ay, Py, Np, 8, U, NBs-p, GD, CD, 8B-100 Profject 39.%
1,080 £ L 1,080 +31 1,092 Au, Py, 8p, 8, U, NBS-P, GD, CD, 8B-i00 Project 33.5
1,140 E 88 1,140 +2 1,164 Av, Pu, Np, 8, U, MBS-F, GD, cp Project 39.5
1,230 & 58 1,250 -20 1,268 Ay, Pu, Np, 8, U, NBS-?, CD, CD Project 39.5
1400 X 58 1,400 -36 1,421 Au, Pu, Np, 8, U, NBS-P, GD, CD Project 34.5
1,600 K 58 1,800 -3 1,818 NBS-?, GD, CcD Profect 39.5
$.800K 88 1,800 ~20 1,018  NBS-p, 3D, CD Project 39.5
® National Bureay of Btandards film packet.
f Germaaium dosimeters.

t Chemical dosimeters.
§ Punch-through voltage transistor doai metar,

a3
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counting rate at irradiation th(é j’
N; = counting rate at time t =
= Au'" decay constant
From these calculated couating rates at time ty, the thermal neutron flux was calculated as
foliows:

F=K (th bare — 1.025 Nt, shielded) (2.2)

Where: F = thermal neutron flux in neutrons/cm?
K = calibration number in (neutrons/cm?/cpm
Nt, bare = counting rate at irradiation time of unshielded sampie (cpm)
th shielded = counting rate at irradiation time of shielded sample {cpm)

1.025 = correction number for the neutrons above the cadmium cutoff absorbed by the
cadmium shieid

TABLE 2.8 PROJECT 2.3 STATIONS, SHOT LAPLACE

Radial Distance

Station Slant )
from Description
. i Ground Zero Range
yd yd
7-2.10-5002.01 . 100 270 Au, Pu, Np, U, 8
7-2.10-9002.02 ook 324 S
7-2.10-9002.03 300 390 Au, Pu, MNp, U, &
7-2.10-9002.04 400 470 i
7-2.10-9002.04A 450 510 Au, Pu, Np, U, 8
7-2.10-9002.05 500 558  Au, Pu, Np, U, 8
7-2.10-90%2.06 €00 650 S
7-2.10 -=192.07 700 742 Au, Pu, Np, U, 8
7-2.10-9002.08 800 8317 S
7-2.10-9602.09 900 934 Au, Pu, Ny, U, 8
7-2.10-9002.10 1,000 1,030 S
7-2.10-9002.11 1,100 1,128 Au, Pu, Np, U, §

2.2.2 Fisslion Detectors. The fissicn detector system utilizing Pul®, Np®', and U™ was
developed by G.S. Hurst, (Reference 13). These materlals {ission when they are bombarded j
with neutrons. Np™' and U™ have effective energy thresholds of 0.63 Mev and 1.5 Mev, respec-
tively. The effective energy threshold is defined as the energy at which the fission cross section
Is one half of its maximum value. Pu’® does not have a naturally occurring energy threshold
above thermal energies; however, a shield of elemental B! will produce such a threshold. The

effective tission cross section of Pu®* shielded by B'® tu calculated, uaing the following expres-
ston:

Toft = 0f e—oBNB (2.3)

Where: ogq = effectlve fission cross section of Pu®
og = the fission cross section of Pu™®
op = the cross sectlon of the B* (n, a) L1 reaction

Np = the number of B! atoms per cm! of surface area of ti:. boron shield
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Figure 2.7 shows the fission cross sections of the shieided fission materiais. As may be
seen from this figure, the effective threshoid of shieided Pu® is 10 kev.

The fissionabie materials in the form of nietal foils were sealed in thin (0.005-inch) copper
dishes for ease of handiing. These dishes were then placed in a cavity in a fieid holder (Figure
2.8) designed as a hollow steei sphere and constructed so that the periphery couid be fiiied with
BY, Thus, incoming neutrons regardless of direction, must penetrate the required thickness
of B, The cavity was iined with 0.025 inch of cadmium, so that any thermai neutrons produced
by moderation in the shieid would be captured before entering the foli.

Since these materials are naturally radioactive, a background-activity measurement was made
prior to their installation in the field. After irradiation, the foils were counted using the equip-
ment described in Section 2.2.5.

A decay curve for each sampie was plotted and extrapolated to either 10 or 20 hours after
irradiation (depending upon the time after detonation at which the detectors were recovered) by
the superposition of the calibration decay curve (Figure 2.9). This curve for Pu?®® fission-
product activity versus time is the same for Np?*? and U?® for the range of gamma energies
which were measured.

The neutron fiux was then determined by the foilowing equation:

F = Kth (2.4)

Where: F = the neutron flux in neutrons/cm?

the calibration number in (neutrons/cm?)/cpm from the standard decay curve at
10 or 20 hours after irradiation for Pu®®, Np®’, ang U®®

N; = the counting rate in cpm of Pu®®, Np?*', or U?* at 10 or 20 hours after irradiation.

2.2.3 Sulfur Detectors. The reaction of interest is S% (n, p) P%. The resuiting phosphorus-
32 decays with the emission of 1.707 Mev beta particie with a 14.22 day half “.le. The effective
threshold of this reaction is appromimately 3 Mev. As can be seen in Figure 2.10, the activa-
tion cross section rises rather rapidiy, beginning at an ‘nergy threshoid of 1.1 Mev, and is
formed by a number of relatively close resonance peaks.

The sulfur detectors were in the form of peliets which were 1‘/2 inches in diameter and ’/,-
inch thick. The peilets were formed by pouring moiten svifur into an aluminum moid and sub-
sequently machining the peliets to the desired size. Much care was taken to produce peliets of
gimilar weight and consistency.

The peliets, protected from shock by foam rubber, were then placed in the fieid hoiders
(Figure 2.11) consisting of two aluminum piates, 4 inches iong by 2‘/. inches wide, which were
boited together. The top was a ‘/3-inch piate, while the bottom was a 5/,-inch plate containing a
ls/s-inch diameter hole miiied to a depth of 1/, inch. Two holes were driiied at one end of the
assembled piates to permit the acceptance of a 3/.-inch cabie ¢lamp.

After irradiation, the resuitant phosphorus-32 activity was measured by the use 2f techniques
described in Section 2.2.5. g

As in the case of the gold detectors, a decay curve was established for each sampie and the
half life determined. These haif life determinations were then compared to the accepted haif
life values for P¥. The activity values were extrapoiated to the time of irradiation by the use
of Equation 2.1 where A equaled the decay constant of P%. The neutron fiux was subsequentiy
caiculated by use of a calibration number.

In the case of extremely iow counting rates anl broken peliets, another method was used.
Since the peliet is.much thicker than the maximum range of the 1.72 Mev beta particies, the
counting rate may be increased by .emoving some of the sulfur. This was done by placing ail
or part of the peliet in an aluminum cup and heating untii the peilet meited. The suifur was then
ignited and burned off. The P”, even in trace amounts, appears to form a compiex with the aiu-
minum cup and is, therefore, retained. '

If the whole peliet was not burned, as was the case with broken peliets of high activity, a
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weight correction based on the weight of sulfur burned was made in the calculation of the neutron
flux. This correction is represented by the following equation:

(Cbe) (Wt)
Flu_x = Kbs -—“T'w—— (2..5)
b g° ¢
Where. Kpg = calibration number for burned sulfur
CRyg, = counting rate of fraction burned
Wt = weight of whole pellet .
Wp, = weight of fractionbuzned p

i i T

2.2.5 Counting Equipment. Scintillation-counting techniques were used to measure the activ-
ities induced in the various detector materials. These techniques were selected such that the
same equipmen:, with minor changes, could be used for all measurements thereby reducing the
original money outlay and maintenance costs. This equipment consisted of units assembled from
standard, commercially available equipment. Figure 2.13 is a block diagram of the system.

The scintillator used for gamma measurements was a 1-inch-by 1%, inch crystal of sodium
fodide. Fo. beta activities, a Scintilon Brand plastic phosphor scintillator was used.

The gold samples were placed on a ‘/,s-lnch aluminum hclder for measurement. This holder
was machined to fit on the sodium iodide crystal. The electronic system was biased at approxi-
mately 300 kev whigh permitted good counting geometry relative to the measurement of the 411
kev gammn~ emitted from the Au'®®, The electronic system was subject to some degree of insta-
bility, due (o voltage drift, and therefore, was occasionally monitored with a small Co® standard
source. ' :

The counting equipment uses in measuring the gamma activity resulting from the (n, fission)
reactions in the fission detectors was exactly the same as that used for gold. However, in this
case, the bias of the discriminator was set at approximately 1.1 Mev, and the samples were
mounted on 2 ¥-inch brass holder.

In measuring the beta particles emitted by the P”, however, the plastic scintillator previously
described replaced the sodium iodide crysta. in the courting system. The sulfur dellets were
placed directly upon the scintillator. The discriminator was set on this system just high enough
to exclude photomultiplier noise. A natural uranium Source was used to monitor this system.

It is necessary to measure the positron emission of Zr®? in the zirconium detectors due to
interfering reactions. Since the direct measurement of a°positron would necesceitate the use of
some kind of a magnetic spectrometer, it is much simpler to measure the positron-annihilation
radiation. When a positron and electron annihilate, two quanta of gamma energy are emitted.
The fact that they must be emitted 180 degrees apart in order to conserve momentum makes this
measurement not only possible but easily accemplished, Two sodium iodide crystals and photo-
multiplier units of the type used in the counting of the gold and fission samples were assembled

3 |




with the crystals facing each other. The irradiated zirconium samples were then placed in an
aluminum holder between the crystals, and the output of the two tubes was fed into a coincidence
circait. In order to reduce accidental coincidences due to high backgrounds and other activities,
the amplifier associated with each photomultiplier assembly was designed in a manner that al-
lowed the setting of an energy window. This window was set between 400 kev and 800 kev. Na¥,
which is also a positron emitter, was used as the monitoring source for this system.

All the monitoring sources were selected due to their long half lives, which minimized decay

corrections. _————-ﬂ’\

\ ; ”w—v- >

Scintitiotar {1 1— " NalI XTAL) Pre-Ampiifier Linear Amoplifier Decade Sceler
Photomultiplier Tube RCA 6655 | Atamic instrument| |Pulse Meight Selectar] | Atamic Instrument
Lead Shield Campany Atemic Insirument Campany

Mode! 231 B Madel ALD Made! 40S0

High Veltage Pawer Supply
Atamic Instrument Company
Model 312

Figure 2.13 Block diagram of couuting equipment.

2.2.6 Calibration. Calibration of the detectors was accomplished utilizing the facilities at

LASL during the period from 1 April to 10 April 1959, Additional calibrations were performed
in the spring and fall of 1958 (Reference 19).

2.2.7 Gold-Detector Calibration. Calibration of the gold detectors was accomplished by ir-
radiation of the gold samples in the south thermal column of the Omega water boiler at LASL.
The procedure for determining the counting rate at the time of irradiation was the same as that
described in Section 2.2.1. During the first calibration run, two separate determinations were
made. The total flux on the Zirst run was 1.5 X 10! neutrons/cm? while that for the second run
was 3.15 x 10" neutrons/cm?. The counting rate at time of irradiation was 2.50 x 10¢ counts/min
and 5.40 x 10* counts/min, respectively, for the two runs. Calibration numbers were calculated
to be 5.00 x 10° {neutrons/cm?/(count/min) and 5.83 x 10° (neutrons/cm?/(count/min), respec-
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tively. As has been mentioned in Section 2.2.6, additional calibrations which yielded similar
results were accomplished in the spring and fall of i1958. Thermal calibrations which were
performed in this period of time along with the two mentioned above have been averaged, and
the resulting calibration number of 6.07 x 10° + 10 percent (neutrons/cm?)/(count/min) has been
used in all calculations associated with the neutron flux measured by the use of gold foils during
Operation Plumbbob.

2.2.8 Fission-Detector Calibration. Calibration of the fission detector system was accom-
plished at LASL. Samples ware exposed to the thermal flux of both the north and south thermal
columns of the Omega water boiler.

The plutonium samples used for calibration purposes were unshielded metal disks, 1 mil
thick and ‘/z inch in diameter and weighing 47 mg eacih. The sample was kept as small as pos-
sible, in order to minimize both the absorption of the thermal neutrong in the sample itself and
the flux depression caused by the placing of a material of high cross section in a thermal-
neutron-flux field.

A correction for self-absorption and flux depression for the sample in question was deter-
mined experimentally by LASL personnel by the exposure of plutonium samples of various
weights to the thermal neutron flux and extrapolating to zero weight. The correction for the
sample size used was found to be 1.18. During the original calibration, the samples were ex-
posea to thermal fluxes of 1.76 x 10" neutrons/cm? and 3.30 X 10! neutrons/cm?. The flux at

point of insertion in the reaction was calcnlated on the basis of power and quoted as accurate to
+ 10 percent.

The samples w2re counted as described in Section 2.2.5. The counting rate at 10 and 20 hours
was determined hy use of the plotted decay of each saniple. Calibration numbers for all fission
samples (plutonium, neptunium, and uranium) were calculated as follows:

- Flux 2.6)
Ktission = {(1.18) counting rate  fast cross section of Pu238, Np237, or U238 )
weight thermal cross section of Pu%?

The thermal-neutron-fission-cross-section values used for plutonium was 746 barns; the fast-
neutron-fission-cross-section values were 1.83 barns, 1.4 barns, and 0.55 barn for plutonium,
neptunium and uranium, respectively. The calculated calibration numbers at 10 hours were:

l%um = 2,10 x 10® (new*rons/cm?/(cpm/gram)
KNpm = 2.62 x 16® (neutrons/cm?/(cpm/gram)
K s = 6.66 x 10° (neutrons/cm?/(cpm/gram)
At 20 hours, the calculated calibration numbers were:
Kpum = 7.51_x 10? (neutrons/cm?)/(cpm/gram)
KNpm = 9.82 x 10® (neutrons/cm?/(cpm/gram)

KU"’ = 2.53 x 10° (neutrons/cm?/(cpm/gram)

Additional calibrations of fission detectors which were preformed at LASL after the completion
of the field phase of Operation Plumbbob yielded results which were similar to those mentioned
above. Results were averaged for each type of detector and the resulting figures were used in

the calculation of the data presented in this report. These average calibration numbers at 10
hours are:’

Kpum = 2.21 x 10% : 10 percent (neutrons/cm?/(cpm/gram)
'KNpm = 2.89 x 10 : 10 percent (neutrons/cm?)/(cpm/gram)

X o = 7.35 X 10* + 10 percent (neutrons/cm?/{~pm, zram)
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At 20 hours the average calibration numbers are:
KPum = 7.75 x 10* + 10 perceat (neptrons/cm’)/(cpm/gram)
KNpm = 1.01 x 10® + 10 percent (neutrons/cm?)/(cpm/gram)
KUm = 2.58 x 10° + 10 percent (neutrons/cm?/(cpm/gram)
2.2.9 Sulfur Detector Calibration. The Cockroft-Walton accelerator at LASL was used to
calibrate the sulfur pellets. Targets consisted of zirconium foils impregnated with tritium.

The Cockroft-Walton ion source was rf ionized deuterium. The energy of the accelerated deu-
terons was 250 kev. The reaction used for the production of 14.2 Mev neutrons was as follows:

2 3 4 1
lD -1»1T =2He +0n' +Q

The ~umber of neutrons produc~d in the target was measured by the monitoring of the number
of alpha particles emitted.

The saniples were exposed to total fluxes of 6.68 X 10'® neutrons/cm? and 5.83 x 10' reutrons/
em? in their field holders. These fluxes were accumulated during several 10-minute exposures,
spread over a time of approximately 6 hours. This prodecure gave a reasonable counting rate
in the sulfur. Since the time of irradiation was short, in comparison to the half life of the P
formed, no correction was made for decay during irradiation. Calculation of the resultant ac-
tivity at the time of irradiation was the same as that described in Section 2.2.3. Several deter-
minations were made, and the average calibration number was found to be 1.10 X 107 (neutrons/
em?)/(count/min). It can be seen from Figure 2.10 that the cross section for the (n, p) reaction
at 14 Mev is approximately 250 millibarns. This should give a calibration for the flux in the
lower energy regions of the sulfur detector’s racge. The average activation cross section be-
tween 3 Mev and 7 Mev is apparently 250 millibarns while between 7 and 13 the average will be
about 300 millibarns. Since the percentage of neutrons from the fission process in the region
betwezn 7 and 13 Mev is small, it is felt that the calibration using 14-Mev neutrons does not in-
troduce any appreciable error in either the flux or dose measurements made using sulfur as a
detector. Additionally. ten more sulfur calibrations have been performed since the completion
of the field phase of Operation Plumbbob. The results of these additional calibrations, along
with those previously mentioned, have been averaged and the resulting figure of 1.06 X 10"+ 10

percent (neutrons/cm?/(count/min) has been used in calibrating the sulfur fluxes reported in
the following chapter.

r
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Chapter 3
RESULTS

3.1 NEUTRON FLUX

3.1.1 Shot Franklin. Results of the neutron flux measurements from Shot Frankiin are sum-
marized in Table 3.1. Due to the low neutron flux encountered, some of the activated samples
contained quantities of radioactivity too small to be measured. This was especially true in the
case of the neptuiium and uranium detectors. Figure 3.1 is a representation of neutron flux
times slant range squared versus slant range. The straight lines are drawn parallel through the
points, since previous measurements have shown that the neutron spectrum for neutron energies
above the thermal range does not change with distance from ground zero (Reference 1). In draw-
ing parallel lines through the data, the correctress of this previous finding has been assumed and
is referred to as the parallei line assumption.

The results obtained in connection with the Project 2.4 tank armor shielding studies are omit-
ted, since the data itself without an explanation of exposure conditions would be of little value.
This data and its interpretation is fully presented in ITR — 1413 (Reference 20).

3.1.2 Shct Lassen. The results of the neutron flux measurements from Shot Lassen are in-
cluded in Table 3.2. Due to the unexpected low yield of about 0.47 tons, data from all but the
gold detectors was very limited. Figure 3.2 is a representation of flux versus slant range._ Data
obtained from the Project 2.4 tank-shielding studies have been omitted, since these results and
their explarations are covered completely in the report of Project 2.4. No data was obtained in
support of Project 2.10, relative to their measurement of neutron flux at various heights above
the ground, because of tke low yield.

3.1.3 Shot Wilson. The results of the neutron flux measurements from the Project 2.4
shielding-studies are given in ITR-1413.

Results obtained in connection with the Project 41.3 measurements of neutron fiux versus
height above the ground are found in Table 3.3. Since measurements taken at stations along the
ground were directly applicable to the flux-versus-slant-range measurements, the data were
handled accordingly and are plotted in Figure 3.3.

e
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3.1.4 Shot Priscilla. Results of the neutron flux measurements from Shot Priscilla are pre-
sented in Table 3.4. Figure 3.4 is a representation of these measuremeats in which the parallel-
line assumption is applicable. It should be noted, however, that the data from the three stations
nearest ground zero do not fit this assumption.

The results from the detectors utilized for the shielding studies conducted by Project 2.4 on
tazks, underground structures, and field fortifications can be found in ITR- 1413,

3.1.5 Shot Hood Results of the neutron flux measurements from Shot Hood in connection

with the Project 2.4 shielding studies are presented in ITR—1413. The neutron flux measure-
ments made in conjunction with the Project 2.10 studies of neutron flux at various heights above
ground can be found in ITR- 1419,




3.1.6 Shot Owens. Results of the neutron flux raeasurements made at Shot Owens are given
in Table 3.5. Figure 3.5 is a representation of flux versus slant range.

Neutron flux measurements made during the Project 2.4 study of flux versus depth are sum-
marized in Table 3.6. Neutron flux variation with depth has been the subject of discussion and

TABLE 3.1 RESULTS OF NEUTRON-THRESHOLD-DETECTOR MEASUREMENTS,
SHOT FRANKLIN

Station Slant Measured Flux —
Number Range Au Pu Np U ‘
yds n/cm? n/cm? n/cm? n/em? {
1
3-2.3-9001.01 158 72.89x 10 1.21x10% 7.40x10% 1.75x 10%2
3-2.3-9001.02 218 4.41%x107 8.10x10" 417x16"? 9s50x10M
3-2.3-9001.03 327  9.65x 10 1.84x10" o9.eax 10! 2.80x10M
3-2.3-9001.04 437 2.70x 10 7.17x10' 4.00x10M 1.02x10M
3-2.3-9001.05 547  9.23x 10" 2.77x10" 2.25x10" 5.49x10%
3-2.3-9001.06 ' 656  4.20x 10" 1.43x 10" = 2.79x 101
3-2.3-9001.07 766 1.99x 101 7.61x10%9 — —
3-2.3-9001.08 876  9.83x10' 3.22x 10 - _
3-2.3-9001.09 985 5.43x 10" 1.712x10% —_ -
3-2.3-9001.10 1,094  2.76x 10" — — — o 1

analysis in ITR-1410, ITR-1411 (Reference 22), and ITR- 1413. Measurements 'obta;ined during
the Project 2.10 studies of flux versus altitude are found in ITR -

3.1.7 Shot John. No results were obtained from this shot dud to the apparently low neutron
flux which occurred at the aircraft positions. This fact in itself was useful, since it indicated
the upper limit of possible neutron dose to the aircrews involved. ITR-1418 (Reference 23)
contains a discussion of this subject.

TABLE 3.2 RESULTS OF NEUTRON-THRESHOLD-DETECTOR MEASUREMENTS,

SHOT LASSEN
Station Siant Measured Flux Mﬁ
Number Range Au Pu Np U } {'
1
yda a/em? n/cm? n/cm? n/em? |/ \ s
9-2.3-9004.01 195 1.52x 10" 513x10" 1.89x10" o.s8x10? | \
9-2.3-9004.02 260 8.07x 10' 3.95x 10%® — 7.28x10?
9-2.3-90¢ %.03 343  4.24x10' 1.96x10% — —_
9-2.3-5004.04 433 1.83x 10 9.70x10? —_ -
9-2.3-9004.05 527 1.10 x 10* - —_ —
9-2.3-9004.06 623  4.67x10° — — — l
9-2.3-9004.07 720 2.714 x 10! — - -
9-2.3-9004.08 817  1.51x 10° — =
9-2.3-9004.09 915 2.7117%10"7 —_— -
9-2.3-9004.10 1,014 4.42x10° —_— —

3.1.8 Shot Smoky. Results from Shot Smoky are found in Table 3.7. Figures 3.8, 3.7, and
3.8 show plots of flux versus slant range.

Because of the high fallout contamination, it was impossible to recover some of the detectors
until H + 72 hours, Even at this late time, gamma decays were taken for each sample. These
decay curves were extrapolated to H + 20 hours by superposition of the calibration decay curve.
The curve used for this purpose was a composite curve taken from several samples which were

Text continued on Page 42.
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TABLE 3.3 PROJECT 41.3, SHOT WILSON __,

=l
Suiion Radial Distance ;{::: o 1 Measured Flux =
Numoer from Ground Zero P4 Ag Pu Np 7] I
yd 3 n/em? n/em? n/em!? a/em?

9-41-7001.01 0 ° 6.58 x 10" - - —_
9-41-7001.01F 200 0 —_ 1.92x 10% —_ £.08x 10"
9-41-7001.02 100 350 . - - —_
9-41-7001.03 317 0 9.41x107 1.01x10* 9.90x10" 1.87x10"
9-41-7001.04 200 233 1.08 x 10%¢ —_ - —
9-41-7001.05 300 487 1.22x 104 —_ —_ —_
9-41-7001.06 200 700 8.55x 10" —_ —_ —_
9-41-7001.07 577 ° 110107  277x 10" 1.71x10¥ 382x10%
9-41-17001.08 €00 300 $.33x10"% 1.48x 10" —_ 3.09x 10"
9-41-001.09 800 800 5.97x 102  312x 10!} —_ 1.93x 101
9-41-7001.10 600 900  844x10" 419x10% - 8.09x 10" !
9-41-7001.11 600 1,200 8.50x10? 277x10°% 2.39x10'? 3.87x10Y
9-41-7001.12 209 0 847x10" 328x10" 1.82x10 s.26x10!
9-41-7001.13 500 300 5.48% 10"  4.60x 109 —_ 7.24 x 10"
9-41-7001.14 900 600 s.87x 10"  4.01x10" —_ 2.37x 10"
9-41-7001.1% 900 900 881 x10"  t02x10% - 8.73x 10"
9-41-7001.18 900 1,200 687x 10" 6.37x10" —_— 8.38x 10"
9-41-7001.17 900 1,500 249 10" s5852x10¥ 342x10"  249x10M
9-41-7001.18 1,207 0 2.00x10"  s.55x10" 318x10" 118x10"
9-41-7001.19 1,200 300 1.28x10%  9.35%< 10" —_ 1.40% 10Y
9-41-7001.20 1,200 600 1.19x 10" 1.09x10" — 1.77x 10"
9-41-7001.21 1,200 906 1.33x 10" 1.21x 308 — 1.7 x 20"
9-41-7001.22 1,200 1,200 1.97x 10" 1.22% 10" —_ 1.70 x 101! '.‘
9-41-7001.23 1,200 1,560 8.88x 10" 1.07x10® 6.71x10" 1.88x10% |

® Samples.were not rscovered. '

TABLE 3.4 RESULTS OF NEUTRON-THRESHOLD-DETECTOR MEASUREMENTS,
’ SHOT PRISCILLA

Station Siant Measured Flux
Number Range Au Pu Np 1Y
, yds n/em? n/cm? n/em? n/em?

F-2.3-9009.03 380 — 5.94x 10 1.85x 10" 633x10M
F-2.3-9009.04 463  B.44x10%" 1.47x10' ogo08x10Y 339x1o0¥
F-2.3-9009.05 552 3.83x10'? 1.32x10% 4.56x10' 1.68x 10V
F-2.3-9009.08 644 $.29x10" 1.82x10'? 1.28x10' 3s0x10Y
F-2.3-9009.07 738 2.83x 10" 1.05x10" s13x10Y 1.77x 10 B
F-2.3-9009.08 833 1.38x10"” so02x10" 3.49x10® 1.05x10%
F-2.3-9009.09 930  8.73x 10" 289x10 1.81x10" s.93x 10
F-2.3-9009.10 1,027 5.08x10% 1.78x10% 1.12x10% 2.94x 10"
F-2.3-9009.11 1,124  320x10" 9.97x10" so5x10" 1.88x 10"

F-2.3-9009.12 1,222 1. 71x10" 5.35x10' 268x10! 1.18x10"

TABLE 3.5 RESULTS OF NEUTRON-THRESHOLD-DETECTOR MEASUREMENTS,

SHOT OWLNS

Station Siant Measursd Flux —n

Number Range Au Pu Np U p

yds < n/em? n/em? n/ewal a/em! |

$-2.3-3004.12 !jr 377x10%  2.23x10"  9.82x10% 254 x10M
9-2.3-9004.13 280 1.98%10% 1.17x10¥ re4x10M 1.45x10"
9-2.3-9004.14 M43 121x20M 492x10M 248x10' Bo4x10”
$-2.3-9004.15 433 487x10' 243x10% 9.f1x10!? 4.38x10"
9-2.3-9004.18 . 527 271 x1o" osax10" . -1x10'? 1.29x10%
9-2.3-9004.17 823 1.39x10% . e10x10" asox10¥ 1.04x10Y
9-2.3-5004.18 920  6.49x10% 419x10' s2x10'? s79x10W
9-2.3-9004.19 217 a81x10Y 1.47x10" | 37x10" 233x10Y
9-2 3-9004.20 915  1.50x10' 7.e5x 10 — 1.54x 101
9-2.3-9004.21 1,014 9.35x10% sa0x10® @ — 1.95 % 101
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TABLE 3.6 PROJECT 2.4 DEPTH MEASUREMENTS, SHOT OWENS
. ™ e nanbmm—e,

Distance from Basth Gold Plutonium Uranium }'
Ground Zero P Flux Flux Flux

yoo cm n/cm? n/em? a/em?

200 0 2.11x 10 — —

15 3.88x10% 2.64x10M 443x10%
30 1.13%x10%  4.05x10% 2.39x 10"
%5 5.22x10%%  3.67x10 8.73x10%
60 1.93x 10"  1.22x10%*  4.84 x 101
\ 5 4.46x10%%  3.67x10'' 1.62x10"
| 90 111x10%  1.74x108  s561x10%

300 0 9.52x 1013 — —
15 1.05x10M  2.20x10% 3.90x10%
30 5.64x10% 5.00x10'% 7.15x10%
45 1.77x10%  9.70x10"  3.22x10"
80 4.47x10"?  378x10" 1.39x10%
75 8.92x 10" 1.48x10 s5.87x10!!
90 7.717x 108 518x10M  2.33x10M

400 0 4.63x 10" — —_
15 6.86x 10 862x10" 9.62x10%
30 2.79x 10!  1.22x10' 3.45x10"
45 9.95x 1017  3.94x 101 1.38x 10"
80 1.89x 10" 1.47x108 4.62x 10!
75 7.22x10  378x10%  1.48 x 10"
90 2.15x 101! 2.26x 10" 9.73x10%

ooty | e i

-

TABLE 3.7 NEUTRON-THRESHOLD-DETECTOR MEASUREMENTS, SHOT SMOKY

Station Distance from  Slant Measured Flux v .1
! Number Ground Zero Range Au Pu Np U \
| yds yds n/cm? a/em? n/em? n/em? |
| 4008 400 466 2.18x10" 17.486x10' 4.99x 10" —_ {
! 600 S 609 649 — 2.18% 1017 1.22x 10" 1.95x10% ;
800 S 800 841 1.59x10% s5.90x 101 — 5.52x 101!
1,000 S 1,000 1,034  4.85x10Y 231x10% — 1.11 x 10*!
1,200 S 1,200 1,229 1.69x10" 7.14x 10U — —
1,400 S 1,400 1,428 -— 8.07x 101! —_ —_
450 N 450 498  4.75x 108 8.23x 10" 6.74x10% 9.26x 16"
200 N 820 629 1.54x10' 4.08x10! 3.35x10'* 4.85x10%
700 N 200 719 €.80x10% 223x10!% 1.68%x10!% 2.95x10%
825 N 825 833  1.67x10¥ 1.31x10' 9.83x 101 1.47x10%
900 N 900 903 2.15x10% 9.31x10% = 8.53x 10"
930 N 930 933 1.64x 10" - —_ 6.51x 10"
400 E 400 458, 6.73x10 9.90x 10 3.87x 10" 1.72x10'}
500 E 500 545  2.38x10% 4.79x10%% 4.16x10' e.16x10% l
565 E 565 607  1.42%10'% 4.06x10!" 3.60x10'% 4.91%10" -
805 E 805 851 6.31x10" 296x10' 2.51x101 3se2x10"
660 E 860 691  6.25x10¥ 2.03x10' 1.46x10' 2.79x10%
725 E 72§ 758 3.69x10"% :.31x10' 688x10¥ 1.72x10"
y 780 E 760 810 2.75x10® 9.64x10® g.26x10% 1.19x10"
810 E 810 841 — 7.41%x102 692x10" 9.84 x 10¥
- ———
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Flux - Slant Range Squared(n | cm? x yds?)
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Figure 3.6 Neutron-ThrqshoId-Detector Results
for 167-Degree Line, Shot Smoky.
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counted at various times after irradiation up to H + 300 hours. The flux was calculated in the
usual way from the 20 hour calibration number. The results of neutron measurements made on
this shot by CETG Project 39.5 are not available.

The data obtained using the USAF chemical dosimeters n.ay be found in Reference 18.

3.1.9 Shot Laplace. Results of the neutron flux measurements from Shot Laplace are pre-
sented in Table 3.8. Figure 3.9 shows plots of flux versus siant range.

Results of the study of variation of gold{ ' fﬂux@wlth soil depth obtained by the Naval
Radiological Defense Laboratories are given mrTable 3.9.

3.2 NEUTRON DOCSE

Equation 1.1 was utilized in the calculation of the tissue dose in rep from the neutron flux de-
terminations. However, due to the small amounts of neptunium used in the neptunium samples,
the resultant activity was, in many cases, too low to be measured. In these cases, the follow-
ing equation was used to determine the dose in rep:

- - _ -9
D = [1.8 (NPu NU) + 3.2 (Nu NS) + 3.9 (NS)]X 10 (3.1

where the coefficients were determined from the first collision dose curve at the average ener-
gies between the respective thresholds, just as they were in Equation 1.1.. The thermal neutron
term was omitted in this expression, as its coatribution to the dose was negligible. )

The neutron dose measurements from Shots Franklin, Wilson, Priscilla, Owens, Smoky, and
Laplace are given in Tables 3.10, 3.11, 3.12, 3.13, 3.14, and 3.15, respectively. Plots of neu-
tron dose times the square of the slant range versus the slant range for these shots are shown
in Figures 3.10, 3.12, 3.14, 3.16, 3.18, and 3.21, respectively.

Neutron dose results are presented for two sets of meteorological conditions: (1) as measured
at the conditions: (1) as measured at the conditions shown in Table 3.16, and (2) as corrected to
the conditions of a relative air density of unity (in units of 1.22 X 10”% gm-cm™3, the density of
average atmospheric air at 1,013 millibars pressure and 15C temperature). Because the inter-
pretation of previous experimental data have indicated that the perturbations of the flux due to
atmospheric water vapor are much less than the error in the measurements themselves, the
effect of water vapor content was neglected. Thus, the corrected data reported herein may be
compared directly with the data reported for the various tests conducted at the EPG since the
meteorological conditions there are similar to the standard conditions chosen for unit air density.

The above mentioned corrections are made by means of the following formulae and relations:

' P
p = 0.284 — (3.2)

P1Ry = ;yR, (3.3)

o[£z 3.4
P2 (p!)¢l (3.9

Where: relative air density

It

P
P = ambient atmospheric pressure, millibars

T = ambient atmospherlc temperature, degrees K
R = slant range from device to detector, yards

@ = neutron dose, rep

Equation 3.2 was used to calculate the relatlve air densities for the conditlons under which each
device was detonated. Theoretical and correlatlonal considerations necessitate that both Equa-

Text continued on Page 53.
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TAB’E 3.2 REBULTS OF NEUTRON-THH%SHOLD—DETECTOR MEASUREMENTS,

SHOT LAPLACE ¢ |
Statjon Slant . } “Measured Flux ey
Number Range Au -~ Pu Np U i
yds n/cm? n/em? n/em? n/em? | |

7-2.10-9002.01 270 1.70x 101 5.04x10'® 2.83x 10 4.78x10%
7-2.10-9002.02 324 = —_ —_ ==
7-2.10-9002.03 %0 6.31 x 10" 1.88x10' 1.02x10¥ 1.66x 101
7-2.10-9002.04 470 —_ — — —
7-2.10-9002.04A 510 2.54x10% 6.65x10"7 352x10"? 6.49x10Y
7-2.10-9002.04A 510 2.16 x 1012 —_ — —_
7-2.10-9002.05 558 1.81 x 10 476101 2.55x10" 4.48x10%

7-2.10-9002.06 650 = e = i : i
7-2.10-9002.07 742 4.27% 10" 1.27%102 6.94x 10" 1.10x 10"
7-2.10-9002.08 837 = = - = i

7-2.10-9002.09 934 1.31 x 108 3.75x 101! 23 4.27% 109
7-2.10-9002.10 1,030 — — — -
7-2.10-9002.11 1,128 3.64 x 10 1.02x 10" — 1.19x 10%

~/

TABLE 3.9 DEPTH MEASUREMENTS, SHOT LAPLACE
5§10 YARDS SLANT RANGE

Location of Sample

M d
with Respect to easured Flux_~

Soil Surface Level - , {
in n/em? l

4 Above ==

2 Above 3.56 x 1012

¥% Below 3.82 x 101

2, Below 4.40 x 101

3 Y, Below 4.46 x 1012

4 Below —_—

5 Y, Bolow 4.18x 101

§ Below 4.10 x 101

6 ¥, Below 3.63x 101

8 ', Below 3.08 x 1012

‘9 ’/’ Below 2.42 x 1012

11 Y, Below 2.02x 101

13 Below — "

15 Below 1.30 x 1012 | !

22 Below — .

24 Below 2.45 x 10" »

R S R
\_'_.../
TABLE 3.10 NEUTRON DOSE, SHOT FRANKLIN
Station P = 0.84 P =1.0
Number Slant Range Dose Slant Range Dose
) yds rep yds rep
3-2.3-9001.01 158 2.49 x 104 133 3.54 x 104
3-2.3-9001.02 218 1.33x 104 183 1.89 % 104
3-2.3-9001.03 327 3.55x 103 275 5.04 x 103
3-2.3-9001.04 437 1.41 x 107 367 2.00 » 102
44
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tions 3.3 and 3.4 be satisfied in the calculation of the doses corrected to unity air density.

Plots of dose versus slant range at the two meteorological conditions are shown in Figures
3.11, 3.13, 3.15, and 3.17 for Shots Franklin, Wilson, Priscilla, and Owens; in Figures 3.19
and 3.20 for Shot Smoky; and in Figure 3.22 for Shot Laplace.
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Chasrter 4
DISCUSSION

4.1 NEUTRON FLUX AND SPECTRUM

As has been prevlously mentioned in Chapter 3, neutron spectrum for neutron energies above
the thermal range was not expected to change with distance beyond 300 yards from ground zero,
and it would follow from this assumption that a plot of the neutron flux versus distance for various
energy ranges would show parallel iines. That this is indeed true is evidenced by the data ob-
tained from Shots Franklin, Lassen, Wilson, Owens, and Laplace.

However, on Shot Priscilla, a variaticn from the predicted parallel-line-constint-spectrum
concept was noted at the three stations at less than 500 yards from ground zero. Here, the
placement of the detectors appeared to be the disturbing factor. These three stations were
placed among many structures and other installations, which may have caused scattering and
other disturbances in the flux field. These measurements, although an iadication of the actual
flux at the point of measurement, probably did not give a true picture of the free-fleld flux. If
the free-field flux at these points is desired, the value taken from the extrapolation of the lines
drawn through the other points probably gives a more realistic figure.

4.2 NEUTRON DOSE

Although most of the dose data presented in this report way calculated from Equation 1.1, in
those cases where Np?7 data was not available the dose data was calculated using Equation 3.1.
This was due to the limited availability of neptunium samples. Generally, data which was cal-
culated by this method was less than 10 percent higher than the data calculated by Equation 1.1.

In order to compare the total dose figures obtained during Opcration Plumbbob with current
predlction techniques, the dose per unit yield at various slant ranges was calculated and is pre-
senced in Table 4.1. Also presented are the predicted dosages at these same slant ranges taken
from the plot of neutron radiation versus slant range for fission weapons as found.in TM 23-200
(Reference 24).

In order to directly compare the predicted values with the current data, an rbe of 1.3, l.e.,

1 rep = 1.3 rem (Reference 24), and a relative air densi:y of 1.0 were used. Figure 4.1 shows

a plot of these values. 1t is stated in TM 23-200 that the prediction curve may be low by as much
as a factor of four for certain experimental devices and as high as a factor of 10 fer other devices.
It is apparent from the plot that the data from Shots Laplace, Franklin, Wilson, and Priscilla fall
wlthin these factors of reliability, while that from Shot Owens ls above the factor of reliability.
Speclfically, the average ratio between measured and predicted values over the distances for
whlch measurements were made were: Priscilla = 0.8; Franklin = 2.4; Wilson = 2.9; Laplace =

3.0; and Owens = 5.6.

1t should be noted however that there was a variation of thickness of high explosive surround-
Ing the core of the devices llsted in Table 4.1. Although the dlfferences in the dose per unit yield
for the devlces tested may be ln part due to the variance in the thickness of high explosive, no
basls has been found to directly correlate these two parameters.

4.3 EFFECT OF TERRAIN ON NEUTRON FLUX AND DOSE

quapntitatlve eva on.of the effect of terraln on neutrop flux based on the data obtained
roffi SOoL Smoky is Impossible due to th€ desSign o 1c¥.
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I | Although the north line, which was run to the top of a high hill, showed
igher flux value"s—tﬁ'n the south line which was run along level terrain, it would be extremely
presumptuous to attribute these higher values to the particular terrain feature in question. The
east line exhibited a definite variation which could be attributed to the rolling terrain. However,

no quantitative measurement of this effect was possible. This data as it applies to the effect of

terrain on neutron flux can be considered inconclusive at best.
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Figure 4.1 Dose per unit yield of various devices compared with
current predictions information.

4.4 DATA RELIABILITY

The errors expected in the measurement of neutron flux in this report are discussed in Sec-
tion 2.2.6, which gives the details of the calibratlon procedures. The error in the measurement
of neutron dose in rep can most easily be estimated by comparison with some other method.
The fisslon-foil method of measuring neutron dose was developed as a field expedlent for the
Hurst proportional counter (Reference 13). The »~ils and calibratlon numbers have been cross
checked with other agencies using the fission-foil :nethod for measuring dose. A comparison of
the data obtained by these agencies generally agreed within 10 percent.




The experimental variation in the neutron flux and dose data is shown in Table 4.2. This
table compares two sets of detectors exposed to Shot Hood. One set of detectors was on the
east side of the Project 2.4 tank array and the other on the west side, both being at the same
radial distance from ground zero and with a ground separation of approximately 60 yards. The

TABLE 4.1 DOSE PER UNIT YIELD OF VARIOUS DEVICES COMPARED WITH
CURRENT PREDICTION INFORMATION

Dose per Unit Yield, rep/kt*

Slant
Range Franklint Wilson Priscilla § Owens Y Laplace ** T™ 23-200 {1
yds
500 4.90x10% 8.07x10% 2.46x10° 1.66x10% 7.80x10° 3.08x10°?
600 2.37+¢10® 3.55x10% 1.02x10° 6.93x10° 3.48x10° 1.51 x10°
700 1.21x10% 1.65x10° 4.59x10? 314x10% 1.65x10° 5.38 x 10?2
800 6.57x102 7.67x10? 2.13x10® 1.45x10® §.19x10? 2.61 x 102
900 3.63x107 3.63x10° 1.03x10® 6.96x107 4.14x 10?2 1.23x10?
1,000 2.07x 10 1.77x%10? 5.18x10' 346x10%2 2.13x10° 6.50 x 10?

* All values based or a rela‘ive air density of 1.0 ‘

l
i

\
TTBasedonanEgE of 1.3. ———:7—‘
’
TABLE 4.2 COMPARISON OF DUPLICATE STATIONS ON
SHOT HOOD
e
Sample oy Percent
Measured Average from Variation
¥E Average
Flux: n/em? n/em? n/em?
Au 3.59x 101 S 12 1
to1x10f 380 x10M 021 x10 5.53
Pu 1.64x10% 1 13
Lesx o8 166 x10% 0.02 x10 1.20
Np 1.04x10% 13 1
Logx 1o 110 x10 0.10 x 10 9.09
U 2.93x 101 12 12
208 % 158 2.87 x 10 0.05 x10 2.09

v . o =Ta e -

bose: rep rep rep
4
gﬁ 9 ig. 3.26 x10% 0.5 x10 4.60

large variation in neptunium flux is attributed to the inaccurate weights of the neptunium ‘samples.
The weights of these samples are accurate only to three significant figures, while the plutonium
and uranium sample weights are accurate to five significant figures. This is due to the fact that
thé neptunium samples weigh only 25 to 30 mg, whereas the plutonium and uranium samples all
have weights over 1 gram. :
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4.5 EFFECTIVENESS OF INSTRUMENTATION

The instrumentation used in these tests has proven effectlve in measuring neutron dose. The
necesslty for early recovery of the fission foils is still a disadvantage. However, when fallout
is light in the immediate area of the detonation and when induced field intensities are low, this
disadvaantage is minimized. Even in cases when appreciable fallout is expected, the neutron
detectors can be installed to take advantage of predicted upwind positions to permit eariy recov-
ery wlthout the necessity of entering high radiation fields. The continued use of the fission foil
detectors will undoubtedly lead to improved techniques of recovery that will make the method
more sensitive and increase the general effectiveness of the measurements of neutron flux and
dose.
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Chapter 5
CONCLUSIONS «ond RECOMMENDATIONS

5.1 CONCLUSIONS

For Shots Franklin, Wilson, Laplace, and Owens the measured dose values exceeded the
predicted values obtained by use of the neutron dose curves of TM 23-200 by factors of 2.4, 2.9,
3.0, and 5.8, respectively. For Shot Priscilla, the measured dose was lower than the predicted
dose by a factor of 1.2.

Beyond 300 yards from ground zero there was no variation of the neutron energy spectrum
above fhe tiermal energies with increasing distance from the point of detonation.

The extrapolation of the straight-line portion of the curve of neutron flux times slant distance
squared versus the slant distance to close-in distances was invalid, since experimental data
from Operation Plumbbob confirmed that the relationship was nonlinear at close ranges.

The foil-detector system for measuring neutron flux gave reproducible results, further veri-
fying its suitability for uge in making measurements during nuclear weapons tests.

5.2 RECOMMENDATIONS

No recommendations are made.
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