
..- , , , 

AOA995074 

® OPERATION PLUMBBOB 1 
Neutron Flux from Selected 
Nuclear Devices  J 
Project 2.3 • 

Defense Atomic Support Agency 

Sandia Base, Albucuerque, New Mexico 

28 April 1960 :JV£A 

Nevada Test Sit^j^^^/. 

May-Oct< 

-phibWi-^-t-^ ■ 
NOTICE 

This is an extract of WT-1412, Operation PLUMBBOB, 
Project 2.3, which remains classified SECRET/RESTRICTED 
DATA as of this date. 

DTIC 
ELECTE 
JAN9     1981 D 

Extract version prepared for: 

Director 

-^DEFENSE NUCLEAR AGENCY 

Q. Washington, D.C 20305 
0/7 

Approved for public release; 
distribution unlimited. 

1 .&cU 

/" 

3 
8011  03   095 



irruKiTT CL »ssir ic »T ion or THU r«r.c (•»■».« Du«« tr'...t) 

REPORT OOCUüENTATIOK - AGE 
}   r.ovT ».ccrisioM NO I.   KtrORT   wuwlt« 

iff-14T2 |Ol  
4.    TITLt f-"rf U.hilll,) 

Operation PLÜMBB0B 
Project 2.3-Neutron Flux from Selected Nuclear 
Devices 

RTAD INSTRUCTIONS 
 BEfORE COMPtETWC FOMI 
1      »fClPltMTS CATALOG  Mu-i til 

S     TYPt  or  HfPORT  «  PtRiOD covr^to 

7.     AUTHOHf«J 

Defense Atomic Support Agency 
Sandia Base, Albuquerque, New Mexico 

».     Pt Hr GBUIMC.  OHGAHIZ ATION   NAUf   AWO   ADD«ESS 

II.     COMtHOLLIMO   OPrpCE   HAUE    AsD   ADDRfSS 

».     PEHro»U!MC.   JPG.    HtPOÄT   MuMStn" 

«. COKTHACT OB CHAMV NÜMIIIV.J 

10.    r-BCCRAM  Fl  Euf MT P«OJf CT     TASH 
AHEA   »    wofiH   UM1T   HUKSFUS 

\l.     MOHITOKINC   Af, EMCV   N'ME   *    ADDRfSSr((tf.f/".n(  I,OT,   Conlfj/I/n/   Olt,f) 

I*.  REPORT DATE 

28 April 196Ü  
I J  k)U"SE ROE PACES 

60          
IS.     Sf CURITT   CL ASSfo/ IM.  f.portj 

Unclassified 

IS«,    Dt CL ASSlElC ATlON'DoVwiBADixG 
SCMEDuLf 

It      DlSTRlHUTlOH   STATEwENTfoffh/.  Rwport) 

Approved for public release; unlimited distribution. 

17.     OlST RlflUTlOM  ST ATE w FHT  (ol fh»   .b.lr.r/  .nlfferf /n  B;,>r»  JO.  II aillt,ml  hr.m  R.porfJ 

It.     SUPPLE I! EWTAHY   NOTES 

This report has had the classified information removed and has been republished in 
unclassified form for public release.    This work was performed by the__Qenerai  Electric 
Company-TEMPO under contract pNA0ßl-79-C-0455.wwith the close cooperation of the 
Classification Management DivTsTön ofTTie defense Nuclear Agency. 

H       KEY   «-CMOS fCondm.« Ml  >>*.,•. 

Atmospheric Nuclear Test? 
Nevada Test Site 
Operation PLUMBBOB 
Neutron Flux 
Spectra 

id«   ifyifCrttmry   mtf idtntify   by   htcfcl   r>v~rtt»rl 

Detector elements 
Foil-detector system 

^0.      ACSTRACT   fCmiHmm*   nn   #*««*••    . . /,    tlf.»i.f*mry   «.-.tf/tfrnliE/   b/   tlail   no-^tmt) 

The objectives of this project were to measure the neutron flux and spectra for certain 
selected devices being tested during Operation Plumbbob and to provide neutron flux, spec 
tra, and dose measurements in support of other projects. A total of approximately 1,500 
neutron flux measurements were made utilizing the following detector elements: gold, 
Plutonium, neptunium, uranium and sulfur. 
Beyond 300 yards 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 flux times slant 
^il^ce ^^A!^^ve^s.^i_^^a_n^L4iltaj^ce to close-in distances was Invalid, since 

DD i JAM*! K73  »DiTioN or i NovE! ,s oEsoitTt Unclassified 



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 
verifying its suitability for use in making measurements in nuclear weapons tests. 
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FOREWORD 

This report has had classified material removed in order to 
make the information available on an unclassified, 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 t^st 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 Restricted 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" in 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. 
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1. Page 35, Table 3.5, Station 9-2.3-9004.12 slant ratvje should read 195 instead of ff], 

2. Page 45, Table 3.13, Station 9-2.3-90^Li2 slant range at .0   ■ 0.82 should read 195 in- 
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3. Page 40,  Figure 3.5, all points plotted at a slant range of 161 yards should be deleted 
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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 ?ite in 
1957. 

For overall Plumbbob military-effects information, the reader is referred to the "Summary 
Report of the Director, DOD Test Group (Programs 1-0), " ITR-1445, which includes: (1) a 
description of each detonation, including yield, zero-point location and environment, type of 
devic», ambient atmospheric conditions, etc.; (2) a dis;ussion of project results; (3) a summary 
of the objectives and results of each project; and (4) a lisi  .g 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 being 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, neptunium, 
uranium, sulfur and 

For Shots Franklin, Wilson, Laplace, and Ow^ns the measured dose values exceeded the pre- 
dicted values obtained by use of the neutron dose curves of TM 23-200 by factors of 2.4, 2.9, 
3.0, and 5.6, respectively.   For Shot Priscilla, the measured dose was lowpr than t'he predicted 
dose by a factor of 1.2. 

Beyond 300 yards 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 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 use in making measuremervts in nuclear weapons tests. 
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Chapter I 

WTRODUCTION 
1.1   OBJECTIVES 

The objectives of Project 2.3 in Operation Plumbbob were to: (1) measure the neutron flux 
versus ground range for selected 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 nuclear detonation are utilized in maintain- 
ing the fission process.   The remaining neutrons are either absorbed by the material of the de- 
vice or pass into the surroul.'

,'.ng medium.   Physical measurements of the neutrons that pass 
into the surrounding medium as a function of distance from poinl 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 material external to the device.   This 
report is directed to the latter area of interesU. 

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 parameters 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 (i.e., where the uncollimated 
beam was measured).   This type of measurement has been made at nearly all test operations. 
It can also be said 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, uaing sulfur as a detector. 

During Ope.-^tion Upshot-Knot hole (Shot 10), a high neutron flux was realize 
thus necessitating the investigation of a neutron-produced dose, which c^ulcf 

WS i major caäüaay-producing effect of this type of weapon. 
Investigations into the biological effects of neutrons necessitated the development of additional 

detectors that would be sent'tive in the interesting region between thermal energy neutrons and 
3-Mev neutrons.   Culmination of th>?fi in'""^igiit'r'n!* was the development of fission-threshold .^ 
detectors (Reference 13)/n """ 

'"   üeneriliy, flCUlfon flux measurements nave involved tne use u/ dtWces that detect the total 
(I.e., time integrated) neutron flux from a nuclear detonation.   Thes» detectors consist of small 
dicks of selected material« for which there are (n.y), (n,?), (n, 2n), or (n, fission) reactions of 
desired threshold energy and with high cross section for occurrence. 

iseT^which CJ 

/I 



In the case of thermal neutrons, activation is effected by exposing to the neutron flux two gold 
foils; one bare, the other shielded oy 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 below 0.3 ev is re- 
ferred tr as the thermal-neutron flux in this report.   This method is known as the cadmium dif- 
ference technique. 

In the case of nonthermal neutrons, those neutrons having an energy greater than a particular 
energy Ej will cause a particular reaction in specific detectors, the total number of reactions 
produced being proportional to the number of neutrons. 

By successive subtraction of the fluxes r.'easured by the specific detectors, it is possible to 
obtain an indication of the neutron spectrum.   Also, 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 materials generally used with the type of activation and threshold energy 
Ei. 

Previous work with these devices has indicated that, within experimental error, the followini 
conclusions can be reached: (1) the flux from a detonation of a nuclear device^ * 

L Dosted and nonboostea aevices, 

TABLE 1.1 NEUTRON DETECTORS 

Detector Threshold Energy. Ej Reaction 

Goid Thermal energies up to 0.3 ev AuI,T (n. a) Au1** 
Pu"» 10 kev (w/BJ0 shield) • Fission 
Np»' 0.63 Mev* Fission 

gM 1.5 Mev Fission 
Sulfur _ . 3.0 Mev                               _ Sa(n,pf P«    _ 

* These values reflp t the latest changes in the fission cross- 
section values for these materials and therefore are different 
from those preMnted in the ITR.    Additionally, they also reflect 
the latest Ble(n, ai LiT cross-section values presented in Refer- 
ence 6. 

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

From the aforementioned neutron-spectrum indications, It is possible to determine the tissue 
dose associated with the total measured neutron flux.   In past experiments, a curve for first- 
collision tissue dose (Reference 13) has been used to relate the energy of the neutron to its dose 
contribution.   F Djre 1.1   is the plot of dose for 1 neutron/cm2 as a function of energy ^Reference 
13).   This curve is based on the assumption that all 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 system to the corresponding indicated fluxes, the following 
relationship was derived (Reference 13): 

0.029 Nt «   1.0 (Npu - NNp)   * 2.5 (NNp - Ny) 

■r 3.2 (NJJ - Ns)   + 3.9 Ns x 10_ (1.1) 

11 



Where D is the tissue dose in rep, Nt is the thermal flux; and Npu, N Np' N, and Ng are the 
number of neutrons per square centimeter above the threshold for plutonum, neptunium,  ira- 
nium, and salfur, respectively.   The coefficients used gave good agreement with results cbtamed 
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 of 
jto measure the very-high-energy neutrons. '"— 
Equation 1.1 would then be written: 

b 029 Nt + 1.0 (Npu - NNp)   + 2.5 {NNp - Hg) 

+ 3.2 (Mg - Ns)   + 5.3 (Ns - NZr)   * 6.5 NZr     * 1Q~3  (1.2) 

^here the coefficient for the (Ng - NZr) term is detg the aforementioned manner. 

F 
-»   irelimmary 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), 

S 10 >t 14 IS 19 20 

Neutron Energy ,Mev 

Figure 1.1  Neutron dose as a function of energy. 

and during Operation Redwing by CWL Project 2.51 (Reference 1). 
Chemical dosimeters have also been used to measure the neutron dose during previous opera- 

tions (References 1 and 9). 

1.3 THEORY 

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 

IS 



reaction; her*e, a certain portion of the neutrons are available to escape to the surrounding 
iredium.   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 remove the neutrons from 
the system, while that of scattering general'y 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 neutrons reach any given volume in space outside the 
nuclear device, the number of neutrons and the energy of the individual neutrons may in no way 
resemble those originally produced in the nuclear reaction. 

In order to theoretically explain the air scattering of neutrons emitted by the detonation of a 
nuclear 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 F and flowing in the direction of unit vector a about 
this point.   The space density oS' neutrons at F, which is N (F, t) is merely the integral of 
N' (F,  5 t) over all angles a. 

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

dlv [ v ON' (F, 3)]   = p' (F, 5) -v fi N' (F, 5) (1.3) 

Where:    v = the magnitude of the velocity of the neutrons assumed constant 

p'  = the spatial and angular source density 

pi ■ absorption cross; section of the medium 

Equation 1.3 may be solved (Reference 15) for the special case of a point Isotropie source 
located at the origin, yielding 

(1.4) 

Hence, the neutron flux, vNW, times r2is logarithmically linear.   In previous reports on the 
neutron flux from nuclear detonations (References 5, 6, and 7), this special case of a point Iso- 
tropie 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 spatiai and 
angular density, also have a lethargy density, where the lethargy, u, is defined as: 

N(r) - f—. 
4 f r2 v 

(1.5) ..1-1 
Where:    Eg = the initial energy of the neutron 

E ■ the energy of the neutron at the time under consideration 

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

/"    du / da' v N' (r;  a',  u') ^ u'   f (a' - a, u - u') (1.6) 

Where:   ^s = the scattering cross section 

f = the relative probability of a neutron with lethargy u'  and traveling in the direc- 
tion Of', will, after scattering collision, travel with lethargy u and in the direction 
5. 

14 



The resulting equation obtained by the above substitutions, may be solved by expanding W iii a 
series of Legendre polynomials in 5. 

Numerical results have been obtained (Reference 16), using a point isotropic 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 Et.   These results were 
weighted with a normalized fission curve, giving the neutron flujx from a fission source as a 
function of distance and threshold energy Ef.   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 vNr2 occurs at an ^300 yards for detectors of all thresholds.   Beyond r = 
1,000 yards, the results show that vNr2 becomes approximately proportional to e-*^1", i.e., 
logarithmically linear, remindful of Equation 1.4.   It is pointed out that due to the peak and 
resulting curvature of vNr2 at around 300 yards, logarithmically linear extrapolation back to 
r = 0 yards is hazardous. 

In a method similar to that outlined above, the neutron spectrum from a fission source was 
calculated as two values of r (Reference 17).   Results indicated (1) from epithermal to 0.1 Mev, 
the spectrum varies as E"1, 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 response. 
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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>Un, 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 öf 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. 

Jn general, wherever the measurements included flux versus distance, a '/i-inch 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 
station consisted of a gold detector, a composite fission det^tor, anri a .^ulfur detectorJf 1 

I^As is shown in Figure 2.1, each station 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 cable and returned to the laboratory traiier, 
located near the control point, whei e the samples were removed from the holders and counted. 

The station locations and the pro] ?cts supported are presented in subsequent sections. 

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

In addition, 17 complete sets of detectors were required by Project 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 lin& 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 neutron-shielding studies. Support 
was identical to that given during Shot Franklin. 

Further support was provided to Project 2.10 in their investigation of the difference in the 
results of naut "on measurements taken at various heights above the ground. To obtain these 
measurements,  detectors were attached to cables supported by balloons. 

S.i.' Shot Wilson.   Again, Project 2.4 requested support for their neutron-shielding studies. 
This Siinport 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 stations. 

Project 2.10 was supplied with seventeen sulfur samples for the studies of neutron flux versus 
height above ground. 
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TABLE 2.3     PROJECT 2.3 P\HTICU>AT10N DURING OPERATION ;LUMBBOB 

Height 
Shot Date          Device Yield of 

Burst 
Support Area Sponsor 

kt ft 

Franklin 2 June 0.138 300 Tower 3 LASL 
Lassen 5 June 0.47 x 10'' 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 l.P.OO Balloon 9 UCRL 
Owens 25 July   j 9.6 500 Balloon 9 UCRL 

John 19 July i    1.73 14,850 Rocket YUCCA DOD 
Smoky 31 Aug 43.71 700 Tower 2C UCRL 
Laplace 3 Sept  | 1.22 750 Balloon 7 LASL 

TABLE 2.2    PROJECT 2.3 STATIONS.  SHOT FRANKLIN 

Station 
Number 

Radial Distance 
from 

Ground Zero 

Slant 
Range 

Descriptiori 

yd yd 

3-2.3-9001.01 123 158 Au, Pu, Np, B, S 
3-2.3-9001.02 194 218 Au, Pu, Np, u. s 
3-2.3-9001.03 312 327 Au, Pu, Np. B. s 
3-2.3-9001.04 426 437 Au, Pu, Np. u, s 
3-2.3-9001.05 538 547 Au, Pu, Np, u. s 
3-2.3-9001.06 649 656 Au, Pu, Np. u, s 
3-2.3-9001.07 759 766 Au, Pu, Np. B, 3 
3-2.3-9001.08 870 876 Au, Pu, Np. u. s 
3-2.3-9001.09 980 98 5 Au, Pu. Np. B, s 
3-2.3-9001.10 1,090 1.094 Au, Pu. Np. B. s 

TABLE 2.3    PROJECT 2.3 STATIONS,  SHOT LASSEN 

Station 
Number 

Radial Distance 
from 

Ground Zero 

Slant 
Range 

Description 

yd yd 

9-2.3-9004.01 100 195 Au. Pu. Np, B, s 
»-2.3-9004.02 200 260 Au, Pu. Np, u, s 
9-2.3-9004.03 300 343 Au, Pu. Np. u. s 
9-2.3-9004.04 400 433 Au, Pu, Np. u. s 
9-2.3-9004.05 500 527 Au. Pu. Np. u. s 
9-2.3-9004.06 600 623 Au, Pu. Np. •l s 
9-2.3-9004.07 700 720 Au. Pu. Np, v. s 
9-2.3-9004.08 800 817 Au, Pu, Np. U. s 
9-2.3-9004.09 900 915 Au, Pu, Np. 9, s 
9-2.3-9004.10 1,000 1,014 Au, Pu. Np. ■a s 
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TABLE 2.4    PROJECT 41.3 STATIONS.   SHOT WILSON 

Station 
Number 

Radial Distance 
from 

Ground Zero 

Height 
above 

Ground 

Slant 
Range Description 

9-41-7001.01 

9-41-7001.01F 

9-41-7001.02 

9-41-7001.03 
9-41-7001.04 

9-41-7001.05 

9-41-7001.06 

9-41-7W1.07 

9-41-7001.08 
9-41-7001.09 

9-41-7001.10 
9-41-7001.11 

9-41-7001.1;; 

9-41-7001.13 
9-41-70^1.14 

9-41-7001.15 

9-41-7001.16 
9-41-7001.17 

9-41-7001.18 

9-41-7001.18 

9-41-7001.20 

9-41-7001.21 
9-41-7001.22 

9-41-7001.23 

0 
200 

100 
317 

300 

300 

300 

577 

600 

600 

900 

900 

900 

1,207 

1.200 

1.200 

1.200 

1.200 
1.200 

0 
0 

.17 
0 

78 
!56 

233 
0 

100 
200 
300 
400 

0 
100 
200 
300 
400 
500 

0 

100 

400 
500 

.  1«7   Au, S 

260   Pu, Np. U 

211   Au. S 

358   Au. Pu. U. S 
3x3 Au. S 

300 Au. S 

312 Au. S 

601 Au. Pu. U. Np, 8 
604 Au, Pu. U, S 

801 Au, Pu. V,  S 
615 Au. Pa, U, s 

644 Au. S 

924 Au. Pu. Np. U. S 
902 Au, Pu. U. S 

901 Au. Pu. V,  S 
915 Au. Pu. ü. S 

930 Au. Pu. U. S 

960 Au, Pu, Np, U, S 

1,218 Au. Pu. Np. U. S 
1,200 Au. Pu. U. 8 
1.200 Au, Pu, U, 8 
1.207 Au. Pu. 0, S 
1.222 Au. Pn, u, s 
».*• M| »L Np. U, S 
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2.1.4 Shot Priscilla. To obtain, neutro.i llux versus ground range for this shot, a line of 
stations running west of ground zero was instrumented at 100-yard intervals, beginning at a 
distance of 300 yards from ground zero.   Table 2.5 contains all data pr-rtinent to these stations. 

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

TABLE 2.5    PROJECT 2.3 STATIONS,   SHOT PRISCILLA 

Station 
Number 

Radial Distance 
from 

Ground Zero 

Siant 
Range Description 

F-2.3-9009.03 

F-2.3-9009.04 

F-2.3-9009.05 

F-2.3-9009.06 

F-2.3-9009.07 

F-2.3-9009.08 

F-2.3-9009.09 

F-2.3-9009.10 

F-2.3-9009.11 

F-2.3-9009.12 

yd 

300 

400 

500 

600 

700 

800 
£00 

1,000 

1,100 

1,200 

yd 

380 Au, Pu. Np, 
463 Au, Pu, Np, 
551 Au, Pu, Np. 
643 Au, Pu, Np. 
737 Au, Pu, Np. 

833 Au. Pu, Np. 

929 Au, Pu, Np, 

1,025 Au, Pu, Np, 

1,124 Au, Pu, Np. 

1,223 Au, Pu, Np. 

0, s{ 
U, S 
v. s[ 
u. s 
u, si 
u, s 
"■€ 
o, s-f 
u, s 

J 

3 
3 

2.1.5 Shot Hood. Support was again given to the Project 2.4 shading studies. This support 
was identical to that provided during Shot FrankUn. 

Suppo/t 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 

Station 
Number 

Radial Distance 
from 

Ground Zero 

Slant 
Range 

Description 

9-2.3-9004.12 
9-2.3-9004.13 
9-2.3-5004.14 
9-2.3-9004.15 
9-2.3-9O04.1« 

9-2.3-9004.17 
9-2.3-9004.18 
9-2.3-9004.19 
9-2.3-9004.20 
9-2.3-9004.21 

yd 

100 
200 

500 

800 
700 
800 
900 

1.000 

yd 

195 Au, Pu. Np. u. 3 
260 Au. Pu. Np, V, s 
343 Au, Pu. Np. u. s 
433 Au. Pu. Np. 9, s 
527 Au, Pu, Np. V, S 

623 Au. Pu. Np. u. s 
720 Au. Pu, Np. u. S 
817 Au, Pu. Np, V. s 
915 Au. Pu. Np, V, s 

1,014 Au. Pu. Np, V. 1 

2.1.6 Shot Owena.   Project 2.3 participation included the installation 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 2.6 contains all data relative to the location of these stations. 
Additional detectors «.are supplied to Project 2.4 for the measurement of neutron flux versus 

depth at varying distances from ground zero.   Installation 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 en each of the delivery aircraft as well as two additional aircraft. 
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2.1.6 Shot Smoky.   Project 2 ? and Project ^9.5 collaborated or. this stot, and three cable 
lines were installed along various azimuths to obtain ^information relative to terrain effects on 
neutron flux.   One control line was installed south fram ground zero along level tei rain.   The 
second line was installed north from ground zer&QUJtr a 500-foot hill anri 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 pack3, 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 Reference 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-c agree lines, respectively. 

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

2.2  INSTRUMENTATION 

The method used in making the neutron-flux measurements were fiimilar to those employed 
during Operation Redwing {Reference 1).   A list of the detectors used is given in Chapter 1. 
The general 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, y) 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 Hg1" 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 section is essentially represented by a l/vJ 

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 strtion 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 foils.   The field holders 
(Figure 2.6) for these foils consisted of two y4-inch steel plates bolted together.   Two cavities 
were milled into one of tlu steel plates to accept one bare and one cadmium-shielded sample. 
The cadmium shield vas 0.045-inch thick.   A mounting web was welded to one of the plates to 
enable the detector to be easily attached to the cable by the use of wire-rope clamps. 

After irradiation, the foils were counted on scintillation counters (Section 2.2.5).   Sufficient 
counting was accomplished to establish 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 
rate at time of irradiaiijn was determined by the following equation: 

1H The counting 

N, tt  * Nt   exp [*A(i-t0)j (2.1) 



Figur. 2.2  Topographical view of station locations, Shot Smoky. 



— 
-'    ' ! ' N1 \m —*—> 

\ 
i j 1  ,  , i '       1 1 _ 

-   i \ V \ s, i£ !         1         ! " 

- 

\ 
\ 
\ 
\ v- \ 

' 

- \ 

\ 
\ 

\        i   \ \ 
_ 

X • 
f 

_ 

- 
\ 

\ 

\ 

V 
• 

- 
. . 

\ 
\ 

\ 
\ 

V 

- 

:    j 
1 " \ 

\ - 

- ^^    \ * r     i   W* mi - 

^ I   > ̂ ^ ! V _ 
; ^ 

X •S^MM _ 
_ ^-^-^azHr-^j 
- - 

Me« : i 1 i     i i i ' 1. , J i •   . i   • i 1 «    1   i1 
• iM '^O «M 

0.*'*-Ct tf«W 52.Y«r* 

Figure 2.3 Profile of station locations on the 58-degree lino. Shot Smoky. 

r I .. .J 
! ri 1 1     1     ' i "T j 1 I f 

- - 
- - 
- - 

I» 

• 

- - 
m 

Mi » 
__ 

i J - 
»MM 

«m 

1 
- 

^ r "^ 
^SM c* 

- 

" mm J£~ 
■ y m 

1 
- 

- - 

» - 

1 1 i i i i 1 1 J 1 1 1 1 
• H            • ■ a         • ■ m        m M ■•                         • M           • M              « m ♦B            W m        . M> «» 

IMmw »»«w •%•• '*'. »•»» 

Figure 2.4  Profile of station locations on the 353-degree line, Shot Smoky. 
For Point A, see Figure 2.2. 



TABLE 2.7    PROJECT 2.3 STATIONS. 

Station 
Number Azimuth 

«OS 
COOS 
»00 S 

1.000 S 
1,200 3 
MM s 
1,500 S 
1,800 S 
1,700 8 
1,800 S 
1,900 S 
2,000 S 

450 N 
«00 N 
700 N 
«25 N 
900 M 
930 N 

1.000 M 
1,100 H 

400 E 
500 E 
5«5E 
«10 E 
f«0E 
729 X 
7«0E 
«II E 
««0B 
955 E 

9«5 E 
975 E 

1.020 E 
1,0«0 E 
1,140 E 
1,250 X 
1,400 E 
1,»C0 E 
L.«OOE 

1J7 
1«7 
1«T 
1«7 
1«7 
187 
187 
187 
187 
18? 
187 
187 

353 
353 
353 
353 
353 
353 
383 
383 

5« 
M 
u 
58 
88 
38 
58 
88 
88 

8« 
88 
88 
H 
M 
88 
5« 
m 
88 

R**»! Diitaace" 
from 

^Ground Zero 
yd 

1,000 
1,200 
1,400 
1,500 
1,800 
1,700 
1,800 
1.900 
2.000 

480 
800 
700 
825 
900 
930 

1.000 
1,100 

400 
500 
MS 
810 
8«0 
725 
780 
«10 
880 
985 

M5 
«78 

K '> 
1,080 
1.140 
US0 
1.400 
1,800 
1.800 

SHOT SMOKY 

Elevation with 
Respect to 

Ground Zero 

* National Buraau of Stand« rd* film packet. 
f Oermamum doaimatcra. 
t Chemical doai meter«. 

I Punch-through yolU|B translator doalmater. 

-80 
-80 
-98 

-105 
-120 
-120 
-125 
-125 
-130 
-130 
-1S8 

+ «0 
♦130 
+ 210 
♦380 
♦480 
♦520 
♦470 
♦380 

♦SO 
♦48 
♦38 
♦ 21 
♦44 
♦8« 
♦4« 
♦3« 
♦48 
♦41 

♦SO 
♦1« 
♦1J 
♦21 
♦2 

-20 
-38 
-SO 
-20 

Slant 
Range 

~^~ 
4(18 
849 
341 

1,034 
1,229 
1,428 
1.525 
1,623 
1.722 
1.821 
1,920 
2,019 

498 
829 
719 
833 
903 
933 

1,003 
1,108 

45« 
545 
807 
881 
891 
75« 
810 
841 
887 
»SO 

990 
1,001 
1,045 
1.098 
1,184 
1,288 
1,421 
1,818 
1,818 

Description 

Au, 

Au, 
Au, 
Au, 
Au. 
Au, 
Au. 
Au. 
Au. 
Au, 
Au, 

Au, 
Au, 
Au, 
Au, 
Au, 
Au, 
Au, 
Au. 

Pu, Np. 3, 
P". Np, 3, 
P«, Np, 3. 
Pu, Np. 3. 
P«. Np. S. 
Pu, Np, S, 
P". Np, S, 
P"> Np, 3, 
P". Np. 3. 
Pu, Np, 3. 
Pu, Np. 3. 
Pu. Np. 3. 

Pu. Np, S, 
Pu, Np, S, 
Pu, Np, 3. 
Pu, Np. S, 
Pu, Np, 3. 
Pu, Np. 3. 
Pu. Np. 3. 
Pu. NP. S. 

NBS-? 
NBS-F 
NBS-F. 
NBS-F. 
NBS-F. 
NBS-F, 
NBS-F. 

t'. NBS-F. 
V. NBS-F, 
U. NBS-F, 
U. NBS-F. 
Ü. NBS-F 

. GDt 
GD. CDt 
GD, CD 
GD, CD 
GD. CD 
CD. CD 
GD. CD 
GD. CD 
GD. CD 
GD. CD 
CD. CD 
GD. CD 

U, NBS-F. GD. CD 
U. NBS-F. GD. CD 
U. NBS-F, GD, CD 

NBS-F, GD, CD 
NBS-F. GD. CD 
NBS-F. GD, CD 
NBS-F, GD. CD 
N3S-F. GD. CD 

Au, Pu, 
Au, Pu, 
Au, Pu, 
Au, Pu, 
Au. Pu, 
Au. Pu. 
Au, Pu. 
Au, Pu, 
Au. Pu, 
Au. Pu 

Np, S, 
Np, 3, 
Np, S, 
Np, S, 
"P. S. 
«P. S, 
Np, S, 
Np, 3, 
Np. 3. 
Np, S. 

SB-100 I 
SB-100 i 
SB-100 
SB-100 
SB-100 
NBS-F. 
NBS-F. 
NBS-F, 
NBS-7. 

CD 
CD 

GO. 
OD. 
GO. 
OD, 

CD. 
CD. 

NBS-F. OD, CD 

SB-100 
SB-100 

CD. SB-100 
CD. SB-100 

SB-100 
Au, Pu, Np. 3. Ü, NBS-F   OD, CD 
Au, Pu, Np, 8, U, NB8-F. Go' CD 
Au, Pu, Np. 8. U. NB8-F. GD. CD. SB-100 
Au, Pu, Hp, 8.  U, NBS-F. GD. CD. SB-iOO 
Au    P,.   »-   .    „_ KH8_p   GD   CD 

U. NBS-F. GD. CD 

Au. Pu. Np. 3 
Au, Pu, Np, 3 

Au, Pu, Np, S, U. NBS-F, OD. CD 
NBS-F, CO, CD 
NBS-F, 3D. CD 

Inatrumenting 
Agency 

Project 2.3 
Project 2.3 
Project 2.3 
Project 2.3 
Project 2.3 
Project 2.3 
Project 39.3 
Project 39.5 
Project 39.5 
Project 39.5 
Project 39.5 
Project 39.5 

Project 2.3 
Project 2.3 
Project 2-3 
Project 2.3 
Project 2.3 
Project 2.3 
Project 39.5 
Project 39.5 

Project 2.3 
Project 2.3 
Project 2.3 
Project 2.3 
Project 2.3 
Project 2.3 
Project 2.3 
Project 2.3 
Project 39.8 
Projact 39,5 

Projac; 39,5 
Project ."«.S 
Project 39.,' 
Project 39.5 
Project 39.5 
Project 39.5 
Project J9.5 
Project 39.5 
Project 39.5 



Energy, ev 

Figure 2.5  Gold and cadmium cross sections. 
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Figure 2.6  Gold-foil neutron-threshold detector. 



Where:    Nt   = courtHng rate at irradiation tinTe t» 

Nt = counting rate at time t 

;   * Au"8 decay constant 

From theje calculated counting rates at time t,, ihe thermal neutron flux was calculated as 
follows: 

F = K (Nt   bare - 1.025 Nt() shielded) (2.2) 

Where:      F = thermal neutron flux in neutrons/cm2 

K = calibration number in (neutrons/cm2)/cpm 

Nt  bare = counting rate at irradiation time of unshielded sample (cpm) 

Nt shielded = counting rote at irradiation time of shielded sample (cpm) 

1.025 = correction number for the neutrons above the cadmium cutoff absorbed by tht' 
cadmium shield 

TABLE 2.8    PROJECT 2.3 STATIONS.   SHOT LAPLACE 

Station 
Number 

Radial Distance 
from 

Ground Zero 

Slant 
Range 

Description 

yd yd 

7-2.10-SO02.01 100 270 Au. Pu. Np. U. S 
7-2.1C 9002.02 200 324 s 
7-2.10-9002.03 30<i 390 Au, Pu. Nps U. i 
7-2.10-9002.04 400 470 s 
7-2.10-9002.04A 450 510 Au. Pu. Np. U. s 
7-2.10-9002.05 500 558 Au, Pu. Np, CJ. s 
7-2.10-9002.06 600 650 8 
7-2.10 •;')02.07 700 742 Au. Pu, Np.  P, s 
7-2.10-9002.08 800 837 s 
7-2.10-9002.09 900 934 Au. Pu. Ni ,  U. 8 
7-2.10-9002.10 1.000 1.030 8 
7-2.10-9002.11 1.100 1.128 Au. Pu. Np. U. S 

2.2.2  fission Detectors.   The fissirn detector system utilizing Pu"', Npm, and U2M was 
developed by G. S. Hurst. (Reference 13). These materials fission when they are bombarded 
with neutrons.   Npm 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.   Pu233 does not have a naturally occurring energy threshold 
above thermal energies; however, a shield of elemental B!ä will produce such a threshold.   The 
effective fission cross section of Pu"' shielded by B|S in calculated, using the following expres- 
sion: 

Where: 

-CToNn 
"tu ' af   e    B   B 

^ff ' e'^ectlve "islon cross section ol Pu"* 

a^ ■ the fission cross section of Pu13* 

ag ■ th? cross section of the B" (n, a) Ll' reaction 

NQ * the number of B1* atoms per cmz of surface area of tb. boron shield 

(2.3) 



Figure 2.7 shows the fission cross sections of the shielded fission materials.   As may be 
seen from this figure, the effective threshold of shielded Pu1" is 10 kev. 

The fissionable materials in the form of metal foils were sealed in thin (0 005-inch) copper 
dishes for ease of handling.   These dishes were then placed in a cavity in a fieid holder if igure 
2.8) designed as a hollow steel sphere and constructed so that the periphery could be filled with 
B10.   Thus, incoming neutrons regardless of direction, must penetrate the required thickness 
of BJ0.   The cavity was lined with 0.025 inch of cadmium, so that any thermal neutrons produced 
by moderation in the shield would be captured before entering the foil 

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 sample 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 flux was then determined by the following equation: 

F = KfNt 

Where:    F = the neutron flux in neutrons/cm2 

(2.4) 

Kf = the calibration number in (neutrons/cm2)/cpm from the standard decay curve at 
10 or 20 hours after irradiation for Pu"9, Np2"   and U238 

,237 238 Nt = the couating rate in cpm of Pu    , Np   , or lr   at 10 or 20 hours after irradiation 

,32 2.2.3  Sulfur Detectors.  The reaction of interest is S3  (n, p  P".   The resulting phosphorus- 
32 decays with the emission of 1.707 Mev beta particle with a 14.22 day half  li'e.   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 rapidly, beginning at an   nergy threshold of 1.1 Mev, and is 
formed by a number of relatively close resonance peaks. 

The sulfur detectors were in the form of pellets which were lf^ inches in diameter and %- 
inch thick.   The pellets were formed by pouring molten sulfur into an aluminum mold and sub- 
sequently machining the pellets to the desired size.   Much care was taken to produce pellets of 
s'milar we ghi and consistency. 

The pellets, protected from shock by foam rubber, were then placed in the field holders 
(Figure 2.11) consisting of two aluminum plates, 4 inches long by 2I/4 inches wide, which were 
bolted together.   The top was a Vs-inch plate, while the bottom was a %-inch plate containing a 
1%-inch diameter hole milled to a depth of Vj inch.   Two holes were drilled at one end of the 
assembled plates to permit the acceptance of a %-inch cable clamp. 

After irradiation, the resultant phosphorus-32 activity was measured by the use of techniques 
described in Section 2.2.5. 

As in the case of the gold detectors, a decay curve was established for each sample and the 
half life determined.   These half life determinations were then compared to the accepted half 
life values for PS2.   The activity values were extrapolated to the time of irradiation by the use 
of Equation 2.1 where X equaled the decay constant of P32.   The neutron flux was subsequently 
calculated by use of a calibration number. 

In the case of extremely low counting rates anJ broken pellets, another method was used. 
Since the pellet is much thicker than the maximum range of the 1.72 Mev beta particies, the 
counting rate may be increased by removing some of tht sulfur.   This was done by placing all 
or part of the pellet in an aluminum cup and heating until tbt pellet melted.   The sulfur was then 
ignited and burned off.   The P32, even in trace amounts, appears to form a complex with the alu- 
minum cup and is, therefore, retained. 

If the whole pellet was not burned, as was the case with broken pellets of high activity, a 
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Figure 2.9  Typical fission decay curve. 
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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: 

Flux ■ hs 
(CR^) (Wt) 

W. 
fb 

(2.5; 

Where.   Kbs 

CRfb 

m 
«hi 

calibration number for burned sulfur 

counting rate of fraction burned 

weight of whole pellet 

weight of fractjyp frgjtf 

: 

L 
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 equipment, 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 l'/j inch crystal of sodium 
iodide.   Fo/ beta activities, a Scintilon Brand plastic phosphor scintillator was used. 

The gold samples were placed on a V^-inch aluminum holder for measurement.   This holder 
was machined to fit on the sodium iodide crystal.   The electronic system was biased at approxi- 
mately 300 kev whiqh permitted good counting geometry relative to the measurement of the 411 
kev gamm~ emitted from the Au198.   The electronic system was subject to some degree of insta- 
bility, due co voltage drift, and therefore, was occasionally monitored with a small Co*0 standard 
source. 

The counting equipment used 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 a '/j-inch brass holder. 

In measuring the beta particles emitted by the P32, however, the plastic scintillator previously 
described replaced the sodium iodide crysta! in the counting system.   The sulfur oellets 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 necessitate 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 accomplished.   Two sodium iodide crystals and photo- 
multiplier units of the type used in the counting of the gold and fission samples were assembled 
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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 600 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. 

Seinldlotor (1 I— "' Nol XTAU 
Photomultipiitr Tub«    RCA 6655 

L«od Shield 

Pr»-Amplifi«r 
Atomic Inütrument 

Company 

Mod.I  231 B 

Linear  Ampllfi«r 

Pult« H«igM S«l«ctor 

Atomic  lnitrum«nt 

Mad«!   AID 

0«cod« Scalar 
Atomic tn«trum«nt 
Compo ny 
Model 10SO 

High  Voltag« Power  Supply 

Atomic  Instrument  Company 

Model   312 

Figure 2.13   Block diagram of counting 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 x'irst run was 1.5 * 1010 neutrons/cm2, while that for the second run 
was 3.15 x 1010 neutrons/cm2.   The counting rate at time of irradiation was 2.50 x 104 counts/min 
and 5.40 x 10* counts/min, respectively, for the two runs.   Calibration numbers were calculated 
to be 3.00 x 105 (neutron3/cmV(count/min) and 5.83 x 10s (neutrons/cm2)/(count/min), respec- 
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lively.   As has been mentioned in Section 2.2.6, additional calibrations which yielded similar 
results were accomplished in the spring and fall of 1958.    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/cmz)/{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 were 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 % inch in diameter and weighing 47 mg each.   The sample was kept as small as pos- 
sible, in order to minimize both the absorption of the thermal neutrons 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 lO1" neutrons/cm2 and 3.30 X 1010 neutrons/cm2.   The flux at 
point of insertion in the reaction was calculated 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 by use of the plotted decay of each sample.   Calibration numbers for all fission 
samples (plutonium, neptunium, and uranium) were calculated as follows: 

Kf 
Flux 

ission       (us)  counting rate      fast cross section of PuW, Np^?, or U"» 
weight thermal cross section of Pu239 

(2.6) 

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: 

IC, 235 = 2.10 x 108 (neu^rons/cm2)/(cpm/gram) 

K„ JJ. = 2.62 x 108 (neutrons/cm2)/(cpm/gram) 
Np 

K .238 = 6-66 x lo6 (neutrons/cm2)/(cpm/gram) 

At 20 hours, the calculated calibration numbers were: 

K    238 = 7-51 x I0' (neutrons/cm2)/(cpm/gram) 

KN 23r = 9-82 x lo8 (neutrons/cm2)/(cpm/gram) 

KU2" 
2.33 x 109 (neutrons/cmV(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: 

Kp 23« = 2-21 x iO8 * 10 percent (n8utrons/cmV(cpm/gram) 

.KN 237 ■ 2.89 x 10* ± 10 percent (neutrons/cmV(cpm/gram) 

Kj,23i = 7-35 x 10* ± 1° percent (neutrons/cm2)/»'',pn»/b'"am) 



At 20 hours the average calibration numbers are: 

K 2j9 = 7.75 x 108 t 10 percent (neutrons/cmV(cpm/gram) 

K 2jr = 1.01 x 10* ± 10 percent (neutrons/cmVCcpm/gram) 
KTr238 ■ 2.58 x 109 t 10 percent (neutrons/cmV(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; 

D2       T3 

1      + 1 2 
He4 

The ."»mber of neutrons producd in the target was measured by the monitoring of the number 
of alpha particles emitted. 

The sar.iples were exposed to total fluxes of 6.68 « 1010 neutrons/cmJ and 5.83 x 1010 aeutrons/ 
cm2 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 P52 

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 10T (neutrons/ 
cmV(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 range.   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 
betwesn 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? i 10 
percent (neutrons/cm*)/(count/min) has been used in calibrating the sulfur fluxes reported in 
the following chapter. 



Chapter 3 

RESULTS 
3.1   NEUTRON FLUX 

3.1.1 Shot Franklin.   Results of the neutron flux measurements from Shot Franklin 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 neptuüium 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 correctness of this previous finding has been assumed and 
is referred to as the parallel 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 explanations 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 the low yield. 

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

Results obtained in connection with the Project 41.3 measurements of neutron flux versus 
height above the ground are found in Table 3.3.   Since measuremen's 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.   ,      ^  

-cr* 
3.1.4 Shot Priscllla.   Results of the neutron flux measurements from Shot Priscilla are pre- 

eented in Table 3.4.   Figure 3.4 is ■ representation of these measurements 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 
U.Jts, 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. 
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3.1.6 Shot Owens. Results of the neutron flux measurements 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 
Rang» 

Measured Flux , , 
Number Au Pu Np U 

yd» n/cm1 n/cm1 n/cm1 n/cm' 

3-2.3-9001.01 158 7.89 x 10 " 1.21 x 10u 7.40 x 10 " 1.75x10" 
3-2.3-9001.D2 218 4.41 x 10 " 6.10x10» 4.17 x 10'•, 9.50 x 10" 
3-2.3-9001.03 327 9.65 x 10 u 1.84 x 10 ^ 9.68 x 10 " 2.80 x 10 n 

3-2.3-9001.04 437 2.70 x 10 u 7.17 x IO" 4.00 x 10 u 1.02 x 10 ^ 
3-2.3-9001.05 547 9.23 x 10 w 2.77 x 10" 2.25 x io,1 5.49 x 10 " 

3-2.3-9001.06 ' 656 4.20 x 10u 1.43 x 10 " — 2.79 x io " 
3-2.3-9001.07 766 1.99 x 10 " 7.61 x 10 " — — 
3-2.3-9001.08 876 9.83 x 10' 3.22 x 10'« — — 
3-2.3-9001.09 985 5.43 x 10' 1.72 x io18 — — 
3-2.3-9001.10 1,094 2.78 x 10* — — — 

analysis in ITR-HIO, ITR-1411 (Reference 22), and ITR-1413. 
the Project 2.10 studies of flux versus altitude are found in ITR -1 

Measurements obtained during 

3.1.7  Shot John.  No results were obtained from this shot dad 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 
Number 

9-2.3-9004.01 
9-2.3-9004.02 
9-2.3-90C'.03 
9-2.3-9004.04 
9-2.3-9004.05 

9-2.3-9004.06 
9-2.3-9004.07 
9-2.3-9004.08 
9-2.3-9004.09 
9-2,3-9004.10 

Slant 
Range 

Measured Flux 
Au Pu Np 

yds 

195 
260 
343 
433 
527 

623 
720 
817 
915 

1,014 

n/cm 

1.52 x 10 " 
8.07 x 10' 
4.24 x 10' 
1.83 x 10 ' 
1.10 x 10' 

4.67 x 10* 
2.74 x IO1 

LSI x 10* 
7.77 x 10 T 

4.42 x 10' 

n/cm1 

5.13 x 10 " 
3.95 x 10 " 
1.96 x 10 ^ 
9.70 x 10* 

n/cm 

1.89 x io14 

n/cm2 

9.58 x 10* 
7.28 x io' 

3.1.8  Shot Smoky.   Results from Shot Smoky are found in Table 3.7.   Figures 3.8, 3.7, and 
3.8 stow 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 taJcen from several samples which were 

Text continued on P«f • 43. 



TABLE 3.3    PROJECT «1.3,  SHOT WILSON 

Sui'on JUdUl Di «lance 
from Ground Zero 

/ Meaaured riox    — 
Nuino«T Ail Pu Up 1 

n ft a/cm' a/cm' a/em' a/'em* 

ä-«l-7001.01 0 0 6.5« xlO14 _ —   
9-41-7001.01P 200 0 — 1.92 x 16" — S.0«xl0u 

9-41-7001.02 100 sso • — — 
9-41-7001.03 317 0 ».41 xlO11 1.91 x 10'' 9.90 x 10" 1.67 x 10 " 
9-41-7001.04 .100 233 1.0« x lO14 — _ — 
9-41-7001.05 300 467 1.22 x 101' — — — 
9 41-7001.06 300 700 8.55X10" — — — 
9-41-7001.07 577 0 1.10xl01J 2.77 x 10" 1.71 x 10" 3.82 x lo" 

9-41-7001.08 600 300 5.33^10" 1.4« x 10" — 3.09 ■< 10 " 
9-41-7001.09 «00 600 5.97x10" 3.12x10" — 1.93x10" 
9-41-7001.10 600 900 6.44 x 10 u 4.19X 10" — 5.09 x 10" 
9-41-7001.11 600 1.200 8.50 x joa 2.77 x 10 •' 2.39 x 10" 3.«7x 10 u 

9-41-7001.12 909 0 6.47X10" 3.25 x 10" 1.82 x lo" 5.26 x JO" 
9-41-7001.13 900 300 5.48X10" 4.60 x 10" — 7.24 x 10" 
9-41-7001.14 900 600 «.67X10" 4.01 x 10,, — 7.37 x 10" 
9-41-7001.15 900 900 6.61 x 10" 7.02 x 10" — «.73 x 10" 

9-41-7001.16 900 1,200 6,67x10" 6.37 x 10" — 8.36x10" 
9-41-7001.17 900 1.500 2.49 x 10" lLM»ltfl 3.42 x 10" 7.49 x 10" 
9-41-7001.IS 1.207 0 2.00 x 10" 5.55 x 10" 3.16 x 10" 1.1« x 10" 
9-41-7001.1» 1.200 300 1.2« x 10" 9.3Sx 10" — 1.40 x 10" 
9-41-7001.20 1,200 600 1.19 x 10" 1.09« 10" — 1.77 x 10" 
9-41-7001.21 1,200 »00 1.33x10" 1.21 > 10 u — l.Tlxlo" 
9--11-7001.22 1.200 1.200 1.97X10" 1.22« 101, — 1.70x10" \ 
9-41-7001.23 1,200 1,500 8.86x10" 1.07 x 10u 6.78 x 10 ■ 1.68x10" 

'Sample* were not racoveied. 

TABLE 3.4    RESULTS OF NEIJTRON- THRESHOLD-DETECTOR MEASUREMENTS, 
SHOT PHISCILLA 

- Station SUnt 
Range 

Meaaured Flux 
Number Au Pu Np U 

yd. a/cm' n/em' n/ctn' a/en' 
1 

r-2-3-9009,03 380 — 5,94 xio'4 1 «Sx 10" 6.33 x jfl" ! 
F-2,3-9009,04 463 8.44 X 10" 1.47 x 10" 9.06 x 10" 3.3» x 10 " 
r-2.3-9009.05 552 3.83 x 10" 1.32x10" 4.56 x 10" 1.68 x JO" 
P-2.3-9009.06 644 5.29X10" 1.82X10" 1.2«x 10" 3,30 x 10u 

P-2.3-9009.07 738 2.83» IO" 1.05 x 10" «13 x 10U 1.77 x 10" 

r-2.3-9009.08 833 1.68 x 10" 6.02 x 10" 3.4» x 10" 1.05 x 10" 
F-2.3-9009.09 930 8.73x10" 2.89X10" l.«lx 10" 5.»3x 10" 
F-2.3-9009.10 1.027 5.08 x 10 " 1.75X10" 1.12x 10* 2.94 x io" 
r-2.3-9009.11 1,124 120 x 10" 9,97 x 10" 5.05 x 10" J.«6x JO" 

F-2.3-9009.12 1,222 1.71 x 19" 5,35x10" 2.««x 10" 1.1» x I0" 

TABLE 3.5    RESULTS OF NEUTRON- THRESHOLT- ÜETECTOR 
1 

MEASUREMENT», 
SHOT OWiNS 

Station Slant 
Range 

Meaaursd Flux   
Number Au Pu Np v 

a? 
a/cm' a/cm' B/CU1' a/cm'   1 

9-2.3-9004.12 3.77 x 10 " 2.23 x JO" ».»2x 10 " 2.54 x JO" i 
9-2.3-9004.13 260 1.9« x 10" 1.17« 10'• 7,64 xio" 1.45 x jo" 
9-2.3-9004.14 343 1.21 «10w 4.72x10" 2.4« x 10" 8.04 x jfl" 

9-2.3-9004.15 433 4.87X10" 2.43x10" »..',; x 10" 4.3« x JO" 
9-2.3-9004.16 .  527 2.71 xio" 9.62xio" ,  "ix 10" 1.2JX 10" 

9-2.3-9004.17 «23 1.33X10" 6.10 x 10" /.SOx 10" 1.04 x JO" 
9-2.3-9004.1« 720 6.49 x 10" 4.1» x 10" -Mx 10" &.7»x 10" 
9-2.3-9004.1» «17 3.81 xio" 1.47x10" . »7 x JO" 2.33x10" 
9-2 3-9004.20 »IS 1.50 x IO11 7.«5xlOa — 1.54 x 10° 
S-I.3-»004.21 1.014 9.3SxlO:' 5.16x10" — 7.»Sx l«11 
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TABLE 3.6    PROJECT ::.4    DEPTH MEASUREMENTS.   SHOT OWENS 

Distance from 
Depth 

Gold Plutonium Uranium    !' 
Ground i'ero Flux Flux Flux        f 

>£> cm n/cI!^, n/em1 a/cm1 

2)0 0 2.11 xio" — — 
15 3.3« x 10 " 2.64 x io u 4.43 x 10" 
30 1.13 x 10 ^ 4.05 x io " 2.39 x 10 " 
■»S 5.22 x 10 " 3.67 x io" 8.73 x 10 " 

60 1.93 xio" 1.22 x io" 4.84 x io " 
75 4.46X10" 3.67 x 10 " 1.62 x io" 
90 1.11 x io" 1.74 x 10 " 5.61 x io" 

300 0 9.52 xio" — — 
15 1.05 x 10 u 2.20 x 10 u 3.90X 10 " 
30 5.64 x io" 5.00 x 10 " 7.15x10" 
45 1.77 x io" 9.70 x 10 " 3.22 x io " 
60 4.47 x io ^ 3.78 x 10,J 1.39 x io " l 
75 8.92X10" 1.48 x 10 " 5.87 x io"   \ 
90 7.77 x 10 " 5.18 x 10 " 2.33X10"   | 

400 0 4.63 x 10" — 
15 6.86x10" 6.62x10" 9.62 x 10" 
30 2.79 x io" 1.22 x io" 3.45X10" 
45 9.95 x 10 " 3.94 x 10 " 1.36 x 10 " 
60 1.89 x io" 1.47 x io" 4.62 x io" 
75 7.22 x io " 3.78 x io " 1.48xio" 

9.73x10"    | 90 2.15 x io " 2.26 x io " 

TABLE 3.7    NEUTRON-THRESHOLD-DETECTOR MEASUREMENTS,  SHOT SMOKY 

Station Distance from 
Ground Zero 

Slant 
Range 

Measured Flux _J 
Number Au Pu Np U 

yds yd. n/cm1 n/cm1 n/cm1 n/cm1 

400 S 400 466 2.18 x io" 7.46 x 10" 4.99 x io" _ 
600 S 600 643 — 2.16 x 10" 1.22 x 10" 1.95x10" 
800 S 800 341 1.59 x io" 5.90 x 10" — 6.52 x 10" 

1.000 S 1.000 1.034 4.85 x 10" 2.31 x 10" — l.ilx 10" 
1,200 S 1.200 1.229 1.69 x 10" 7.14 x 10" — — 
1.400 S 1,400 1,426 — 6.0? x 10" — —            | 

450 N 450 498 4.75 x 10" 8.23 x 10" 6.74X 10" 9.26x10" 
600 N 600 629 1.54 x 10" 4.08 x 10" 3.35 x io" 4.85 x io" 
700 N 700 719 6.80 x 10" 2.23 x 10" 1.66 x 10" 2.95 x 10" 
825 N 82S 833 1.67 x 10" 1.31 x 10" 9,8? x 10" 1.47 x 10" 

900 N 900 903 2.15 x 10" 9.37 x 10"   8.53 x 10" 
930 N 930 933 1.64 x IO12 — — 6.SI x IO" 
400 E 400 458. 6.73x10" 9.90 x 10" 3.87 x 10" 1.72 x 10 " 
500 E 600 545 2.38 x io" 4.79 x 10" 4.16 x 10" 6.16 x io" 
565 E m 607 1.42 x 10" 4.06 x 10" 3.60 x 10" 4.91 x 10" 
60S £ 606 651 8.31x10" 2.96 x 10" 2.51 x 10" 3.62 x 10" 
660 E 6«« 691 6.25 x 10" 2.03 x 10" 1.48 x 10" 2.79 x 10" 
725 E 728 756 3.69x10" 1.31 x 10" 8.88 x 10" 1.72 x io" 

780 E 780 610 2.75x10" 9.64 x 10" 8.26 x io" 1.19 x IO" 

810 E 810 841 — 7.41 x 10 " 6.92 x IO" 9.84 x 10" 

J 
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Figure 3.5   Neutron-Threshold-Detector Results, Shot Owens. 
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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 may 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 slant range. 

Results of the study of variation of gotdj ^fluxe^with soil depth obtained by the Naval 
Radiological Defense Laboratories are giverTfrr lihie 3.9. 

3.2  NEUTRON DOSE 

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: 

D =     1.8 (Npu - Ny)   *  3.2 Qfy - Ns)   ♦  3.9 (Ng)    * IO- CS.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 contribution 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 n 10"3 gm-cm-5, 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 = 0.284 4 
T 

(3.2) 

p1R1 • P2R2 

92 
(*) * 

(3.3) 

(3.4) 

Where:   p " relative air density 

P = ambient atmospheric pressure, millibars 

T « ambient atmospheric temperature, degrees K 

R ■ slant range from device to detector, yards 

cp = neutron dose, rep 

Equation 3.2 was used, to calculate the relative air densities for the conditions under which each 
device was detonated.   Theoretical and correlational considerations necessitate that both Equa- 
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tON-THHES TAB' E 3.«    RESULTS OF NEUTRON-THlfESHOLIVDETECTOR MEASUREMENTS. 
SHOT LAPLACE ' 

Station Slant 
Number Range 

yda 

7-2.10-9002.01 270 
7-2.10-9002.02 324 
7-2.10-9002.03 35U 
7-2.10-9002.04 470 
7-2.10-9002.04A 510 
7-2.10-9002.04A 510 

7-2.10-9002.05 558 
7-2.10-9002.06 650 
7-2.10-9002.07 742 
7-2.10-9002.08 837 
7-2.10-9002.09 934 
7-2.10-9002.10 1,030 
7-2.10-9002.11 1,128 

X Measured Flux 
Au        — Pu Np 

n/om n/cm1 n/cm n/cm 
t 

1.70x10"     6.04x10"     2.83x10"     4.78 xlO" 

i« iU 6.31x10" 1.88x10" 1.02x10" 1.66x10" 

2.54 x 10 " 6.65 x io " 3.52 x 10 " 6.49x10" 
2.16x10"           _                    _ _ 

1.81 x 10 u 4.76x10" 2.55 x 10 " 4.48X1011 

4.27 xio" 1.27x10" 6.94x10" 1.10 xio" 

1.31x10"     3.75 xio1 4.27 x 101 

1.19X 10' 
/ 

TABLE 3.9    DEPTH MEASUREMENTS,  SHOT LAPLACE 
510 YARDS SLANT RANGE 

Location of Sample 
with Respect to 

Soil Surface Level 

4 Above 
2 Above 
% Below 
2 V4 Below 

3 '/i Below 
4 Below 
O   /i  "SiOW 

6 Below 

6 3/i Below 
8 '/i Below 
9 J/i Below 
11 Vi Below 

13 Below 
15 Belo* 
22 Below 
24 Below 

Measured Flux 
Au 

n/cm' 

3.56 x 10" 
3.82x10"    I 
4.40 x 1012 

4.46 x 10' 

4.18 x 10" 
4.10 x 10" 

3.63 x 10" 
3.08 x 10" 
2.42 x 10" 
2.02 x 10" 

1.30X10" 

2.45 x 10" 

TABLE 3.10    NEUTRON DOSE,  SHOT FRANKLIN 

Station P ■ 0.84 P  ■ 
Slant Range 

1.0 
Number Slant Range Dose Dose 

yds rep yds rep 

3-2.3-9001.01 158 2,49 x 10* 133 3.54 x 104 

3-2.3-9001.02 218 1.33 x 10* 183 1.89 x 104 

3-2.3-9001.03 327 3.55 x 10' 275 5.04 x 10 ' 
3-2.3-9001.04 437 1.41 x 10 ' 367 2.00X10* 
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tions 3,3 and 3.4 be satisfied in the calculation of th« 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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Chapter 4 

DISCUSSION 

4.1 NEUTRON FLUX AND SPECTRUM 

As has been previously 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 lines.   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 variation from the predicted parallel-line-consUnt-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 indication of the actual 
flux at the point of measurement, probably did not give a true picture of the free-field 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 wat. calculated from Equation 1.1, in 
those cases where Np237 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 Operation Plumbbob with current 
prediction techniques, the dose per unit yield at various slant ranges was calculated and is pre- 
setted 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, i.e., 
1 rep = 1.3 rem (Reference 24), and a relative air densk/ of 1.0 were used.   Figure 4.1 shows 
a plot of these values.   It 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 for other devices. 
It is apparent from the plot that the data from Shots Laplace, Franklin, Wilson, aid Priscilla fall 
within these factors of reliability, while that from Shot Owens is above the factor of reliability. 
Specifically, the average ratio between measured and predicted values over the distances for 
which measurements were made were: Priscilla = 0.8; Franklin = 2.4; Wilson = 2.9, Laplace = 
3.0; and Owens = 5.6. 

It should be noted however that there was a variation of thickness of high explosive surround- 
ing the core of the devices listed in Table 4.1.   Although the differences in the dose per unit yield 
for the devices tested may be in part due to the variance in the thickness of high explosive, no 
basis has been found to directly correlate these two parameters. 

4.3 EFFECT OF TERRAIN ON NEUTRON FLUX AND DOSE 

e effect of terrain on neutron flux based on the data obtained . A quaptitative evaluation of tjje effect of ter 
•om ^hot ifrno'kv is impossible due to tWtfesT TrotfT 
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I ^1 Although the north line, which was run to the top of a high hill, showed 
gher flux values tTian the south line which was run along level terrain, it would be extremely 

presumptuous to attribute these higher values to the particula- 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. 

400 «00 1000 roo aoo »oo 
Slant   Rang«  (yds) 

Figure 4.1  Dose per unit yield of various de/ices 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 calibration procedures.   The error in the measurement 
of neutron dose in rep can most easily be estimated by comparison with some other method. 
The fission-foil method of measuring neutron dose was developed as a field expedient for the 
Hurst proportional counter (Reference 13).   The ' >?ls and calibration numbers have been cross 
checked with other agencies using the fission-foil method 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 «ets 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 

Slant 
Range 

Dose per Unit Yield, rep/lrt ' 

Franklin f Wilson t PriscillaJ        Owensf        Laplace**      TM 23-200 tt 
yds 

500 
600 
700 

800 
900 

.1,000 

4.90x10'      8.07 xio'       2.46x10'       1.66 xio4       7.80*ioJ 

2.37 t 10' 
1.21x10' 

6.57 xio2 

3.63 x 102 

2.07 x lo2 

3.55 x 10 ' 
1.65X10' 

7.67 xio2 

3.63 xio2 

1.77 x 102 

1.02 x 10* 
4.59 xio2 

2.13 x 102 

1.03 x 102 

5.13x 101 

6.93X10'       3.48x10' 
3.14X10'       1.65x10' 

1.45x10' 
6.96 x 102 

3.46 x 102 

8.19 x 10* 
4.14 x 10' 
2.13 x lO1 

3.08 x 10' 
1.31 x 10' 
5.38 x 102 

2.61 x 102 

1.23 x 102 

6.50 x lO1 

*A11 values based or a relative air density of 1.0 

t+ hasvci rr. an ftiaE of 1.3. 

V," 

1 
TABLE 4.2    COMPARISON OF DUPUCATE STATIONS ON 

SHOT HOOD 

Sample 
Type 

Measured Average 
Variation 

from 
Average 

Percent 
Variation 

Flux: 

Au 

Pu 

Np 

n/cm2 

3.59 x 10" 
4.01 xio" 

1.64x10" 
1.68x10" 

1.04x10" 
1.24 x lo" 

2.93 x 10" 
2.81 xio" 

n/cm2 n/cm2 

3.80   xio"      0.21   xio" 5.53 

1.66   xio"      0.02   xio" 1.20 

1.10   xio"      0.10   x 10 9.09 

I 1 
Dose: rep 

3.11 xio4 

3.41 x 10 4 

rep rep 

3.26   x 10*       0.15   x lo4 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 
the 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 effective in measuring neutron dose.   The 
necessity 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 
disadvantage 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 without 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 and RECOMMENOATIOHS 

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 5.6, 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 .he t lermal 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 use in making measurements during nuclear weapons tests. 

5.2 RECOMMENDATIONS 

No recommendations are made. 
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