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1.0 INTRODUCTICN

The threat of nuclear warfare has prompted many people to investigate
the problem of protecting a civilian population from the wide-ranging ef-
fects of nuclear weapons. Most of these investigations have been encouraged,
financed, and coordinated by the-Office of Civil Defense (0CD). A unique
characteristic of nuclear-weapons effects is radioactive fallout which can
be a hazard to life many miles from any physical damage produced by the
weafon. If a population is to be protected, it must be shielded from fall-
out radiation. Rather than constructing shelters for this express purpose,
economic and other considerations havé led to the philosophy of seeking
sheltered areas in existing buildings. )

The study of buildings with respect to the penetration of fallout radi-
ation is referred to as structure shielding. A remarkably flexible methodol-
ogy has been developed which enables one to evaluate the protection afforded
by almost any type of structure. Data from involved radiation transport cal-
culations have been reduced to a set of simple functions which ére presented
as graphs. The proceduré specifies how these functions are used to give an
estimate of the relative value of a structure as a fallout shelter. This
methodology is referred to as the "Engineering Manual" and is fully described
in an OCD publication [1]. |

Experiments have, in general, verified the pfedictions of the Engineer-
ing Manual with one notable exception., The protection in the basement of some
structures seems to be overestimated. Whether or not the current theory is
valid fo; a location in the basement of a residential structure is a vital
question in civil defense planning. To obtain more informatiocn on this

question, a contract was let to Kansas State University by OCD. The contract



(OCD Contract DAHC20-67-C-0196) called for 1) the construction of a typical
one-story, 30x40 ft, ﬂouse with a full basement and 2) a thorough experiment-
al study inside the house with simulated fallout radiation. The design of
the house was such that the thickness of the exterior walls, the heights of
the floor and exposed foundation walls, and the position of the interior
partitions could be varied.

The relative protection afforded at a particular location inside a
structure is expressed quantitatively by a number called the feduction fac-
tor, which is defined in Section 2.0. There have been a number of proposed
modifications to the Engineering Manual which are desiéned to glve better
agreement between experiment and theoryxfor basement locations. The main
objective of this work is a comparison of the results of the various theoret-
ical models with the reduction factors measured in the test house. Compari-
son is made with the experimental results from two configurations of the
house. In one series of experiments the exterior walls had a mass thick-
ness of 5.5 pounds per square foot, while in the other the mass thickness
of the exterior walls was 45.5 pounds per squére foot. Both house config-
urations featured the floor at ground-level and no interior partitionms.

The reduction factor was measured at nineteen locations in the basement of
the house.

Since the Engineering Manual theory is a refinemenf of concepts familiar
to the nuclear engineer or physicist, an attempt, though incomplete, has been
made to explain some of the notation peculiar to this theory. Much of Sec-
tion 2.0 is devoted to explaining the underlying assumptions and basic ap-
proaches of theltheory.

Incidental to this work was the development of a computer code which



could perform Engineering Manual calculations for any location in the test
house for any proposed combination of the house parametetrs. A description

of this code is included as an appendix to this work,



2.0 ENGINEERING MANUAL THEQRY

2.1 Idealization of the Problem

The fundamental question in structure shielding is how much protection
will a given building provide from fallout radiation. To formulate a genefal
methodology for answering such a guestion, it is necessary to idealize the
problem with respect to the radiation sources and geometry.

Radiocactive fallout comsists of small particles of debris which have
been contaminated with, or-are composed entifely of,-fission products arising
from the detonation of a nuclear warhead. These particles are carried about
by air currents and eventuaily settle to the ground. Predicting the distri-
-bution of fallout is a compiex problem involving many variables (e.g., type
of burst, distance from ground-zero, and wind conditions). For the purpose
of structure analysis, it is assumed that the fallout is uniformly distributed
over all surfaces in proportion to the horizontal projection of the surface.

Fission products emip alpha, beta, and gamma radiation. However, the
raﬁgeé of alpha and beéa particles are so small that these radiations can be
neglécted in the structure shielding problem. The radiation to be considered
is the gamma spectrum from mixed fission products. Mixed fission products
are composed of isotopes of many elements, most Qf which are unstable and reach
stability through a series of nuclear transformations. This causes the gamma-
ray energy spectrum to change in shape as well as intensity as the various
isotopes decay. To reduce the complexity of the probiem, an energy spectrum
at a fixed time after fission is chosen to characterize fallout radiatiom.

The spectrum chosen, for reasons given in the references [1, 2], is the gamma-
ray spectrum of 1.12 hour-old fission products.

The immediate surroundings of the structure affect the radiation field



in which the structure exists. As a standard location it is aésumed that
the building is situated in an infinite, fla£ field. The &ngineering Manual
takes into account such things as isolated areas of contamination, ground
roughness, and mutual shielding of adjacent buildings; however, these

techniques are not dealt with in this work.
2.2 The Radiation Field from a Plane Isotropic Source

-Having specified the source type and the geometry of the idealized pro-
blem, one can proceed with the description of the resulting radiation field.
‘The conceét of detector response is used to describe quantitatively the
various components of the radiation. This, of course, implies integration
over the photon energies. Specifically; the quantity exposure, in units of
roentgens, 1s used since this is the quantity usually measured in experiments.

The Boltzmann transport equation describes the transport, diffusion,
and energy loss of gamma radiation. Solutions to this equation can be ob-
tained by the method of moments for infinite media cases and by Monte Carlo
methods for finite media. Using the former method, Spencer [2] has generated
sets of data which are numerical solutions to the transport equationm. From
his results the structure-shielding methodology of the Engineering Manual (EM)
has been formulated.

The response of a directional detector located a height d above the source
plane is expressed by means of a "dose angular distribution" 2(d,cos8). The
angle 6 is the polar angle, where the polar axis is the perpendicular line
from the detector to the source plane. Since there is azimuthal symmetry,
R(d,cose)_refers to the response from all azimuthal directions at a fixed
polar angle, The function E(d,ﬁosﬁ) is normalized such that the integral over
all § at a detector height of three feet in air (at 20°C and 760 mm of He)

is unity. The un-normalized wvalue of this integral is referred to as DD



the standard, or reference, dose rate, Thus DOXE(d,cose)sianG is the dose
rate, In roentgens per unit time, from gamma photons reaching the detector
between the polar directions 6 and €+d®. Figure 1 is a piot of this function
for various heights in air.

The radiation which contributes to the portion of the dose angular dis-
tribution from cos8=0 to cos6=1 is referred to an direct radiation, while
that from cosf=-1 to cos6=0 is referred to as skyshine., Direct radiation in-
cludes not only the unscattered photons but also any photon which reaches
'fhe detector after suffering its last scéttering interaction below the de-
tector plane. The skyshine component is composed entirely of scattered pho-
tons reaching the detector after suffering their last scattering interaction

above the detector plane.
2.3 Essentials of Engineering Manual Theory
2.3.1 Solid Angle Fractions

An important quantity in dealing with the directional response of a
detector inside a structure is the solid anglé fraction w. It is defined
as the solid angle subtended by a surface in units of 27 steradians. The
formulas for computing the solid angle fractions at a point D subtended by
two frequently encountered surfaces are shown in Fig. 2 along with the nec-
essary geometry. These formulas are cbtained by integrétion in spherical

polar coordinates [3(Vol, III)].
2.3.2 Effective Mass Thickness

A characteristic of the attenuation of gamma radiation proved fortunate

in the application of the transport caleulations. This characteristic is
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Figure 1. The dose angular distribution 8(d,cos8) from a plane
isotropic source of fallout radiation at different
heights d in air. '



w=1- cosH
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Figure 2, Solid angle fractions for a cifcular area and a
rectangular area.
that attenuation in different materials of low atomic mass is nearly the
same when distances are scaled by the corresponding electron densitiesg. For
a givén material, the electron density is proportional to pZ/A, whererb is
the density, Z is the atomic number, and A is the atomic weight, The values
of 2Z/A for materials important to structure shielding are 1.0 (air, concrete,
and brick), 1.06 (wood), 1.1 (water), and 0.931 (steel) [2]. A scaled quan-
tity called effective mass thickness enables one to apply the results of cal-
culations performed in one medium to other media. The effective mass thick-
ness X of a barrier of linear thicknmess Ax is given by
X = 2(z/A)phx )

where p is the density of the material in poundé per cubic foot, Ax is in feet,



H
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Figure 3. The contributions from ground sources to a detector
inside a simplified building.

and X is in pounds per square foot (psf).
2.3.3 The Reduction Factor

Figure 3 shows a simple "pill box" building which 1is situated in a fallout
field® A detector is located in the center of this building at a height H
above grade. The solid angle fractioﬂé e and w, indicate those directions
which iqtercept the roof and the floor, respectively. There are four signifi-
cant categories of paths which the radiation can take to reach the detector:

1) it can pass throuéh the walls coming from a direction below the plane of

the detector, 2) it can pass through walls from a direction above the detect-

or plane after having scattered in the air, 3) it can scatter in the walls

* Normally the roof of the building would be covered with fallout. However,
since the experiments were conducted with ground sources only, the contribution
from roof sources will not be discussed in this work.
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emerging in a direction towards the detector, or 4) it can pass through the
roof, The detector response D may be written as the sum of these four con-
tributionsy

- g . 2
D=D;+ Dy +Dy+ Dy . (2)

1
Each of these responses, or dose rates, depend linearly on the intensity of
the source. This dependency may be eliminated by dividing each term by the
standard dose rate D0 (see Section 2.2). The resulting terms are of the

form (D/DO) and are called reduction factors. In terms of reduction factors,

Eq. (2) becomes

= ) , 3
Re Rf+Rf+Rf+Rf4 (3)

This equation summarizes the basic appréach of the EM. The contribution to
tﬁe detector response is expressed as a sum of partial contributions, each

of which has peculiar characteristics. Generally, each partial contribution
is expressed as the product of geometry and barrier factors which are defined

below,
2,3.4 Geometry Reduction Factors

A geometrylreduction factor for a given contribution represents the ratio
of the detector response from the allowable directions for that contribution
to the response from all directions. For D in Fig. 3, the allowable direct-
ions are those in the lower hemisphere between the horizontal plane and the

solid angle fraction w The geometry reduction factor for direct radiation

I
is labelled Gd(“z’H) and is defined by

l—w2
j 2(H,cos8)d(cost)
Q .
GyluyH) = = : — (4)
' 2(H,cos8)d(cos8)

-1
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The dependence on H, the detector height, is necessary because the shape of
the dose angular distribution for direct radiation changes markedly with
height, which can be seen in Fig. 1. Since the shape of the skyshine distri-
bution.is relatively insensitive to variations in height, the geometry reduct—
ion factor for skyshine Gy(w) is defined for a height of three feet and

assumed to be independent of height;

0
f 2(3',cos8)d(cos8)
., -
Ga(w) ==
2(3",cos8)d(cosB)
-1

+ a(w) (5)

where af{w) is a small correction.factor for the reflection of radiation from
the ceiling. Since there are no theo%etical data for the angular distribution
of the scattered radiation emergent from a vertical wall, it is assumed that
the © dependence of this distribution is ideﬁtical to that of skyshine for
either direction about the horizontal. The geometry factor for wall-scattered
radiation is labelled Gs(w) and représents the response from those directions,
in either the upper or lower hemisphere, defined by the detector plane and

the solid angle fraction w.

The functions Gd(m,H) and Ga(w) represent the responserfrom non-wall-scat-
tered radiation. When the walls of 2 structure have nonzero mass thickness,
these functions must be weighted by the fraction of radiation which has not
been scattered in the walls. This weighting facto? is of the form [1_Sw<xe)];
where Sw(Xe) represents the ratio of the scattered to the total dose rate for
a barrier of mass thickness X,. The scattered fraction has been derived
from buildu§ factor calculations. Since G (w) represents the response to
wall-scattered radiation, it must be weighted by S (X.).

When the plan of the structure is rectangular rather than circular, the

functions Gy(wy,H) and G,(w,) should adequately describe the directional
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response when the solid angle fractions w, ana w are defined by the rectang-
ular areas of the floor and ceiling, respectively. However, if the angular
distribution of the wall-scattered radiation is not isotropic in the azimuthal
diréctions (angles in the horizontal plane with respect to the normal to the
wall), the shape of the wall plan will affect the detector response. Since
this azimuthal distributieon is known to be peaked about the normal, Eisenhauer
has derived a shape correction factor based on the assumption that the distri-
bution is proportional to the cosine of the azimuthal anglé [4]. The factor

is labelled E(e) and has the analytic form
1 .
E(e) = (L + e)/(1 + e?)? (6)

where e is the ratio of width to length of the rectangle. For a circular wall

plan, E = n/2. This correction factor must be applied to the geometry factor

Gs(w).
2.3.5 Barrier Reduction Factors

The magnitude of the incident spectrum and the absorption in the mass
of the exterior walls is taken into account by a barrier reduétion factor
labelled BE(XE,H). It is derived from the infinite medium calcuiations of
Spencer. The dependence on the detector height reflects 1) the decrease in
the magnitude of the incident spectrum due to absorptioq in the intervening
layer of air and 2) the increased effective thickness of the walls due to
changing incident angular distribution (see Fig. 1). It is normalized such
that its value is unity at X,=0 and H=3 ft.

The absorption in other types of barriers, such as floors, ceilings, and
intericf walls, is taken into account by attenuation factors which depend

only on the mass thickness of the barrier. An attenuation factor is defined
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as the ratio of the detector response with the given barrier in place to the

response when the barrier is removed.
2.3.6 The Functional Expression -

When the factors described above are appropriately combined, an express-
ion for the reduction factor is obtained in terms of the EM functions. For
the situation pictured in Fig. 3, the functional expression is

R¢ = {[64Cwy, 1) + G (w)I[1 - S (X)] +

[6g(w,) + Gscwu)]sw(:jie)E'(e) 1B, (X ,H) + Rf4 : (7)

The last term in Eq. (7) is the reduction factor for the skyshine contribution
through the decontaminated roof. Its discussion is deferred until Section

2.4,2,
2.4 The Ground Contribution to the Reduction Factor at a Basement Location.
2.4.1 Terminology

The primary interest of this work is attenuation.in the floor slab sep-
arating the baseﬁent from the first story of a simplified one-story structure,
This effect was originally taken in;o account in the first editions of the
EM [1,5] by a simple attenuation factor labeled Bé(Xé), where X| refers to
the mass thickness of the bésement ceiling (the floor of the first story).

It was renamed BC(XC) in the July 1967 edition of the EM and modified to
include a solid angle dependence, BC(XC,M), in the July 1969 edition. The
ofiginal factor and subsequent modifications of it have been referred to as

mu

"overhead barrier:factor, ceiling barrier factor," "floor barrier factor,"

and "ceiling attenuation factor." The last term is used herein when a verb-

al reference is required, while the symbolic references are B;(Xc) for the
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original factor and Bc(Kc,wu) for the modified factor.

2.4.2 The Functional Expression with the Original Ceiling Attenuation
Factor

Figure 4 shows the simplified structure and detector location with the
appropriate solid angle fractions and mass thicknesses. Since this work
is restricted to the ground contribution, the roof of the structure is con-
sidered free of any contamination. The expression for the reduction factor
is

Re = ([Galul) - Galu)TIL - 8,(%)] + [64(0) - Gluy)]

x S, (XJE(e) } Bo(Xy,3MBL(K,) + Ay(wl)B(X,) (8)

where XO =X + X

- rs» the total overhead mass thickness. The detector height

is taken to be 3 ft for below grade cases in the function B_ . The two diff-
erences of fhe geometry factors G, and Gy limit the response of the detector
to those directions between w and w.
The last term in Eq. (8) represents the contribution through the roof
and requires some explanation. For a decontaminated roof and a total over-
head mass thickness of less than 25 psf, the EM has a table of reduction
factors for this contribution at various values of the solid angle fractions
subtended by the roof. The values in this table are taken from the function
Aa(w)* which is recommended for use in determining the skyshine contribution
to a detector located in an open vertical shaft. Ihe function A (w) is equiv-
alent to the function Ga(lum) without the correction for ceiling reflection.
To account for the absorption in roof and basement ceiling, the author has
chosen to multiply this geometry factor by the attenuation factor B (Xy) for

the total overhead mass thickness.

% This is the notation of the May 1964 edition of the EM and is more specific
than the current notation Cs(m}.
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Figure 4. A basement detector location in a simplified structure.
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Figure 5. Detector-source-medium arrangement
for the function S'(X).
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The ceiling attenuation factor was takeq to be equal to one of the funct-
ions calculated by Spencer, namely, S'(X). The function S'(X) represents
the response from a détector imbedded a depth, corresponding to a mass thick-
ness X, below an infinite plane source which emits radiation isotropically
but only in the upper hemisphere. This configuration is pictured in Fig. 5.
The radiation arriving at the detector has been back-scattered in the medium
above the source plane. The function is normalized to unity at X = 0.

The dose angular distribution immediately below the source plane in Fig. 5
is approximately that of skyshine. As can be seen in Fig. l; the skyshine
distribution is peaked in the horizontal direction. Since penetration through
a vertical wall tends to collimate the radiation in tﬂe horizontal direction,
the angular distribution incident on thé basement ceiling is approximately
fhat of skyshine. In addition, the energy spectra are similar because in
both cases the radiation has been scattered. For these reasons the function
S'(X) was originally selected to represent the attenuation in the basement

ceiling.
2,4,3 The Modified Ceiling Attenuation Factor of Eisenhauer

In the latést edition of the EM (July 1969), the ceiling attenuation
factor Bé(XC) in Eq. (8) is replaced by a modified factor Bc(Xc,mu). The
additional variable implies that the attenuation in the basement ceiling not
only depends on the ceiling thickness X. but also on tﬁe solid angle fraction
subtended by the ceiling. The factor is presented in the EM as a family of
curves of attenuation versus mass thickness for various values of CRe These

curves have been calculated from an empirical formula due to Eisenhauer [6]:

5 -2.3w_-0.040X
e e .

e~2.3w)e—0.lOX+ 3.

B (X,0) = (1 - 3.5 (9)
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lEquation (9).is essentially a fit to data from an experiment conductedr
at the Nuclear Defense Labora;ory [6, 7]. The experimental structure was a
20x10 ft rectangular basement?-7 ft deep, which could either be covered by
a ceiling of variable thickness or left uncovered. An above-grade story was
simulated by ervecting walls of heights 2, 4, or.8 ft. With this type of
gtructure, the attenuation factor for the basement ceiling could be obtained
directly by taking the ratio of the results of two ekperiments: one experi-
ment with the barrier in place and the other with no barrier, Attenuatioﬁ
factors were measured for ﬁass thicknesses of 46, 69, and 92 psf and at solid
angle fractions in the range 0.3 - 0.9.

This factor is the only Eﬁ function which is based on experimental re-

sults rather than theoretical calculations.
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3.0 THREE PROPOSED MODIFICATIONS TO ENGINEERING MANUAL

THEORY FOR A BASEMENT DETECTOR LOCATION

In tﬁis section are described three modifi;ationg to the EM theory
which were designed to give better agreement with certain sets of data
for basement reduction factors. These methods were proposed prior to the
adoption of Eisenhauer's férmula by the OCD. The criteria which were used

to select Eisenhauer's method in preferencé to any of these is given in [6].

3.1 The Method of Kaﬁlanr

Kaplan's modification [8]-is similar to that of Eisenhauer's, since it
involves the substitution of a solid-angle—dependent attenuation factor
ﬁc(Xc,wu) for the original factor Bé(xc) in Eq. (8). His factor is the result
of an empirical fit to data taken in a small cylindrical steel structure [e].
The structure consisted of a cylindrical basement 2 ft in diameter and 4 ft
deep. Walls of the first story were simulated by steel cylinders 2 ft in
diameter and 2 ft high. The basement ceiling was simulated by various thick-
nesses of steel.

ﬁeasurements of the ceiling attenuation factor were obtained for mass
tﬁickness of 0 to 40 psf and solid angle fractions of 0.05 to 0.8. The
data were observed to approach the EM functions Bé(Xc) as w, approached
éero. The wvariation of the data with W was similar to that of Sa(d=XC,wu),
where S_ is one of the functions of Spencer [2]. Therfunctionrsa is unity
for w = 1 and zero for w = O; its significance here is numerical rather than
physical. Using these functions, Kaplan formulated an empirical equation

for the ceiling attenuation factor which fit his data:

Bo(Xghmy) = B (X3 [1 = 5 (X sm )] + BLXDS (X,u)) (10)
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3.2 _The Method of Batter and Starbird

The discrepancies between experimental and theoretical results for
basement reduction factors have been attributed to the perturbation of the |
angular distribution of the radiation as it scatters from the walls of the
Sfructure into the basement - often referred to as the "in-and-down" effect.
Investigations by Batter and Starbird [10] have led to an attenuation factor
based on calculations of the in-and-down effect. In their calculations they
" have divided the scattering wall into differential areas, computed the incid-
ent uncollided dose rate from a differential area in the contaminated plane,
and, using Compton-scattering probabilities, computed the dose rate at a
basement location., The attenuation in the basement ceiling was determined
from Monte Carlo transmission data for a monodirectional beam incident to
a slab. After the necessary integrations were performed, a set of attenua-

tion factors BC(XC,ZD was determined for wall sections of incremental heights

NS
NN

el

—

K./ Y
) O

Figure 6. Geometry for the ceiling attenuation factor
: Bc(Xc,m) of Batter and Starbird.
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(refer to Fig. 6). The values of the attenuation factor are presented as a
family of curves of attenuation versus mass thickness for various values of
W,

Tb use this factor precisely, one would have to divide the walls of a
structure into a number of horizental layers and detefmine a separate reduct-
ion factor for each. However, Batter and Starbird do not recommend this
procedure. They say that sufficient accuracy is obtained when just one value
_of ﬁc(Xc,ZD is used for the entire contribution from the first-story walls.
For the situation shown in Fig. 4, w is defined by the average value of W,
and w. Whenrthe factor B (X.) is replaced by ﬁC(XC,ED, Eq. (8) gives the

reduction factor for this method.
3.3 The Method of French

French [11] has attributed the discrepancies between the original EM
theory and experiments to scattering in the basement ceiling. He has devised
a metﬁod in which the contributions to the reduction factor are split into
two components: one for the radiation which has scattered in the basement
ceiling and the other for that which has not.

The structure of Section 2,4.2 is shown again in Fig.7 to define a new
solid angle fraction. The non-ceiling-scattered contribution is similar to
Eq. (8) with a weighting factor for the fraction of radiation not scattered
in the ceiling: | | |

RE = [{06a(ud) - Galw)IIL = S(X)] + [6g(al) = Gglag)18,(Xe)
* E(e)} Bo(X,,3"Bo(X,) + A (wDBl(x) ] [1 - sx 1 . (D)
The expression for the ceiling scattered component is written

RE = [{Ga(wl.i)[l w SW(Xe)] + GS(MH)SW(XE)E(E)} Be(Xes3')

x BI(XD) + A (uBLK)] S (X )6, (w) (12)
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T

\
7

Figure 7. A basement detector location in a simplified structure with
' solid angle fractions for French's method.

where the geometry factors, whose arguments are wg, indicate the amounﬁ of
radiation which is incident on the basement ceiling and, hence, has the
potential for scattering into the detector., The factor Gb(wu) is the direct-
ional response for the ceiling scattered radiation., It was derived under
the assumption that the scattered radiation emerges from the ceiling with
an angular distribution proportional to cose,rwhere 9 is the angle with res-
pect to the downward normal. It can be expressed as an analytic function
of w,t

Gl = 1= (L-uwp?. (13)

The total reduction factor is the sum of Eqs. (11) and (12).
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4.0 EXPERIMENTAL FACILITIES AND PROCEDURE
4.1 Safety Considerations

: The éxperimental results cited in this work werelobtained at the Kansas
State Univeréity Nuclear Engineering Shielding Facility (KSUNESF). The
KSUNESF is a 180 acre plot of land which is located five miles west of the
cémpus in a sparsely-inhabited area. During experimeﬁts which required the
gprsure of multi-curie 60C0 sources, perimeter guards were stationed around
the test area to prohibit access to high-radiation areas. All personnél were
equipped with radiation survey meters, film badges, and self-reading pocket
dosimeters. Remote handling techmiques permitted the experimenters to re-

main safe distances away from the sources.
4.2 The Test House

The test house is a 30x40 ft structure, with full basemeﬁt, whose con-
struction resembles that of a typical American home. Figure 8 is a complete
copy of the working drawings of the house and associated materials. The
most-gnusual feature of the house is the floor panel separating the basement
from the upper story. The floor is unattached to the exterior walls and.can
be raised to a méximum_height of three feet above grade by means of hydraulic
jacks. In addition to the permanent wood-frame shell of the house, there
are concrete blocks and panels which can be placed around the outside of the
house. The panels are used to simulate a house with masonry walls; when the
floor is raised; the blocks are used to simulate an exposed foundation.

There is also a set of wooden partitions which can be placed inside tﬁe hoﬁse
to_siﬁulate interior walls according to the scheme shown in the drawings.

‘Random samples of the various construction materials were weighed, and
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an average density for each was determined. The observed densities are listed

below with estimates of the range of variations.

Material _Deﬁsity (1b/£t3)
plywood © 33,4 £ 10%
2x10 (structural grade) 35.0 £ 10%
other lumber . | _ 30.7 + 10%
concrete 148 + 5%, - 10%

After determining a weight per unit area for eachrbarrier, the effective mass
thicknesses were computed by multiplying by the factor 2(Z/A) for the mater-
ial in questién. The resulting valﬁes are shown in Table I,

Since the primary interest of-this work is the attenuation in the floor

(basement ceiling), the data chosen for analysis were those taken with two

Table 1. Effective mass thicknesses for the test house.

Barrier Effective mass thickness (psf)
Exterior walls 5.5
Roof . " 8.8
floor 12.0
Door * 5.5
Intérior partitions 33
Concrete panels 7 i 40.0

Concrete blocks ' 40.0
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configurations of the test house which featured the floor at grade and no
interior partitions. This provided for the cleanest péssible measurements

of the reduction factor in the basement. One house cpnfiguration, referred to
as House 1, featured bare wood-frame walls; the other configuration, referred

to as House 12, had the concrete panels in place,

4.3 Simulation of the Fallout Field

The standard technique of simulating a fallout field consists of circu-
lating a point 60¢o source through tubing placed uniformly on the ground
adjaéent to the test structure. If a source of C curies travels at a constant
rate of speed through tubing, which uniformly covers an area of A square feet,
in a time T, then tﬁe response ofra detector.in roentgens times A/(CT) is equiv-
alent to the dose rate which would be observed if the given area were a plane
source of 1 Ci/sq ft. Since the test house was symmetric in gach gquadrant,
only one quarter of the contaminated plane had to be simulated. Measurements
for full symmetry were obtained by placing the dosimeters at symmetric points
in each quadrant of the house and adding the response from each.

The area adjacent to the test house was graded to the dimensions shown
in Fig. 9 with a negative l.S'percent slope (outwa?d from the house). Three
tubing areas weré marked off and approximately 5000 £t of polyethylene tubing
was laid out in concentric arcs in eacﬁ area with the spacing indicated in
Fig. 9. The outer radius was restricted by 1) the limit of the graded area,
2) the amount of tubing available, 3) the source strengths available,.and
4) the sensitivity of the dosimeters. Figure 10 is a photograph of the test
house and tubing field.

The source was driven through the tubing by water-pressure supplied by

an electric pump. The source assembly, pump, and lead storage container
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were components of the Technical Operatioms, Iné. (Tech/Ops) Duplex Hydraulic
Source Circulation System, Model 539. There weré two sources available with
this system which had been calibrated in previous work at the KSUNESF. The

source-strengths of each were 83.8+1.3 Ci and 7.38:0.10 Ci on August 10, 1965

[12].
4.4 Dosinetry

~Two types of dosimeters were used to measure the accumulated doses in

the basement gf the test house. One type was the air-equivalent ionization
chamber, and the other was a thermqluminescent detector (TLD). The dosime -
ters were calibrated before measurements were taken in ;he test house, and
subsequent calibration checks were made throughout the course of the experi-
ments. The procedure for the calibration is-detailed in Appendix C.

The idnization chambers were Victoreen Instrument Co, étray—Radiation
Chambers, Model 239, They have én over-all length of 4.5 in., a diameter
of 2 in., and bakealite walls 0.0625 in., thick., A charger-reader, made by
Tech/Ops specifically for these dosimeters, was used to charge and read the
dosimeters. The full-scale reading for these dosimeters occurs at an approx-
imate exposure of 10 milliroentgens; hence, they.are,referred to as 10-mR
chambers.

The thermoluminescent dosimeters were Edger;on, Germeshausen, and Grier,
Inc. (EG&G) Model TL-12 dosimeters. The dosimeter:consists of two components:
1) a detector (Model TL-32) of manganese—activated calcium floride (Can:Mn)
bonded to a helical heating element which was enclosed in an evacuated glass
envelope and 2) an energy compensating shield (Model TL-52) of aluminum, tin,
and lead. The TL-52 is a cylindrical capsule, about 2 in. long and 0.5 in.

in diameter. An EG&G Model-3B reader was used to obtain readings from these
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dosimeters after irradiation. During readout, the TL-Bé'was heated to ~350°C
by the reader and the amount of light given off By the TLD material, which
is proportional to the amounf of energ& absorbed, was measured by a photo
multiplier tube and recorded on a strip chart. The range of these dosimeters
is 0.5mR to 50,000R. |

Both types of dosimeters have a flat énergy response from 1.25 MeV to
100 kev, There were 51 10-mR chambers and 66 TL-12 dosimeters available for

the experiments.

4.5 Data Acquisition

A plan of the detector positions in the basement of the test house is
shown in Fig. 11. Data were taken at the twenty-one positions at heights of
three and six feet above the floor. 1In addition, dosimeters were placed at
one foot intervals at the center of the basement from heights of two to eight
feet, 1In all, 47 detectors were reqﬁired for a complete series of measurements.
Detector racks were made of four pieces of nylon cord to which were glued
squares of lucite at the appropriate heights. A hole was drilled in the lucite
which would accomodate either type of dosimeter. The racks were hung from
the basement ceiling at the positions shown in Fig. 11,

One experiment, or run, consisted of zeroing the dosimeters, placing
them in position, driving the source through one of fhe three tubing areas,
and reading and recording the accumulated doses.- Ihe time required for the
source to traverse 5,000 ft of tubing was about one hour, while the time re-
quired for reading and replacing the dosimeters was 70 to 90 min. A minimum
of tﬁree runs was performed in each tubing area.

The large pumped source (b60Ci) was used in all three areas for ﬁouse I
Generally, TL-12 dosimeters were used at all detector positions when the

source was driven through Area 1. For Areas 2 and 3, the 10-mR chambers
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were used. The resulting average exposures in House 1 were v9 mR (Area 1),
n2.5 mR (Area 2), and. ~1.0 mR (Area 3). In an effort ‘to minimize the turn-
around time between runs, the small pumped source (v6 Ci) was used in Area 1
fof House.l2. This allowed for the use of the JO—mR'chambers which could.
be read more rapidly. The observed average exposures in House 12 were

vl mR (Area 1), ~1.5 mR (Area 2), and +1 mR (Area 3).

Details of the data reduction are given in Appendix D.
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5.0 PRESENTATION OF THE .DATA
5.1 Calculated Results 6000 Radiation

Since the fallout field was simulated with 6OCo radiation, it was desir-

able to have theoretical results which are based on 60

Co radiation rather
than the fallout spectrum. It is reasonable to assume that any conclusions
drawn from the comparison of theoretical and experimental results based on

the 60¢, spectrum will be applicable to results from the 1.12 hour fission
spectrum, since the average photon energies of both spectra are nearly the
same. Spencer has published a set of data for 60¢o radiation [2] which is
apalogous to the fission data from which the EM functions were derived.

The construction of EM functions for thel60C0 data is discussed in Appendix B.
60,

Eisenhauer's ceiling attenuation factor has the following form for

radiation:

Bo(X,0) = (1 - 3.0e72-370-12% 4 3 go=2.3ug=0.042X (14)

Batter and Starbird have presented a separate set of curves for their factor

6OCo radiation. Hence, the required functions for 6000 radiation

ﬁC(X,ED for
were available for each method.

.The functional expressionslfor the test house aré somewhat more compli-
cated than those in Section 2.4.2 due to the windows-and doors of the house.
The exact expressions used for the EM reduction factors are given in Appen-
dix A. Although they are not explicitly written out, the expressions for
modified methods may be inferred from Section 3.0.

The calculated reduction factors at the same location in Houses 1 and

12 nearly indistinguishable. This fact is due to the following relationship:
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{86,[1 - 5(5.5)] + 4GS (5.5)E(e)} B (5.5,3")
= {AG,[1 - SW(QS.S)] 4+ AGSSW(%.S)E(é)} B (45.5,3")  (15)

where AGa=Ga(m&)—Ga(wu) and AGS=GS(w&)-GS(mu). Figure 12 shows the variation
in the reduction factor at two basement detector locations as a function of
the mass thickness of the exterior walls of the test house. The physical
interpretatioﬁ of this effect is that, as the thickness of the walls is in-
creased, the amount of skyshine which is attenuated in the wall mass is more
than compensated by radiation which is scattered towards the detector by
~the wall. - At a certain mass thickness (%20 psf in this case) the absorption
in the wall becomes dominant, and reduction factor in the basement begins to
decrease. The two mass thicknesses of the exterior walls of the test house
are such that the reduction factors are nearly equal.

The reduction factors along the basement centerline for both houses
and each method are listed in Table II. The maximum discrepancy between the
results for both houses at any given location is about 8 percent, Similar
observations were made on the calculations for off-center locations. Because
of these similarities, only the calculated results for House 1 were used in

the succeeding comparisons with the experimental values.
5.2 The Experimental Results

When the results from the symmetric points in each.quadrant of the dos-
imeter layout of Fig. 1l were combined, a seven-point grid was obtained.
The detector positions on this grid were numbered as shown in Fig. 13.

The contribution to the reduction factor from that portion of the in-
finite plane source which was not simulated in the experiments was estimated
by the method of Kaplan [13]. This contribution is referred to as the far

field, and the estimation of it is discussed in Appendix E.
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Table II. Calculated reduction factors along the basement
centerline in House 1 and House 12.
Reduction factorix 103
Height  House No. 0ld EM New EM - Kaplan Batter- French
(ft) Starbird

0 1 8.0 12.5 13.1 14,5 13.5
12 8.5 13.4 14,0 15.4 13.5

1 1 9.0 13.6 14.5 15.7 14.6
12 9.5 14.4 15.3 16.7 14.6

2 1 10.3 15.0 15.2 17.3 15.9
12 10.8 15.7 17.0 18.1 15.9

3 1 11.7 16.3 17.8 18.8 17.2
12 12..1 17.0 18.5 19.6 17.1

4 1 13.7 18.5 20.2 21.2 19.0
12 14.1 19.1 20.8 21.8 18.9

5 1 15.9 20.6 22.5 23.2 20.9
12 16.2 21.0 22,9 23.7 20,7

6 1 18.5 23.1 24,6 24,7 23.1
12 18.7 23.3 24,8 24.9 22.8

7 1 22.2 26.7 27.8 26,6 26,1
‘ 12 22.0 26.5 27.5 26.4 25.5
8 1 27.1 31.4 31.1 28.7 29.9
12 26.3 30.5 30.1 27.9 28.8




54

©
1
l g
e e
S O s
[
.1».
North

Figure 13, Key to grid point numbers.

The measured reduction factors for each tubing area, the far field
estimates, and the total experimental reduction factors are presented in
Tables III and IV, The reduction factors are based on a reference dose rate
of 480 R/hr for 1 Ci/ft2 [14]. The uncertainties indicated are estimates of
the standard deviation, and Fhe methods used to obtain these estimates are

detailed in Appendices C, D, and E.
5.3 Comparison of the Calculated and Measured Reduction Factors

A comparison of the theoretical and experimental results for the reduc-
tion factors along the basement centerline is shown in Fig. 1l4. The large

error bars on the experimental points are due mainly to the uncertainties in
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Table I1I. Measured reduction factoré for House 1.

Reduction factor x 103

Area 1 Area 2 7 Area 3 Far Field Total

Grid height = 3 ft

_ Grid pt.
1 3.60+0.12 1.37+£0.08 0.96+0.08 7.66%1,03 13.58+1,13
2 3.82+0.14 1.51+0.06 1.14+0.08 = 9.55%0.99 16.02+1.13
3 5.43%0,15 2,10£0,10 1.52+0.11 12.39+1,34 21.53+1,53
4 5.05+0.13 1.95+0.09 1.42+0.08 11.48:1.11 19.90%1.30
5 3.60+0.15 1.29+0.07 1.02+0.09 7.48+1,13 13.38+1.22
6 5.68+0.27 2.23+0.26 1.60+0.20 13.12+2.76 22.64%2,89
7 5.23+0,14 1.95+0.16 1.50+¢0.12  11,82+1.61 20.50+1.76
Grid height = 6 ft
Grid pt. :
1 4,49+0.12 1.7120,13 1.2420.10 9,28+1.33 17.26+1,46
2 6.08+0.17 2.06+0.13 1.51:0.09  10.42+1.28 20.07+1,46
3 6.36+0.37 2.60+0,18 1.8440.12  15,38+2.04 26,18+2.25
4 6.63+0.12 2.47+0,22 1.66+0.21  12.79+2.54 = 23.54%2.67
5 4,43+0.17 1.63+0.12 1.16+0.07 8.68+1.16 15.89+1,29
6 6.09+0,20 2 52031 1.64+0.18 13.39£2.56 23.63+2.71
7 6.10+0.20 2,.62+0.18 1.90+0.11 16.79+1.64 27.41+1.89
Centerline data
Height (ft)

2 5.32+0,17 2.12+0,55 1.51+0.25 12.25+3.75 21.21+3.86

.3 5.66+0.23 2.23+0.26 1.60+0.20 13.18:2.72 22.67+2.84
4 5.93+0.17 2.32+0.32 1.45+0.39  12.39+4,20 22.07%24.,29
5 6.04+0,20 2.42+0,35 1.78+0.18 14,79+2.60 25.03+2.76
6 6.01+0.18 2.37+0,22 1.64+0.18  13.41+2.34 23.43+2.48
7 5.38+0.25 2.54+0.58 1.69+0.43  16.28+5.73 25.89+5,84
8 5.93+0.21 1.90+0.40 1,2

.29+0,27- 12.54%3.74 19.66%3,82




Table IV. Measured reduction factors for House 12,
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Reduction factor x 103

Area 1 Area 2 Area 3 Far Field Total
Grid height = 3 ft
Grid pt. _ ,
1 3.8840,39 1.18+0.06 0.81%0.10 4,40£1,72 10.27£1,79
2 44,6640, 40 1.29+0.07 0.86+0,09 3.52+1,72 10.33+1.80
3 6.84£0,75 1.83+0.08 1.14+0.16 3.58+3,13 13.39+3.25
4 6.50+0.41 1.77+£0.07 1.11+0,10 3.85+1.80 13.24+1,90
5 3,74x0.40 1.0320.06 0.69+0.15 2,56%1.97 8.03+£2.03
6 6.95+0,90 2.,10+0.14 1.35+0.26 6.82+4,17 17.21+4.31
7 6.61+0,.65 1,89+0.10 1.37+0.,15 6.72+2.78 16.58+2.,91
Grid height = 6 ft
Grid pt.
1 4.71£0,39 1.37+0.08 0.94+0.13 4,38£1.04 11.39+2,02
2 6.55:0.67  1.76%0.12 1.15%0.12 4,3312.63 13.79£2.76
3 7.38+0.65 2.30+0.12 1.55+#0,15  8.74x2,81 19.97+2,96
4 7.84+0.69 2.20+0.10 1.48+0.14 6.41+2 .83 17.93+2.97
5 - 4,35+0.,47 1.28+0.06 0.7910,13 3.62+2.14 10.04+2,22
© 7.39:0.84 2.34x0.16 1.54+0.21 8.80+3.75 20.06+3.90
7 7.76+0.65 2,36+0.10 1.59+0.16 8.45+2.89 20.15+£3.04
Centerline data
Height (ft)

2 7.09t1,17 2.04x0.14 1.30%0.16 5.73t4.06 16.16%4.,26
3 6.95+0,90 2,10+0.14 1.35+0.26 6.82+4,17 17.21+4.31
4 7.81+1,17 2.17£0.15 1.39+0.22 5.47+4,63 16.84+4,81
5 7.67+0,83 2.24+0.19 1.5310.28 7.30+4.21 18.74x4.34
6 7.39:0,84 2,.3440.16 1.5440,21 8.80+3.75 20.07+3.91
7 6.59+0.91 2.1520.30 - 1.40£0.20 8.22+3.90 18.37+4.06
8 4,72+0.86 1.6420.13 1.16+0,16 8.10+3,41 15.62+3,56
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the far field estimates. Since the far field contribufion was aboﬁt half
of the total, the magnitude of thése uncertainties is not unreasonable.

The data from the grid points are compared to the theoretical values in
a series of horizontal traverses. Three traverses are presented for each
grid height. One traverse is along the diagonal from the center to the cor-
ner of the basement, Figs. 15 and 16; another is along the northerly direction
from grid point 7 to the wall, Figs. 17 and 18; and the third is along the
-easterly direction from grid point 3 to the wall, Figs. 19 and 20, Each
traverse passes through three detector locations.

The error bars on the off-center points are smaller because these values
are the sum of results from four detector locations and, consequently, are
based on four times as much data as are the centerline points. Although the
error bars for the results from Houses 1 and 12 overlap in Fig. 14, they, in

general, do not at the off-center points.
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. 6,0 CONCLUSIONS

Considering the many simplifﬁing assumptions inherent in the EM, the
over-all aéreement between the calculafed and measured reduction factors is
satisfactory. The use of the EM for surveys of residential buildings of the
type which was studied in this work should give results within an accuracy
of 50 percent.

Because of the low mass thickness of the basement ceiling, no significant
~differences were observedrbetween the results of any of the modified methods
for calculating the reduction factor. However, the predictions of the orig-
inal EM were 15 to 40 percent below those of the modified methods

The shape of the calculated curves for the various horizontal traverses
was generally verified by the experimental points for both house configura-
tions. Since the variations in the calculated values, as the detector is
moved horizontally across the basement, are due to different contributions
from the geometry factors, the preceding observation would seem to verify
the geometry functions Ga(w), Gs(m), and E(e)f Althdugh the calculations
predicted almost identical results for the two thicknesses of the exterior
walls, the experimental results indicated that the reduction factors for
thé thick-wall case were about 30 percent lower than those of the thin-wall
case, This discrepancy is probably due to some error ip one or both of the
EM functions Be(Xe,B') and Sw(Xe) for low mass thickness.

The most significant deviation of experiment from theory is that observed
in the'verticai traverse at the center of the basement. The measured reduc-
tion factors do not increase aé rapidly as do the calculated values as the
basement ceiling is approached. At a height of about six feet (w,=0.8) both

‘sets of measured values go through maxima while the calculated wvalues continue
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to rise sharply. The inability to predict this effect is an acknowleged
wéakness in the curreﬁt EM ceiling attenuation factor [6]. Although It
is not important in small structures, in the basement of large buildings,
where the ceiling subtends a large solid angle fraction (wu>0.9), the re-

sult could lead to the over-estimation of the exposure by a factor of 2

O more.
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7.0 SUGGESTIONS. FOR FURTHER WORK

Since the largest contribution to the experimental uncertainties was
thaé from.the estimation of the far field, an effort éhould be made in any
further studies in the test house to reduce this contribution. The author
believes that the method of Kaplan is basically sound, although it is quite
sénsitive to small fiuctuaﬁions in the data. Improved accuracy could be ob-
tained by dividing the three existing tubing areas into, say, five areas.
Kaplan's method could then be applied to the data from the outer four éreas.

Most of the measured exposures from the second and third tubing areas
were below 2 mR which resulted in a 10 percent, or greater, uncertainty im
the measureﬁents. if a new source could be abtained of 100 to 150 Ci, more
reliable dosimeter readings could be obtained.

It was assumed that the dosimeters behaved as isotropic detectors. Tﬁe
response of the 10-mR chambers is known to vary with the direétion of the
ineident radiation; however the angular response of the TL-12 dosimeters is
not known. Data should be taken to determine the exact nature of the angular
dependence for each dosimeter, and investigations should be carried out, if.

necessary, to determine how the data might be corrected for this effect.
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10.0 APPENDICES
10.1 Appendix A: Engineering Manual Calculations for the KSUNESF Test House

10.1.1 Introduction

This appendix outlines Engineering Manual (FM) calculations for the KSUNESF
test house according to TR-20, Vel, 1_[1]. An attempt has been made to stay with-
in the bounds of the EM theory in cases where the procedure was not explicitly
described in the EM, A FOﬁTRAN IV program called ENGMAN was written to carry
out calculations for almost any combination of detector location and floor
height., No explanation of the EM functions is given here; it is assumed that
the reader has a knowledge of EM theory. The purpose of this appendix is to

document the exact functional expressions used,
10.1.2 Nomenclature

The reduction factor for the ground contribution, Cg’ has been separated
into three contributions: 1) the contribution from nmon-structure-scattered
radiation reaching the detector from directions below the detector plane;

2) the contribution from non-structure—scatteréd radiation reaching the detec-
tor from directions above the detector plane (air-scattered radiation, or sky-
shine); and 3) the structure scattered contribution. These contributions are
identified with the following superscripts: D, A, S, respectively. The con-
tributions are further broken down according to the various external surfaces

of the house through which the radiétion passes. These surfaces are as follows:
1) the exposed basement walls, 2) the solid walls 6f the first story, 3) the
windows, 4) the roof, 5) the doors of the first story. They are identified by

the following second-superscripts: 1, 2, 3, 4, d, respectively., Thus, C A
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would be the skyshine contribution through the Winaows, while 0351 would be
the wall-scattered contribﬁtion from the exposed basemeﬁt walls,

The mass thickness of the various barriers in the house are given the
following labels: exposed basement walls, XW; first story wallg, Xe; doors’, Xd;

floor slab, X_; roof, Xr; and interior partitions, X,. The mass thickness of

i

regardless of whether the detector is

2

the floor slab will always be labeled Xf,

above or below it.
10.1.3 First-Story Detector Locations

The most general case is for a detector located above the window sill height
and below the top of the windows. Refer to Figures A-1 and A-2 for dimensions
and solid angles. Note that Pa’ the "perimeter ratio", is actually an azimuthal
sector as defined in Figure A-1., Note also that the doors are considered in a
separate azimuthal sector. Refer to Figure A-3 for the fictitious building used
to determine the contribution through the doors. The functional expressions and
diagrams below are for a detector located on the centerline of the house. Appli-

cations to off-center locations will be discussed later.

¢,”' = 16400, 1) = 6,4Gn, ,WI[1-5, (X )IB, (X_,H)B, (x,) (a-1)
cgSl = [6 () - G_(w,)] S (X ) E(e) B,(X ,H) B,(X,) (A-2)
ch2 = {16 4w, ,H) “Gglw, B ][1-A, ] + Gd(wal,a,H){lr—Pa—zﬁxz 1}

D * %p
x [1-8_ (X )18 (X ,H) (4-3)

'f'{cd(wg,n)[l-Az ] -2, Gd(waR,H)}I1~SW(Xé)]Be(Xe,H)

D
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Figure A-1. Plan of the test house showing azimuthal
sectors for doors and windows.
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3
hf Variable

P Top of door is same
/)
é/ﬂﬂ height os top of windows

Figure A-2, Elevation of the test house with solid angle fractions for a
first-story detector location.
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Figure A-3. Fictitious building for the contribution through the doors
* to a first—-story detector locatien. :
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Wyt

Figure A-4, Solid angle fractions for a first-story detector below
window sill height.
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2 . | ' _
¢, = e (u) -6 (0,)] + [6, () = G g g)I[A-4, ]
+I6_(u, ) + Gs(maz)][l-Pa-AzD]'} 5, (XJE(e) B (X ,H) (A-4)
= {6 (u) - G, (w, ) [P+ AZD] -, 6 (maﬂ) + G, (mg)[l—AzD]}
x §_(X) E(e) B_(X_,H)

A2 . . —
cg = {Ga(mu) - Ga(wau)[Pa-l- AZD]}[l-SW(Xe)]Be(Xe,H) (A-5)
D3 -
cg = By (maE,H) P_ B (0,H) ) (A-6)
A3 _
cg = Ga(mau) P, Be(O,H) | | (A-7)

¢ A () B E)*

g a u o r (A-8)

¢ Pd .6 (w H) [1-5 (X)]B (X.,H) A (A-9)

g ' S wd T Tear Zn

chd - tGS(wE) +6_ (0 )] 5 (X)DE(e) B (X ,H) AZD (A-10)

c® 6w Y1-5 (X.)] B (X..B) A | (A-11)
a au w  d e d’ z

& D

* This is the notation of the May 1964 edition of the Engineering Manual and
is most common in the literature. In the July 1968 edition the ceiling attenuation

factor is labeled BC(X).
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It was determined that the wall-scattered contribution from the gable wélis
was at most one percent of £he total contribution. Hencé, the flat roof con-
figuration of Figure A-2 is justified.

Note that Eq. (A-8) is the expression for a decontaminated roof centribution
for below grade detector locations. It is used here as the best approximation for
the skyshine contribution through the roof since the detector heights are small.

For the cases when the detector is below the sill height, the contribution

through the first story walls and windows are slightly different. Refer to Figure

A-4,
¢ oG (w ,3") [1-5 (X )]B (X ,3") ' 12
g . d(wi’ Pu e ] e(xe’ Fl_AzD] 7 (A-12)
¢ %% = (¢ _(u )G ( |
e - LG w )-G, mau) + [Gs(wg) + Gs(mag)][1~AzD]
+ [Gs(mau) - Gs(wal)][l_Pa_AZD]}SW(XE)E(E)BE(XE’B') (A-13)
= {6 () -G, (w, )P+ AZD] # 6l JP, 40 (wz)[l-—AzD]
X SW(Xe)E(E)Be(Xe,3')
¢ -6 () -c( |
g aty T by wau) + Ga(waﬂ)[l_AzD] % [Ga(mau) - Ga(waz)]
x [1~Pa—AZD]} [1-SW(XE)J BE(XE,3') , (A-14)
='{(-;a(mu) - Ga(mau)[Pa + AZD] * PaGa(waZ)}[l~sw(Xe)]Be(Xe’3|)
D3 .
| C = ( (A-15)
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A3 ' : : o
Cg = {Ga(wap) - Ga(maﬂ)]PaBe(0’3 ) | ' (A-16)

10,1.4 Case with Interior Partitions

The configuration for the interior partitions is showm in Fig. A-5. The
azimuthal sectors containing zero, one, and two partitions are also defined in
Fig. A-5. A separate azimuthal aperture fraction Pa’ is defined for each sector.
This factor is defined as the ratio of the azimuthal angle subtended by the win-

dows in the sector to the total azimuthal angle of the sector in question.

Sector A:
10,93
A = = 0,121 P =0
zA 90 aA
Sector B:
A - 8.18 + 9,63 + 8,53 + 8,17 - 0.383
Z 90
B
- _ 8.18 + 8,17 _
PaB =~ 35,53 - 0.474
Sector C:
A - 7.53 + 22.75 + 6.77 = 0.412
Z 90
C
_ 1.53% 6. TF
Pac = 37,05 - 0-386

Since each azimuthal fraction will appear with the barrier factor for the
mass thickness of partitions in that sector; the following weighted azimuthal

fractions are defined:
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Angles (deg.)

8,= 8.53

g,= 817

8 = 7.53
84 - 22-?5

Figure A-5. Plan of one quarter of the test house with interior partitions.
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The functional expressions are‘written here with the geéometry factors as sums
over the sectors with the appropriate weighting factors. Note that the conﬁri—
Vbution from the small wall sections above and below the doors are added in Eés.
(A-17), (A—lSj, (A-20), and (A-21)., The expressions given are for a detector

above the window sill and below the top of the window.

Dl * ] g t
Cy = [ {6 (u),H) = G,luy,H)] Azi} + [64 (0} H) ~ G, (u,,H)]
X AZD][l—SW(XW)]Be(XW,H) Bf(.xf) (A-17)
s1 s :
G = LIMIe ) - 6 ] A3+ (6, - ¢ ()] 4,
x 8_(X )E(e) Be(XW,H) Bf(Xf) . | (A-18)
2 o
ch = 1] 116 (w, ,H) - ®, Gy, 1)) Kzi}][1~sw(xe)]ae(xe,n) (A-19)
csz=[§{[c;(m)—PG( ) =P G (w ) +G (w)]E }
g s u a; s Cau ai s ““ag 5 wﬁ ] zi
+ 6, () - G (w, )] AZD] 5, (%) E(e) B_(X_,1) (A-20)
¢ = ({6 (w) - P, 6 (D1 K Y+ 6. () -C (w )]A ]
g a u ai a au Zi a u a au ZD
X [l-Sw(Xe)] Be(Xe,H) ' (A-21)

T & ngmation symbol implies summation over i for i equal A, B, and C,
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D3

e
1

B_(0,H) {6, (u_, ,H) Paikzi} o (a-22)

A3 ; N _
A B, (0,H) J{G_(u_)) PaiAzi} (A-23)

(9]
I

The contributionms through the doors are the same as in the mon-partitiocned cases,
For certain combinations of floor height and low detector positions Eqs. (A-17)
and (A-18) may be in error because some radiation from the exposed basement wall
may reach the detector without interceptihg an interior partition. No attempt
is made to correct for this.

The skyshine contribution through the roof is formulated by differencing the
contributions from rectangular areas on the ceiling. Refer to Fig. A-6. The

dimensions and solid angle fraction for each rectangular area are tabulated below:

Dimensions - Solid angle fraction
127" x 22! Wy
4' x 30" wz
g' x 12! ' wy
22' x 30° Wy
12" x 40° We
30" x 40° : w
u
CA S {IA () +A () - A ()] + [A () + A (w) - A (w,)
g a1l a2 a 3 a' 4 a5 R |

- Aa(mz) + Aa(w3)] Bi(Xi) + [Aa(mu) - Aa(ml;) - Aa(ms)

+ A, B (2X)  BI(X) _ | (A-24)
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@ Roof contribution passing through no interior partitions.
Roof contribution passing through qne_interiqr partition.

w Roof contribution passing through two interior partitions.

Figure A-6. Rectangular areas on the ceiling for the roof contribution
~in partitioned cases, '
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iO.l.S Basement Detegtor Locations

The general basemént deteétor location is shown in Fig. A-7. The aperture
fraction for the first story wélls, Ap’ is defined as the ratio.of the window
area to the first story wall area. The doors aré‘considered in a separate.

~azimuthal sector as in the first story cases. Refer to Fig., A-8 for this contri-

bution.

S1 , ' , |
Cg = [Gs(wu) - 6 (w)] s, (X,) E(e) Be(XW,_?’ ) . (A-25)
e, = 16, - 6 ) 11-s, (X)] B (X ,3") (4-26)

52 f ‘ t L
Cg = {6_(w!) - Gs(wu) - [e (wy - Gs(mu)]AzD}[l—AP]SW(Xe)

x E{e) B_(X_,3") B! (X,) : , (a-27)
= {Gs(m;) - AZDGS(md) - [1—AZD] G, (ml'l)} [1—AP]SW(Xe)
x E(e) BE(XE,3') Bé(xf)
CAZ—'{G(") A € 1 '

g  alyl T~ z) a(wd) - 1 -AZD] Ga(mu)} [1"Ap]

x [l—Sw(Xe)] BE(XE,B') B;(Xf) (A-28)
e e -A 6 (w.)-[1-4 ]G (w')ﬁ A B'(X) (A~29)

g a'u zy 2 ud zym au p o f ~

A4 " v
cg e Aa(cuu) BO(KO) (A-30)
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Total overhead X
Mass thickness; X, = Xr+ Xj

Figure A=7.. Elevation of the test house showing solid angle fractions
for a basement detector location.
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Other dimensions are
7-¢" the same os in real house . : xd_,_ -

T~ N : pd P

No contribution through exposed basement walls or ceiling,

8

Figure A-8. Fictitious building for the contributiorn through the doors to a
basement detector location.
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Sd

[}
]

[Gs(mud) - Gs(w;)] Sw(Xd) E(e) Be(Xd;Bl) Bé(Xf) AZD ' (A-31).

M e 16, g) - 8,118, (1] B (X013 B A, (*-32)

(¢
!

For cases where a detector is located in the basement and yet is above grade,
shown in Fig. A-9, there is an additional contribution to CgSl and also a direct
radiation component.

C 51
g

[ (w!) + 6, ()] 8 (X) E(e) B_(X ,3") (A-33)

C D1

o = Gq(u},3") (198, (X)) B, (X,3") (A-34)

1

The gffects of interiér partitions in the first.story on the contributions
to a basement detector are neglected. Although the partitions.would act as a
barrier to some of the radiation reaching a detector in the basement, the fraction
of the geometry factor for which this occurs is small and requires much effort to
deterﬁine. Some initial calculations showed that neglecting the partitions would

result in errors of the order of five percent on the conservative side,
10.1.6 Off-center Detector Locations

Off-center detector locations, whether in the basement or upstairs, are
treated, in general, by adding the contributions from four fiétitious buildings.
The fictitious buildings are formed by dividing the plan of tﬂe house into four
sectors.and reflecting each sector into the other three quadrants, Refer to
Fig. A-10, The cdntributions are then determined for each fictitious building,

summed, and divided by four. Note that the azimuthal sectors containing the .
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Figure A-9. Solid angle fractions for a basement detector lecation
above grade.
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windows and the doors change radically in each fictitious building. If the
detector should lie on either the north-south centerline or the east-west center-

line of the house, only two fictitious buildings are required.
10.1.7 The Modified Ceiling Attenuation Factor

In the July 1969 edition of the EM, the celling attenuation factor Bé(X)
has beén replaced by a new function BC(X,m) which is solid angle dependent.
This change affects the functional expressions for basement detector locations.
If calculations are desired for this edition of the EM, the factor Bé(xf) should

be replaced by B.(Xf,w)) in Eqs. (A-27), (A-28), (A-29), (A-31), and (A-32).
10.1.8 The Computer Program ENGMAN

Since a large number of calculations were required and since inconsistencies
can result from wvisual interpolation of the EM charts, the EM procédure was pro-
grammed to enable rapid and consistent calculations. The code ENGMAN features
a number of options which should make it useful in future studies with the
test house, The code was written in FORTRAN IV for the IBM 360/50 system at
the Kansas State University Computing Center.

There are three groups of input data required by ENGMAN: 1) the EM charf
data, 2) the house parameters, and 3) the detector position data. The EM
charts are read in as tables and intermediate values are obtained by linear
interpolation. The user may elect to use the EM functions for the fallout

60C0 spectrum. Tabulated

_spectrum or an analogous set of functions for a
values for the former were taken from [15], while those for the latter were

obtained by methods detailed in Appendix B. The over-all dimensions of the

house and the positions of the doors and windows are fixed in the code. The
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mass thicknesses of the barriers, the height of the iloor; and the presence of
interior partitions are read in as data to allow flexibility for parameter
studies. A detectoxr poéition is specified by three coordiﬁates: the height
above the floor of the detector, the distance north 6f center, and the distance
east of center. The output list the reduction factors for each of the partial
contributions listed above as well as the total.

A source listing of ENGMAN is présented here along with Table A-I, which
defines each variable used in the code. The comment statements in the source
1isting should provide an adequate description of the program logic., A detect-
or position may be specified anywhere in the basement of the house and, gener-
ally, anywhere below the top of the Windows in the first story. For cases with
interior partitions, the detector positions in the first story are limited to

centerline locations.
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A SOURCE LISTING OF ENGMAN

DIMENSIONVALL(18),VAL2(1IB),VAL3(18B),VAL4I18),VALSI18,7)4VALE(15),V
CALT{15),VALB(15),VALIU15),VALLG{15,7) HORK{T7),VLN6(L5), VLNT(15),VL
CNB{15),VLNLO(15, ?]gDMEbAIlB},HTS(?I,P%F(IS),PARAM(Z»,#),AZP(3I’PPR
C{3},GPTS(3G3,2)

1 FORMAT(LH1,10X, tHOUSEY 413, FLOOR HT+?yF5.2,¢ FT.1/L3X, 'EFFECTI
CVE MASS THICKNESSESS (PSF): xe Vo Fhuale' XW='9Fhaly' XD=1'eFhal,?
C XF='yF4ely' XC=',Fbal,’ =1,F4ely? XI='yF4.l)

2 FORMAT(L119,12K, 'RARRIER FACTDRS /15Xy PSHIXEN=14F5.3, ¢ SKI{XK)=",F5
Co3y" SUXD)='4F5.3/15X, PBEIXE,3FTa)="4F543, ! BEIXUy 3FTe)="4F5.3,
C' BE(XDs3FTe)="4F5.3/15X,'BFIXF}=1,F5.3," BO(XF)=',F5.3,' BO(XO
C)=',F5.3,' ROIXRI=*,F5.3)

3 FORMAT(LHJ 45X, *BASEMENT DETECTOR LOCATIOUNS')

4 FORMATI(1HD,5X,"UPSTAIRS DETECTOR LOCATIONS')

5 FORMAT(1HDJ,5X,*GRID POINT LGCATIONS (BASEMENT)')

& FORMAT(1HD,*FT. NORTH FT, WEST ELEVATION'/' OF CENTER OF CENT
CER (FT.)') '

7 FORMAT(1H 314X, "BI{XI)=',F5.3,% BI(2¥XI)=",F5,3)

8 FORMAT(LHO,5X,"'GRID POINT  ELEVATION(FT.)')

9 FORMAT{1H+,38X.'SDURCE GROUND DIRECT WALL SCATTERED SKYSHINE
C TOTAL')

10 FORMAT(1H4,40X 911, F15.6,F1646,F1346/41Ky"27 415X F1646,F13.6/41X*3
CV931XyF13,6/41X4%,31X,F1346/41X, D'y 15X Fl6.6,FL346/403X, "TOTAL',F
C12.64F1646,F13,6,F14.6)

11 FORMAT (1H# 440X, 01" g F15.64FL6.6,/41Xy 127, F15,64,F16.6,F13.6/41Xs"3",
CF1546916XsF13e6/41Xy'4"331X,F13.6/41X'D'yF15.6,F16.64F13.6/43%X,'70
CTALY yF1246,F1606,F13.64F1446}

12 FGRMAT(].I'i ". L] L] - . » » L L ] L L] L ] . L .. L » L - E ] L ] L ] - L) ] [ ] [ )
c‘ - [ ] L] ] L ] ] L E ] L ] * * L] - L] L] L} * L] - [ ] L » | L .',2x'3IF?I3'4X,
c)

13 FORMAT(LHG,5X, 'KEY TO SOURCES FOR PARTTIAL CONTRIBUTIONS'/114,'1-EX
CPOSED DASEMENT WALLS'/11X,'2-WALLS OF FIRST STORY'/11X,'3-WINDOWS
COF FIRST STORY'/11X,'4-ROCF'/11X,'D-DOORS")

14 FORMAT(S5F7.4)

15 FORMAT(I3/(8F7.4))

16 FORMATI6I3)

17 FORMAT(1H3,5X,*ELFVATIONS ARE IM RELATION TO FLCOR OF DETECTOR'//)

18 FCRMAT(1HO,5X, *ENGINEERING MANUAL REDUCTICN FACTORS FOR GRCUD CONT
CRIBUTION!)

19 FORMAT(12F7.4)

87 FORMAT(LHO,20X,*C0O-6C SPECTRUM!)

B8 FCRMAT{1HJ,20X,'FALLOUT SPECTRUM') ,

89 FORMAT(LH3,5X, 'ENGINFERING MANUAL RENDUCTION FACTORS FOR GROUND CON
CTRIBUTION WITH MODIFIEC FLCOR BARRIER FACTOR').

’ 90 FDRP&-AT( ].H "‘ L] L ] L ] L] L ] L] * * * . L) L ] L] L] * - L ] . * L} * L ] ] L ] E e
CI L ] L ] [ ] L ] L ] » L ] L] L] L] . - L] L] . -* L » * L ] B » L [ ] l'/[li‘FlSl.},

91 FORMAT(1H3,5X,*THE DETECTOR POSITION SPECIFIED IS OUTSIDE THE BASE
CMENT ")

92 FORMAT(LHO,5X,'THF DETECTOR POSITICM SPECIFIED IS OQUTSIDE THE FIRS
CT STORY'/6X,'(OR ABOVE THE TUP GF THE WINDOWS)')

93 FORMAT(LHG,5X,*THE SPECIFIED GRID ELEVATION IS ABOVE THE FIRST FLO
COR" }
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FOCRMAT (AT T.4)

FORMAT(IHD,5X, *THE CODE CANNOT DO OFF CEHTE? CALCULATIONS FOR UPST

CAIRS-PARTITIONS CASES'")
READ IN EM CHART DATA

READ(1,16}ISPEC,NOMG,NHTS,NPSF

READ(L,14) ({OMEGA(T) o VALL(T )}, VAL2(T)VAL3(T)VALA(]),I=1,NOMG)
READ(119)C{VALSUT ¢J)yI=14NOMG),yId=1,NHTS) :

READ(L 419V {HTS(I) s I=14NHTS)
READ(1,14)(PSF(T)4VALO(T ) 4 VALT(T}VALB(I},VALO{I)sI=1sNPSF)
READ{L1,19 ({VALLICI1,J),4I=14NPSF),Jd=1,NHTS)

STORE LOGARITHMS OF BARRIER FACTOR FUNCTIUNS

DO1011I=1,NPSF
VLN6(T)I=ALOGI(VALG(T))
VLNTLI}=ALOGIVALTI(I))
VLNB(II=ALOGIVALE(T))
COLD1J=1,NHTS
VLNIDJ(T,J)=ALCGIVALLIZ2(T,J))

READ IN HOUSE PARAMETERS

READ(L,95) L (PARAM{ I 44)4d=1,44),1=1,20)
READ{(1:14) XDy XFaXy XR4 X1
READ(LS19)0(AZP{I)y1=1,3)4(PPR{I),4I=1,43)
READ(1415INGPy{(GPTS(I4J)sJd=14+2),1=1,NGP)

CALL FOR THE VARIQUS BARRIER FACTORS FRCM EM CHARTS WHICH ARE
CONSTANT FCR ALL HOUSES

X2I=2%X1 ,

CALL TWINI(XD 43.4BEXD 4PSF GHTSyVLMIOsNPSFoNHTS s RORK,1)
CALL OWIN(XD 4PSF  ZVAL9,NPSF,SWXD , 1)

CALL CWIN(XO 4PSF  ,VLN64NPSF,BOXO 4+1)

CALL OWINI{XR 4PSF ,VLNA64NPSF,BOXR 41)

CALL OWIN{XF 3PSF JVLNT4NPSF,EFXF ,1)

CALL DWIN(XI 4PSF LVLNB4NPSF,BIX1 ,1)

CALL OWIN(X2T,PSF ZVLNB4NPSF,EIZXI,1)

WEIGHT AZIMUTHAL FRACTIONS FOP INTERIOR pARTITIDNS

AZP{2)=AZP(2)}*BIXI
AZPI3)=AZP{3)%B]2X]

READ [N THE NUMBER OF HOUSES FOR WHICH CALCULATICNS ARE DESIRED

READI(1,16)NHOUSE
DO99NH=1 4 NHOUSE

READ IN THE HOUSE NUMBER AND OTHER PARAMETERS

READ(1,16) THOUSE,NUNG,NB, MCDE
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LOCATE THC VARIABLE HOUSE PARAMETERS FOR THL HOUSE IN QUESTION

FLHT=PARAM({ IHCUSE 1
XE =PARAM(IHCUSE,21}

CXW  =PARAM{IHOUSE,3)

PART=PARAM{IHOUSE 4}
CALL FOR THE BARRIER FACTORS FOR THESE PARAMETERS

CALL OWIN{XE 2PSF SVALI¢NPSF4SHUXE 40)

CALL OWIN({XW 4PSF SVALI NPSF,SHXW 43

CALL TWINIXE +3.+BEXE  yPSF  yHTS,VLNIONPSF¢NHTS;WORK,s 1}
CALL TWIMIAW 334+BEXW  yPSF  sHTS,VLNIO,NPSF4NHTS, WORK,1)
CALL OWIN(XF +PSF SVLN6,NPSF4BOXF 41} :
WRITE(3,1)IHOUSEsFLHT 4 XE 9 XWe XDsXF X0y XRyXI
WRITE(3,2)SWXEsSWXWySWXD,BEXEsBEXWsBEXDsBFXF ¢BOXFBOX0O,BOXR
ITF{PART.NE.1,}GCTN2C

WRITE(3,T)IBIXI,BI2X]

G0TO0(114,111),MCDE

WRITE(3,18)

GOTO(12.,121), ISPEC

WRITE(3,89)

GOTO(120,121), ISPEC

WRITE(3,88)

GCTO0221

WRITE(3,87)

WRITE(3,13)

WRITE(3,17}

IFINU.EQ.D)G0TC44

WRITE(3,4)

WRITE(346)

WRITE(3,9)

Tu=1

READ IN DETECTOR LOCATION COORDINATES

READ(1414)DMyDW4ELV

CHECK TO SEE THAT THIS LOCATION IS IN THE UPSTAIRS AND BELOW THE

TOP OF THE WINDOWS

H=FLHT+ZLV
IF(DMaGTL22.)6CTD22
IF{DW.GT.15,)1GCTD22
IF(H.GT.7.5)60TC22
GoTO23

WRITE{3,92)

GCTO42

ZERM ALL PARTIAL CONTRIBUTIONS

CGS1=r,
CGDYI=%.
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CG52=GDC
CGAZ=C. 2

CGD2=Cas

CGA3=0.0
CGD3=0.0

" CGAG=0.L.0

26

CGAD=0.
CGS[}:C‘-,}
CCDD=0.0

DEFINE Z DISTANCES FCR SOLIC ANGLE FRACTIONS

IU=1C—H
IAU=T+5-H
IAL=ABS{1-3.)
IL=ELYV

IL1=H

IFB=0

DEFINF HALF-WIDTH ANﬁ HALF-LENGHT OF HOUSE

SN=20.=DN
SH=15a“BH . )
CALL APE(SN;SW,FLHTEC,EL AL AP ,PRL,AZD)

CALCUCATE SOLID ANGLE FRACTIONS

WU =SAF(E,AL,ZU )
WAUsSAF({T, AL, ZAU)
WAL=SAFIE,AL,ZAL)
WL =SAF(E,AL,ZL )
WLI=SAF(E,AL,ZL1L}

" CALL FODR GEOMETRY FACTORS AND HEIGHT DEPENDENT BARRIER FACTORS

BH=H
IF(HaLT.3,)BH=3,

CALL TWIN(XE ,BH,RBEXEH 4PSF JHTS,VLMN1D;NPSF,NHTS,KORK,1)
CALL TWIMN(XW 4BHyBEXWH ,PSF SHTS,VLNLIDO,NPSF,NHTS,WORK, 1)
CALL TWIN(DO.0yBHsBECH $PSF  yHTS,VLNLIG:NPSF,NHTS, WORK,1)
CALL TWINIXD 4BEsBEXDH 4PSF SJHTS,VLNID NPSF NHTS,WORK, 1)
CALL OWIN(WU ,CMEGA,VALL NOMGsGShU 401

CALL OWIN{WAU,OMEGA,VALI NOMG,GSKAU,+%)

CALL CWIM(WAL CMEGA,VALL,NDNG,GSKAL D)

CALL OwlHN{WL yOMEGCA,VALL ,NOMG,GSWE ,7)

CALL OWTN(WL1,CMEGAZVALL,NOMG,GSWL147)

CALL OWIM{WU ,CMEGA,VALZ,NOMG,GAWU ,7)

CALL OWIN(WAL,CMEGA,VALZ ,NOMG,CAWAL,+2)

CALL CWINIWAU,CMEGA,VALZ yNOMGsGAWAU,I)

CALL OWIN{WU +CMEGA VAL NOMGyAAKU 49)

CALL TWIN(WL ;BH,GDWLH sOMEGA,HTS,VALS ,NOMS,NHTS, WORK, i)
CALL TWIN(WLL+BHCOWLIH,OMEGAHTS,VALS 4 NOMSNHTS ¢ WURK, 3 )
CALL TWIN{WAL,BHyGDWALH, OMEGA,HTS,VALS SNOMG  NHTS s WORK, O}
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COMPUTE PARTIAL CONTRIBUTIONS FROM FUNCTICNAL EXPRESSIONS

TGS1=(GSHLI-GSWL ) =SWXWHEC*BEXWH*BFXF
TGD1=(GOVLIH-GOWLH) % (La=SWXW) ¥BEXWHLBFXF
CGDD=CGOD+GOWLEF*(1o~SWXD)*BEXDH%AZD
CCSD=COSD+ (GSHWAU+GSKHWL Y XEC*SWXD*BEXDH*AZD
CGAD=CGAD+GAWAUX (1. -SYXD)*BEXDH*AZD '
IF(PART.NE.1.)GCT0225

THE INTERIOR PARTITICNS ARE IN PLACE IF PART=1.9
IF(H.GE.3.)G0TC123
DETECTOR [S BELOW THE SILL HEIGHT IF H<3.:1

DO 122 I=1,3

TGD2=GOWLH*AZP (1) ’
TGS2=(GSWUFGSHL-PPRIT)*([GSWAU- GSNAL)I*AZP(II
TGAZ2={GAKU-PPR(T)*{GAWAU- GAWALY)I*AZP(I)
TGD3=0,4"

TGA3=({GAWAU-GAWAL )¥*PPR{T ) *AZP(I])

60710125

D01241=143

TGDZ2=(GUWLH=-PPR{I)*GDWALH)*AZP(T)
TGS2=(GSWU+GSWL-PPRITI®(GSWAU+GSWAL) ) *AZP (T}
TGAZ={GAKU-PPR(T)=GARAU}*AZP(T)
TGD3=GDWALH*PPRIIVI®AZPI{T)
TGA3=GAWAUXPPR(T)*AZP(])
CGSI=COS1+TOSI*{A7P(L)+AZP(2)+AZP(3)1+AZD)
CGDI=CGDL+TGOLI*(AZIP(L)+AZP(2)+AZP{3)+AZD)
CGD2=CGD2+TGD2* (1 ,~SHXE)*BEXEH

CGS2=CGS52+ (TGS2+[5SWU-GSWAUDI*AZD) *SHWXEXEC*BLEXEH
CGA2=CGA2+{TGAZ2+ (GAWU-GAWAU) *AZD) *{1.-SWXE)*REXEH
CGD3=CGD3+TGD3*BEMH

CGA3=CGA3+TGA3%BEH

ROOF CONTRTBUTION FOR PARTITICNS CASES

W1=SAF(.545422.,20)
W2=SAF(.133,30.,2U)
W3=SAF(.333,12.,7U)
Wa=SAF(.733,30.,2U)
WE=SAF(.30C,4C.,2U)
CALL OWIM(WL ,CMEGA,VAL3NOMG,AAWL ,0)
CALL OHINIWZ CMEGA,VAL3  NOMGyAAK2 42
CALL DWIN(W3 yCMEGA,VALIZNCMG4AAW3 4 9)
CALL OWIM{W4 OMEGA,VAL3,NOMG,AAWS 411)
CALL OWIN(WS5 ,CMEGA,VAL3,NOMG,AAKS 43

CCA4=COA4+ (AAWL+AAWZ-AANIABIXTR{AANLG+AAUS—AAWL—AAWZ +AAWI Y +BI2XT%(A
CAWU-ALKA—AAWS+AAK]L) ) *ROXR :

GeTo27
CGS1=CG6S1+7GS1
CGD1=CGD1+TGOL
[F(H.LT,.3.15G0TC126
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CGD2=CGDZ+{GOWLH*(1+~AZD)=PRAGUKALH) %l 1.~ SWXE)*BEXEH
CGS2=CG6S2+ (GSKU-CSWAU® (PRHAZDI-GSKAL*PR+GSWL# (L. =AZD) ) *SHXE*ECKBEX
CEH .
CCA2=CGAZ+ {GAHU-GAWAU® (PR+AZD) }*(1.-SWXE ) #BEXEH
CGD3=CGU3+GOWALHSPR&BECH
CGA3=CGA3+GAWAURPR*BEOH
cOTo127
126 CGD2=CHD2+GDWLH*(1e~SWXE ) *BEXEHY (1,-AZD)
CGS2=CGS2+ (GSWU-GSWAU% (PR+AZDI+GSHAL#PR4GSKL¥(1e=AZD) }ASWXEECHBEX
CEH
CGA2= CGA2+(GAHU ~CAWAU% (PR+AZD) +PR¥GAWAL)* [1.~SWXE ) #BEXEH
C6D3=0.
CGA3=COA3+ (GANAU-GAWAL 1%PR
127 CGA4=CGA4+AAWUXBOXR
27 1FB=IFB+1

DETERMINE IF FICTITIOUS BUILQINGS ARE NEEDED
IF SO, THE CIMENSICNS ARE DETERMINED AND CONTRGOL IS RETURNED
TO THE FUNCTIONAL EXPRESSIONS

IF(DN.NELCIGOTCZ8
IF(DWNELOIGOTC2G
GOoOT037

28 TF(PART.EQ.1.1GCTO38
IF(DW.NE.21G0TC32

TWO FICTITICUS BUILDIMNGS ARE NEEDED

GOTO(29+36),1IFB
29 SN=2C.+DN
GOTOZ26

TwO FICTITIGUS BUILDINGS ARE MEEDED

3C TF{PART.EQ.1.,)GCTO38
GOTO(31,36),IFB

31 SW=15,+0%
GOTO26

FOUR FICTITIOUS BUILDINGS ARE NEEDED

32 GOTO{33,34,35,36),1FB
33 SN‘-’15-+Dh
GOCT0D26
34 SN=20<+0LN
© G0T026
35 SW=15.-DW
GCTO26
36 CONTINUE

DIVICE EACH CONTRIRUTION BY THE NUMBER OF FICTITOUS BUILDINGS

CGS1=C551/71F8B
CGS2=CGS2/1FB
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CGD1=CGD1/IFR
CGD2=COU2/1FR
€GD3=CGD3/ [FB
CGA2=CGA2/IFB
CGA3=CGA3/IFB
CGA4=CGA4/ IFB
CGSD=CGSD/ IFB
CGOD=CGOLD/ IFB
CGAD=CGAD/IFB

SUM THE PARTIAL CONTRIBUTIONS

37 CGS=CGS1+LGS2+4CGSD
CGA=CGAZ+CGA3+CGA4+CGAD
CGD=CGD1+CGD2+CGD3+CGDD
CG=CGS+CGA+CGD
WRITE(3,12)DN,CWysELV
WRITE({3,11)CGD14C6S14CCD24CGS2,CCGA2,CGD3,CGA3,CGA4,CGDD,CGSD, CGAD,

CCGDyCGSyCHA,CG E

G0TO042

38 WRITE(3,96)

42 Tu=1u+l

HAVE ALL UPSTAIRS LOCATIONS BEEN COMPUTED

IFITU,LE.NUIGOTCZ]
44 IFING.EQ.D)GOT0O54
IR=D '
WRITE{(3,5)
WRITE(3,8)
WRITE{3:+9)
JG=1
45 16=¢

"READ IN GRID ELEVATIONS
READ(1,14)ELY
IF(ELV.LEL.FLHT+%.)60T046
WRITE({3,93)
GOTO&7
46 1G=IG+1
IFIIGGTNGPIGOTOAT
LOCATE CCORDINATES FCR THE GRID POINT NUMBER

DN=GPTS(IG, 1}
DW=GPT5{1G,2)

GO TC THE FUNCTTONAL EXPRESSIONS FOR BASEMENT CASES

607057
47 JG=JG+1

HAVE ALL GRICS BEEN COMPUTED
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IF{JG.LE.NG)GOTC45
IF(NB.EQ.5160TC99
IR=1

WRITE(3,3)
WRITE(3,6)
WRITE(3,91)

18=0

HAVE ALL BASENMENT LOCATIONS BEEN COMPUTED
IF(IB.GE.NBIGOTCI9

READ IMN DETECTOR LOCATIGN COORDINATES
READ{1,141DN+DhELY

CHECK TO SEE If POINT IS IN_THE BASEMENT

IF{ELV.GT.FLHT+S.)GQOTD157
IF(DN.GTL20,)1GCTU157
IF(DW.GT.15,)GCTOL57
IB=1R+1

GOTOST

WRITE{3,91)

IB=1R+1

GOTO56

ZERD ALL PARTIAL CONTRIBUTIONS

CGS1=0.3
CGS2=0."
CGSD=T, 3
CGAl=0aC
CGA2=C,C
CGA4=D, T
CGAD=0, G
CGD1=C.72

DEFINEC 2 DISTANCES FCR SOLIO ANGLE FRACTIONS
IF{ELV.LE.9)}GCTCS5R
THE DEZTECTOR IS ABOVE GRACE IF ELV>9.0

ZU:C' ol
IL1=ELV-5,
GCT059
IU=9,-ELV
ZULl=9.~ZLV+FLHT
IUD=9.-SLV+7.5
IUZ2=9,-CLV+10,
IFga=3

98
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DEF INE HALF-WIDTH‘AND HALF-LENGHT OF HOUSE

SN=271.-[N
SW=15.-DW ’
CALL APE(SNs;SWIFLHT ,CC+F4ALyAPWPRLAZDY .

CALCUCATE SOL!D ANGLE FRACTIONS

WU=SAF(E, AL, 2ZU)
WUl=SAF{E.AL,2UL)
WUD=SAF(ELAL,2UD)
WUZ2=SAFLlE, AL, ZU2)
IFIELVL.LE.Q)GOTO6]
WL1=SAF(E,AL+ZLL)

CALL FOR GEOMETRY FACTORS FROM EM CHARTS

CALL OWIN{WL],CMEGA,VALL ,NOMG,GSKWLL D)
CALL DWIN(WL1,CMEGA,VAL4,NOMG,GDOWL1,0)
CALL OWIM{KU JCMEGA,VALL,NOMG,GSkU ,2)
CALL OWIN{WUL,CMEGA,VALL1,NOMG,GSWUL,7)
CALL OWIN{WU2,CMEGA,VALL,NOMG,GSkU2,0) .
CALL CWIN(WUD,CMEGAsVALL,NOMG,GSWUD,+D)
CALL OWIN(WU yCMEGA,VALZ24NOMG,GAWU 42)
CALL OWIN(WUL,CMEGA,VAL24,NCNG,GAWUL,2)
CALL OWIN(WU2,CMEGA,VALZ2yNOMG,GAWUZ2,()
CALL OWIN(RWUD,OMEGA,VALZ 4 NOMG, GAwUD,C)
CALL CUIN{WU2,CMEGA,VAL3NOMG,AAWU2,7)

IF MODE=2 THE MODIFIED FLCOR BARRIER FACTOR WILL BE USED

GOTC(163,162),MCDE
CALL FLOOR(WUL,XF4BOXF4ISPEL)

COMPUTE PARTIAL CONTRIBUTIONS FRCM FUNCTICNAL EXPRESSIUNS

COS1=CES1+{GSWUL-GSWUIXSHUXHURECHBEXW

CGAL=COAL+{GAWUL-GAWU) *({1+s-SWXW)*BEXW

ITF{ELV.LE.9)GCTC63

CGS1=CGS1+GSWLLI*SHXW*EC*BEXW

CGD1=COD1+GDWLL*(1a—=SHXY ) *BEXW
CGSD=COSD+(5SWUD-GSWUL) = SWXD*EC*BEXD*ROXF*AZL

CGAD=CGAD+ (GAWUC-GAWUL )= (1. =5SWXD)*BEXD*BOXF*AZD
CGS2=CGS2+(CSWUZ~AZDEGSKHUD=(1+—AZD) *CSWUL ) *¥{ 1, —AP I *SHXEXEC*BEXEXRBQ

CXF

CGAZ2=CCA2+ (GAWUZ2-AZD*GARUD~(La—AZD)*GAKUL) ¥(1.~AP)*(1.—-SRXE)BEXE*

CBCXF

CGA3=CGA3+(GAWU2-AZD*GAWUD=(L.~AZD)*GAWUL ) %APEBOXF
CGA4=CGA4+AAWUZAENXD
IFB=TFB3+1

DETERMINE IF FICTITICUS BUILDINGS ARF NEECUED
IF 50, THE CIMENSIONS ARE DETERMIMED AND CONTROL IS RETURNED
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TO THE FUNCTIONAL EXPRESSIONS

IF{DN.NE.GIGUTGBB
IF{DW.NEL, 3)COTCTC
GCTO77

TF(DR NELLIGATCTZ2

TWO FICTETICUS BUILDINGS ARE NEEDED

GOTO(69,:T76),IFB
SN=29.+GN
GOTO60

TWO FICTITICOUS BUILDINGS ARE NEEDED

GGTU{7k176’1IFB
SH*IS)*DH
GOTO64

FOUR FICTITICUS BUTILDINGS ARE NEEDED

COTO( 73,745 75,76),1FR
SW=15,+0W

GOTO6D

SN=27 o +DN

GOTO6YD

SW=15.-DW

GOTO6D

CONTINUE

DIVIDE EACH CONTRIBUTION BY THE NUMBER OF FICTITOUS BUILDINGS

CGS1=CGS1/1FB
CGS2=CGS2/1FB
CGA1=CGAl/IFB
CGA2=CGA2/IFB
CGA3=CGA3/IFB
CGA4=CGA4/IFB
CGD1=CGD1/1FB
CGAD=CGAD/IFB
CGSD=CGSD/IFB

SuUM THE PARTIAL CONTRIBUTICNS

CGS=CGS1+CGS2+CGSD
CGA=CGAL+CGAZ+CGA3I+LGAL+CGAD
CG=CGS+CGA+CGL1

IF{IRJNE,2IGOTCTS

WRITE(3,90)IG,ELV

GOTO79

KRITE(3,12)0N4CY,ELYV ' :

WRITE(3,12}CGD1,C5651,CGA1,C6S24+C6A2,CGA3,CGA4,CGSDCGAD,CG0D1,C65,C

CGA,CG
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RETURN TO THE NEXT GRID POINT IF IR=0 OR TO THE NcXI BASEMENT
~LOCATION IF IR=1

IF(IR-1146456,56
CONTINUE

STOP

END

END OF MAIN PROGRAM

FUNCTION SAF(E.AL,7)
THIS SUBPROGRAM COMPUTES SOLID ANGLE FRACTIONS

IF(ALLEQ.D)GOTC?2
IF{E.EQ.D)G0OTO2
IF(Z.FG,5)GOTOL

AN=2.%7 /AL
SR=SCQRT{AN®AN+E*E+]1,)
SAF=2.%ATANIC/(AN®SR))/3.1416
RETURN

SAF=1.0

RETURM

RETURN ' .. | z
END

SUBRCUTINE FLCCR(W,XF4BOXF,ISPEC) .
THIS SUBRROUTINE COMPUTES THE MQDIFIED FLOOR BARRIER FACTOR

GOTO(1,2),1SPEC
A2=3,5%EXD (=2, 3%y )
ECXF=(1s=A2)¥EXP (=04 LXXF ) 4A2XEXP (=04 D4%XF )
GOTO3 |

A2=3 . 0KEXP (=24 3%W)
BOXF=(1a=A2)%EXP (=N, 12%XF ) +A25EXP (—Ue 0425 XF)
IF(BOXF-143)5,5,4

BOXF=1..

RETURN

END
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SUBRQCUTINE APE{SN,y SWUyFLHT,ECsE;ALsAP,PR,AZD)

THIS SUBROUTINE DOES THE FOLLOWING:
THE LFENGTH OF THE BUILDING
THE ECCENTRICITY RATIO, W/AL

DETERMINES
CALCULATES
CALCULATES
CALCULATES
CALCULATES

UPSTAIRS
CALCULATES

THE SHAPE FACTOR, E(E)
THE APERTURE FRACTION,

THE AZIMUTHAL FRACTION
CASES
THE AZIMUTHAL FRACTION

AP, FOR BASEMENT CASES
FOR THE WINDOWS. PRy FOR

FOR THE DOORS, AZD

ANGES s XaY oWy Z)=ATAN{Y/SI-ATAN{X/S)+ATAN(Z/S)I-ATAN(W/S)
[F(SW.ECeD3)GCTOLR
IF{SN.EQ.DU.D)GCTOL8

IFISN=5W)1,2,2
AL=24%SW
W=24%5N

GOTO3

AL=2 %5
W=2 4 %5¥

E=W/AL

EC=(1.4%)/50RT{1.4+E*E)
IFISN.LT.34)G0TCH

WN=12,

NﬂH=ANG(SH,SN—34..SN-28.,SN-IZ.,SN46.1

GOTO8

IF(SN.LT.28)GOTCS

WN=SN-22.
WAWSANG(SW,0.0
GOT08

15“”28.,5N‘12-15N"6|,

IF(SN.LT.12.1GCTO6

WN=6,
WAW=ANG(SH, 3,0
GOTOR

IF(SNJLT.6)5G0TC7Y

WAW=ANG{SW,0.,3
GOTOS

WN=0,0

WAW=0 .3

10,0 ySN-12.,5N-6.)

,O;Q QOaQ ,SN'G;}

IFISK.LT.24)GCTCY

hWW=12,

WAN=ANG{ SNy SW=240 s SW=18c ; SH=124sSH-64 )

GOTO13

IF(SW.LT.18)6OTCLN

hW=S¥-12,
WAN=ANGI SN, J.0
GOTO13

,SH“IB.,SH—lZ-;SH*6.1

IF(SW.LlT.12)6G0TC11

WW=6,
WAN=ANG{ SN,y 3.0
GOTC13

)G.% 1SH_12.’SH-6.,

IF(SKH.LT.61GNTC12

WH=S%W—6.
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WAN'—"ANG{SN'O.G 3030 1000_ ,5"\"‘6.)
GOTO13

WN=C.C

NAN={).C’

PR={WAW+WAN)*2./3.14156
[F(SNsLT.22.)GCTO15

WE=4, :
DAW=AN6(5W1SM'220!SN‘18!!Q-ﬁieoa)
GaTo17 .

TF(SMN.LF.18.)GCTOL16

 WD=SN-13.

16

17

18

DAW=ANG(SWe el aSN=18e9Ma0yDe?)
GOTOL7

WO=0.C

DAW=T 4

DA=WD* (7o 5—FLHT) |
AP=4 .S (WN+WW)/({10,~FLHT)*{SW+SN)}-DA)
AZD=DAK%*2./3.1416
RETURN

EC=1,0

E=0.0

AL=0,.0C

AP":G-C

PR=0.0

AZD=0,1)

RETURN

END

SUBROUTINE TWINUXy Y 2o XT YT FCToNX,NYyVAL,LN)

THIS SUBROUTINE PERFORMS THWO-WAY LINEAR INTERPOLATION
X IS AN ARGUMENT FOR WHICH INTERPOLATION IS REQUIRED
Y IS AN ARGUMENT FOR WHICH INTERPOLATION IS REQUIRED
2 IS THE INTERPOLATED FUNCTION VALUE
XT IS A VECTOR OF TABULATED X ARGUMENTS
YT IS A VECTOR CF TABULATED Y ARGUMENTS
FCT IS THE TWO-DIMENSIONAL TABLE DOF VALUFS
NX IS THE NUMBER OF TABULATED X ARGUMENTS
NY IS THE NUMEBER OF TABULATED Y ARGUMENTS
VAL TS A STURAGE VECTOR

LN IS AN INDEX WHICH IF EQUAL TO 1 [NDIC&YES THAT IWNTERPOLA-
TION IS PERFORMED CN THE LOGARTITHMS OF THE FUNCTION WALUES

THE INTERPOLATED VALUE IS RETURNED AS THE ACTUAL VALUE

DIMENSEOMXTUL) 3 YTUL) s FCTONX,NY } o VAL (NY])
IF(X.LT.XT{1}}GCTOE
IF(X.GT. XTINX))GCTO6
IF(YLT.YT(1))IGCTOG6
IF(Y.GT.YT{NY)IGOTODS
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DOST=1,4NX

IFIXT(I)~X1541,43

DO2J=14NY .

VALIJ)=FCT(I,J)

CALL OWINL(YsVTyVALWNY,Z,LN)

GOTO7

LO4J=1,4NY

VALIJ)I={FCTUL 4 ) F{XTLI-1)-X)—-FCT(I-1, J)*(XT(I)*X])/(XT(I ll-XT(Ill
CALL OWINMLIIY, YT VAL MYsZ,LN)

GOT07

CONTINUE

URITE(3,81 XY, XT(l),XTfNX) YT(1l), YT(NY}

RETURN '
FORMAT(® TWO WAY INTERPOLATICON WAS REQUESTED FOR THE (X,Y) ARGUMEN

S CTS {'5E1De3,3 "9 *4EL1Q,3, ") /*THIS IS ETTHER OUTSIDE THE RANGE OF THE
C TABULATED X VALUES:',E1D.3,1-"',E10.3/'0R OUTSIDE THE RANGF OF THL
C TABULATED ¥ VALUES:® ,El‘ 3,'-',E1C.3)

END

SUBROUTINE OWIN(X,ARG,VAL,NDIM,Y,LN)

THIS SUBROUTINE PERFORMS ONE-WAY LINEAR INTERPOLATION

X IS THE ARGUMENT FOR WHICH INTERPOLATION IS REQUIRFED

ARG IS THE VECTOR 0OF TABULATED AGRUMENTS

VAL IS THE VECTOR OF TABULATED FUNCTION VALUES

NDIM IS THE NUMBER OF TABULATED POINTS

Y IS THE INTERPOLATED VALUE ’

LN IS AN INDEX WHICH IF EGQUAL TO 1 INDICATES THAT INTERPOLA-
TION IS PERFORMED ON THE LOGARITHMS OF THE FUNCTION VALUES
THE INTERPNLATED VALUE IS RETURNED AS THE ACTUAL VALUE '

DIMENSICNARG(1),VALLL)

IFIX.LT.ARGt{1))ICOTQ4

TF{X.GT.ARG(NDINM})GOTO4A

ENTRY OWINI{X,ARG, VAL NDIM,Y LN}

DC3I=1,NDIM

IF{ARG(T)-X}3,1,2

Y=VAL(I}

GOTOS

—(VAL(II*(ARG(I*l)—X)—VAL(I LY*{ARG(T)- X!}/lARG(I LI-ARGHLI))
GOTO5

CONTINUE

WRITE(3,6)X%X,ARG(1), ARG{NDIM)

RETURN

TF{LNJEQe1)Y=EXPL{Y)

RETURN

FORMAT(* INTERPCLATION WAS REQUFSTED FOR THE ARGUMENT ', E£10,.3/'WHIC

CH IS OUTSIDE THE RANGE OF TABULATED ARGUMENTS:I®,E12.3,'—-1,E113,3)

END
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Table A-I. A description of FORTRAN variables used in ENGMAN,

Symbol

Definition

Two-dimensional

GPTS

PARAM

VALS

VAL10

VLN10
One-dimensional

AZp
HTS
@MECA
PPR
PSF

VALL
VAL2
VAL3
VAL 4

VAL6

arrays:
A table containing the distances north and west of cen-
ter for the detector locations according to a predetermined

grid

A table containing the variable house parameters (row i of
this table has the elements XE, XW, FLHT, and PART for house 1)

A two—dimensional table of values for the EM function Gd(w,H)
A two—-dimensional table of values for the EM function Be(X,H)
Natural logarithms of the values in VALLQ
arrays:
The azimuthal fractions for the sectors with interior
partitions: Az s A, A

A B C

The tabulated height arguments for the functioms Gd(w,H)
and B, (X,H)

The tabulated solid angle fraction arguments for the
geometry functions

The azimuthal aperture fractions for the sectors with
interior partitions: P_ , P_, P

B aA aB_ a
The tabulated mass thickness arguments for the barrier
factor

The tabulated values of the EM function Gs(w)

The tabulated values of the EM function Ga(m)

The tabulated values of the EM function Aa(w)

The tabulated values of the EM function Gg(w,3")

The tabulated values of the EM function BB(X)
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VAL7 The tabulated values of the EM function B¢ (X)

VALS 7 Theltabulated values of the EM function-Bigx)

VALY The tabﬁlated valﬁes of the EM function SW(X)

VLN6 | Natural logarithms of fhe values in VALS

VLN7 Natural logarithms of the values in VAL7

VLN8 Natural logarithms of the values in VALS

WORK - A storage vector used in the interpolation subroutines

Integer variables:

IB, 1I¥B, IG, Cycling parameters

IR, 1U, JG

THPUSE The house number corresponding to the éxperimental house

ISPEC An index denoting whic%éset of EM charts is used (1 for
fission charts, 2 for Co charts)

M@DE An index, which if equal to 1 causes B@XF to take the
value interpolated from VAL6, or if equal to 2, causes
B@PXF to take the value computed in the subroutine FLP@R

NB The number of basement detector locations for which
calculations are required

NG The number of grid elevations for which calculations
are required

NGP The number of points on the fixed grid

NH@USE The number of houses for which calculations are re-

: quired

NHTS The number of elements in the vector HTS

N@MG The number of elements in the vector @MEGA

NPSF The number of elements in the vector PSF

NU The number of upstairs detector locations for which

calculations are required
Real wvariables:
AAWU Aa ( Luu)

AAWUZ A (')
a‘“u



AAWL
AAW?2
AAW3
AAT4

AAWS

AZD
BEXD
BEXDﬁ
BEXE
BEXEH
BEXW
BEXWH
BEOH
BEXF

BH

BIXI
BI2XI
BIXF
B@X@
- B@XR
CG

CGA

CGAD

CGAl
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Aé(ml)
Aa(wZ).
Aa(wB)
Aa(NA)
Aa(ms)

The length of the real or fictitious building

A%,;the fraction of the first story wall area, exclusive
of the doors, subtended by the windows

The azimuthal fraction of the sector containing the doors
Be(Xd,3')

BE(XH,H)

Be(X;’3')

Begxe,H)

By (X,,3")

Be(XW,H)

B, (0,H)

Bf(Xf)

The detector height above grade, H. If H is less than
3 ft, BH is set aqual to 3 ft.

B, (X;)
B, (2X,)

B(X,)

BI(X)

BolXy)

C

8
cA
8
cAd

8
chl

g



CGA2
"~ CGA3
CGA4
CGD

CGDD
- €GD1
CGD2
CGD3
CGS

CGSD
CGs1
CGS2
DN

Dw

EC
ELV
FLHT
GAWAL
2AWAU
GAWU
GAWUD
GAWUL

GAWU2

GDWLH

GDWL1
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Dd

CDl
g
CDZ
g
CD3
g
cS
B
5d
g
S1

g

CSZ

8

A detector location coordinate, feet north of center

C

c

A detector location coordinate, feet west of center

The ratio of width to length, e, for a real or fictitious
building

The shape factor, E(e); for wall-scattered radiation

A detector location coordinate, height (ft) above the floor
The height (ft) of the top of the-flqor above grade

Ga(waﬂ,)

G, (w,,)

au
Ga(wu)
Ga(mud)
Ga(wé)
G (m")

a u
Gd(wg’H)

Gd(mi,S')



GDWL1H
GSWAL
GSWAU
GSWL
GSWL1
GSWU
GSWUD
GSWUL

T GSWU2

PART

PR

SN

SW

SWXD
SWXE
SWXW

TGA2

TGD1
TGD2
TGD3
TGS1
TGS2

WAL

Gd(mi,H)
Gy (ugy)
GS (mau)
Gs(wz)
Gy (wy ")
6 (w )

Gs(wud)

G (w")
s u

Gs(wu)

The detector height (ft) above grade
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An index which, if equal to 1, indicates that the interior
partitions are in place

The azimuthal fraction subtended by the windows

Half the north-south dimension of the real or fictitious

building

Half the east-west dimension of the real or fictitious

building

sw(x d)

,Sw(xe)

Sw(xw)

An intermediate
An intermediate
intermediate
intermediate
intermediate

intermediate

E B F B B

intermediate

£
iy}
=

value

value

value

value

value

value

value

of

of

of

of

of

of

of

CGA2

CGA3

CGD1

CcGh2

CGD3

CGS1

CGS2



WAU
WL

WL1

WUD

WUl

WU2

Wl
W2
W3

W4

XF
X1

b))

X21

ZAU

©ZL

ZL1

The
The

The

The
The
The
Two

The

windows for an upstairs location

effective mass
effective mass
effective mass
effective mass
effective mass
effectivé mass
effective mass

times XI

thickness

thickness

thickness

thickness

thickness

thickness

thickness

of

of

of

of

of

of

of

the

the
the
the
the

the
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doors

‘exterior walls

floor

interior partitions
floor plus roof
roof

exposed basement walls

vertical distance from the detector to the bottom of the

The vertical distance from the detector to the top of the

windows for an upstairs locatiocn

The vertical distance from the detector to the top of the
floor

The vertical distance from the detector to grade for an
upstairs location or a basement location above grade



ZU

ZUD

aul

Zu2
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Either the vertical distance from the detector to the top
of the first-story walls for an upstairs location, or the
vertical distance from the detector to grade for a basement
location

The vertical distance from the detector to the top of the
doors for a basement location

The vertical distance from the detector to the top of the
floor for a basement location

The vertical distance from the detector to the top of the
first-story walls for a basement location
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' 60 s
10.2 Appendix B: Preparation of Engineering Manual Charts for = Co Radiation

10.2.1 1Introduction

The purpose of this section is to describe the mechanics use& to convert
the NBS-42 data [2] to the tabﬁlar data for the EM charts used in the computer
code ENGMAN, The charts were construcﬁed only'for the ranges of the parameters
required for the KSUNESF test house. No physical interpretation of the functions

involved is given here nor is any justification givén for their use.
10.2,2 General Methods

Spencer [2] has performed basic radiation transport calculations for
three gamma-ray sources, 1.12 hour fission products; 6000, and 137Cs. The data
from the fission product spectrum were used to-construct the EM charts as out-
lined in [3(Vol. II) and 4]. Here the identical procedurés are used to construct
the charts from the 60Co data.

The following functions, which were calculated by Spencer and plotted in
NBS-42, were used:- L(X), S(d), 5'(X), P(O)(X), P(S)(X), W(X,d), La(X,m),‘Sa(d,w).
Values were read as accurately as possible from these curves for the ranges of
interest and are listed in Tables B-I through B-III, fhe appropriate calculations
(shown later) were carried out on these numbers to con&ert them to EM functions,

The data were then plotted and smooth curves drawn through the points to
represent the EM functions, Figures B-1 through B-5. The tabular data were then
read from these curves and are recorded in Tables B-1V through B-VII. It was hoped
that this graphical smoothing process would diminish any errotrs arising from the
reading of the NBS-42 curves.

It is noted that the parameters X and d both represent mass thickness. The

units of X are pounds per square foot (psf), while the units of d are feet of
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air. They are used interchangeably below, the relation between the two being:

1.0 psf = 13.3 feet of air.
10.2.3 Barrier Factors

Two EM functions are identical to NBS-42 functions:

Bf(x') L(x) (B-1)

and

B;(X) = §'(¥). (B-2)

The scattered fraction is defined here as the ratio of scattered to total

dose rates from a point isotropic source:

(8)

P () .
s (X) = )
W T 0 gy 4 28 (8-3)
The wall barrier factor is defined by the approximate relationship
Be(XsH) = zw(X:d)p (5_4)

where the EM variable H i1s equal to d. The NBS-42 function W(X,d) is for a
detector imbedded thickness X in a semi-infinite wall. TFor low mass thicknesses,
there is a significant contribution to the detector response from radiation which
has been back-scattered in the wal} material behind the detector. This is

evidenced by the fact that 2xW(0,3') = 1.1. To correct for this effect in the

function Be(X,H), the value for X =0 énd H= 3 Qas set equal to 1.0 and the

curve was lowered slightly out to X

1

50 psf. Proportional corrections were

made in the curves for H = 6' and H = 15°.

The barrier factor for interior partitions is set equal to the wall barrier

factor at H= 3':

B, (X) = B, (X,3"). | (B-5)
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10.2.4 Geometry Factors

The following definitions of the NBS-42 functions are required to formulate

the EM functions:

1
LX) = J d(cos0) £(X,cos9) (B~6)
1.
1 1
La(X,w) =i2§) Jl_w d{cosd) (X,cos@) (B-7)
S(d) = Jﬁl d(cos9) R(d,cosé) (B~-8)
g ~-1+tw
Sa(d,m) = 50D J_l d{cosB) £(d,cosh). (B-9)

In addition, the following values are needed:
| L(.2256) = 1.0
L(1.0) = 0.74
S(0) = 0.088
S(3') = 0.084
S$(13.3") = 0.0755
3" (of air) = 0.2256 psf.

The EM geometry factors are now expressed in terms of these functions:

1-w . :
d(cost) 2(d,cos8) -
0

G,(w,H) = 1

d

(B-10)

d(cos8) £(d,cos6)
o

= L,(d,1) -L_(d,u)
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0 .
& (w) = J d(cos8) 2(3',cos6) . {B-11)
& Y =1+
= 0.5 [1—83(3',m)]
GS(O) = (0.5
6, () = S(3)[1-8,(3,al[1 + 0.5 5 (3',w)] (2-12)
-1+w _ .
Aa(w) = J d(cosh) £(0,cos6) (B-13)
1

1]

5(0) sa(o',w)

In the construction of the original EM charts for the fission product
spectrum, the functions Gd(m,H) and Ga(w) were arbitrarily normalized such that
Gd(0,3') = 0,9 and Ga(O) = (0,1, No such round-off has been carried out here,

In the input tables for ENGMAN it was desired to have values for Be(X,H)
and Gd(m,H) for the same set of heights. Since La(X,w) is only plotted for

X=20,2256 (H=3") and X = 1 (B

13.3"), the functions Gd(m,B') and Gd(w,13.3')
were constructed and linear interpolation was usedrto obtain values for the
heights 6' and 15'.

The function Aa(m) requires values of Sa(d,w)Afor d = 0, whereas Sa(3',m) is
the lowest curve in NBS-42. However, the shape of this curve should be quite

insensitive to such a small change in height.
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Table B-I, Data taken from NBS-42 curves for the functions L(X), S'(X), ,
(s)

P(O)(X}, and P (X)) for 60Co radiation.

X(ps£) L(%) 5 (X) 5 ) p8) (x)
0 1.0% 1.0 ’ 0.360 0.0
5 0.43 0.54 0.320 0.040
10 ' 0.305 0.347 0.277 0.069
15 0.237 0.245 0.240 0.090
20 0.193 0.180 0.210 0.103
25 0.160 0.139 0.181 0.111
30 0.131 0.109 0.160 0.120
40 0.095 0.070 0.120 0.126
50 0.060 0.046 0.091 0.121
60 0.051 0.030 0.070 0.113
70 0.038 0.0200 0.052 0.103
80 10,0286 0.0130 0.0400 0.092
90 0.0220 0.0086 0.0300 0.081
100 0.0164 0.0057 0.0230 0.069

%This value is actually for X = 00,2256
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Table B-1I. Data taken from NBS-42 curvés for the function W(X,d) for 6000
radiation.
W(X,d)

X(psf) d = 3" 6' 15!

0 0.55 0.47 0.39

5 0.47 0.41 033
10 0.40 0.360 0.285
20 0.31 0.272 0.215
30 0.238 0.207 0.165
40 0.188 0.161 0.178
50 0.147 0.125 0.098
60 0.116 0.099 0.078
70 0.091 0.078 0.061
80 0.072 0.061 0.048
90 0.050 0.042 0.033
100 0.044 0.038 0.029
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Table B-IIT. Data taken from NBS-42 curves for the functions La(X,w) and

Sa(X,m) for 60Co radiation.

w La(f2256’m) La(l.O,m)" Sa(3,m)
0.0 0.0 0.0 0.0
0.05 0.0128 0.0148
0.10 0.0204 0.0280 0.0321
0.15 0.0314 0.0492 0.0538
0.20 0.0460 0.0615 0.0775
0.30 0.0745 0.099 0.126
0.40 0.108 0.144 0.179
0.50 0.146 0.198 0.250
0.60 0.191 0.264 - 0.331
0.70 0.253 0.352 0.428
0.80 0,344 0.470 0.56
0.85 0.403 0.550 0.67
0.90 0.49 0.64 0.73
0.95 0.61 0.76 0.85
1,00 0.916 0.898 0.00
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Figure B-1l. The Engineéring Manual functions Bé(X), Bg(X), and Sy (X) for
60co radiation.
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Figure B-2. The Engineering Manual fupction B.(X,H) for 60co radiation.
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Directional Response

ol 1 1 ooy
0 0. 0.2 03 04 05 06 07 08 09 IO

Solid Angle Fraction, w

_Figﬁre B-3, The Engineering Manual functions Gs(w) and Gd(m,H)rfor

60Co radiation.
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Figure B-4., The Engineering Manual functions Ga(m) and Aa_(m) for
' %0co radiation.
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08 |-
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0 0o 20 30 40 50 60 7O 80 90 (100
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Figure B-S; The Engineering Manual function SW(X) for 60Co radiation,
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Table B~IV, Tabular 6000 data for Engineering Manual functions B;(X), Bf(x),

Bi(X), and SW(X).

X(psf) B! (X) B, (X) | B, (X) 5, (X)
0 1.0 1.0 1.0 0.0
5 0.54 0.43 - 0.870 0.110
10 . 0.350 . 0.305 0.757 0.199
15 0.245 0.240 0.662 0.272
20 0.180 10.193  0.585 0.330
25 0.139 0.160 - 0.516 0.382
30 | 0.109 0.131 0.458 0.429
40 0.070 0.095 - 0.360 0.505
50 0.0457 0.069 0.283 0.568
60 0.0298 0.051 0.224 0.620
70 ~0.0197 0.0382 0.179 0.665
80 0.0130 0.0288 | 0.141 0.702
90 0.0086 | 0.0218 ' 0.112 0.731
95 0.0070 0.0188 | 0.100 0.741

100 0.0058 . 0.0164 a e 0.089 0.749
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Table B-V. Tabular 60Co data for Engineering Manual function Be(X,H).

'B_(X,H)

 X(psf) H=3"' H=6" H=15"
0 1.00 - 0.870 0.708
5 0.870 0.762 0.613
10 0.757 0.670 0.532
15 0.662 0.590 0.462
20 0.585 0.520 0.405
25 | ©0.516 0,460 0.358
30 0.458 0.406 0.315
40 | 0.360 0.318 0.245
50 0.283 0.250 | 0.193
60 0.224 0.197 0.152
70 - 0.179 0.155 0.120
80 ' 0.141 0.122 0.0945
90 0.112  0.0962 0.0743,
95 | 0.0995 0.0851 0.0660

100 0.0885 0.0758 0.0585
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Table B-VI, Tabular 6080 data for Engineering Manual functions Gs(m), Ga(w),

Aa(w), and Gd(m,B').

w Gs(w) Ga(m) : Aa(w) Gd(m,S')
0.0 0.500 0.0840 0.0 0.916
0.05 0.492 0.0834  0.0012 0.907
0.10  0.483 0.0826 0.0027 0.896
0.15 0.473 0.0816 0.0045 0.884
0.20 0.462 0.0806 0.0065 0.870
0.30 0.438 0.0782  0.0110 0.842
0. 40 C0.410 0.0751 0.0160 0.808
0.50 0.375 0.0709 0.0220 0.770
0.60 0.335 0.0655 0.0291 0.725
0.70 0.286 0.0583 0.0377 0.663
0.80 0.220 0.0476 0.0485 0.572
0.85 0.182 0.0409 ~ 0.0554 | 0,513
0.90 0.134  0.0310 ©0.0642 0.426
0.92 0.113 0.0263 0.0682 0.389
0.94 0.090 0.0213  0.0723 0.336
0.96 0.064 0.0156 0.0770 0.270
0.98 0.035 0.0086 - 0.0819 0.175

1.00 0.0 0.0 0.0880 0.0
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Table B-VII. Tabular 60(]0 data for Engineering Manual function Gd(m,H).

Ga(w,ﬂ)

w H=3' H=6"' H=15"
0.0  0.916 : 0.911 0.895
0.05 ~ 0.907 | 0.901 - 0.881
0.10 0.896 0.888 0.886 -
0.15 0.884 0.875 0.849
0.20 0.870 | 0.860 0.832
0.30 | . o.842  0.829 0.792
0.40 0.808 0.792 0.745
0.50 _ 0.770 0.750 0.688
0.60 0.725 0.698 0.619
0.70 0.663 0.629 0.527
0.80 "0.572 0.530 0.404
0.85 ' 0.513 | 0.465 ~ 0.321
0.90 0.426 0.377 0.230
0.92 0.389 0.339 0.187
0.94 0.336 | 0.288 0.143
0.96 0.270 0.227 | 0.096
0.98 . 0.175 0.142 0,045

.1.00 0.0 ¢.0 6.0
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10.3 Appendix C: Calibration of the Dosimeters

This appendix describes brliefly the experiment in which both types of dosi-
meters were calibrated. The equations used for determining the regression lines

and associated statistics are cited but no derivation is given.
10.3.1 Experimental Procedure

The calibration experiment was conducted inside the instrumenéﬂstorage
building (a Butler-type building) at the KSUNESF. Two dosimeter racks were con~
structed of 1/2" plywood cut in the shape of a circular arc of radius 7 ft. Holes
of.0.4” diameter were drilled in the racks with a spacing of four inches., The
racks were suspended from the ceiling braces so that the centers of the racks
were on opposite ends of the diameter of a circle of seven-feet radius. Each
rack could aécommodate up to twenty dosimeters of either type.

A point 60Co source of nominally 0.3 Ci was used for the irradiations. The

' The projector con-

source was manipulated by means of a "gamma-ray projector.’
sisted of a portable lead storage container with a flexible cable on one end of
which the source ﬁas mounted. The cable was drawn through a flexible housing
by a cranking mechanism which allowed the experimeﬁter‘to stand some twenty-
five feet from therstorage container. When the source was fully exposed, it was
located at the opposite end of the cable housing which also extended twenty-
five feet from the storage container. By a system of lights on switches, the
experimenter could tell whether the source was fully exposed, in an intermediate
position, or stored,

When thg dosimeters were in the racks and the tip of the source cable was
positioned midway between the racks, the source—to—detectof distance was seven

feet with a maximum tolerance of ¥ 1/2", In this configuration the dosimeters

received an approximate exposure-rate of 1 mR/min.
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The exposure time was measured from the moment the source reached the fully
exposed position to the moment the source was begun to be'retracted. About two-
thirds of the cable housing between the storage container and the exposed tip
was shielded with lead bricks. However the dosimeters were stili exposed to
unwanted radiation as the source traveled from the storage container to the tip.
This unwanted exposure was determined by measurement to be about 0.1/mR. Correc-
tions were made for this in the data analysis.

The 10-mR chambers were charged to full voltage with the Tech/ops charger-
reader and placed in the dosimeter rack. After irfadiation they were recharged
to full voltage while the meter on the charger-reader indicated a value propor-
tional to the amount of charge neutralized by the ionizing radiation. .The
readings were reco?ded in microamperes. The exposure times wvaried from two to
eight minutes.

The TL-12 dosimeters had to be zeroed by the read-out process before use
since they were observed to accumulate a "background" dose of about 1 mR per day.
There were 66 of these dosimeters and, as will be pointed out below, a separate
regression line had to be determined for each. No less than ten exposures were
taken for each dosimeter in the initial calibration. The exposure time varied
from five to thirty-two minutes. The height of the glbw curve was recorded for
each reading in units of the scale divisions on the sfrip charts,

Since the response of the air-equivalent chambers is proportional to the
density of the surrounding air medium, the chamber readings were normalized to
the air density at 22° C and 760 mm of Hg. This was accomplished by multiplying
the readings by an air-density correction factor B, given by

_ 760(273 + T)

B 295 P

(C-1)
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where T is the temperature in degrees centigrade and P is the pressure in

millimeters of Hg.
10.3.2 Calculated Exposure Rate

The calculated exposure rate 6 was determined from the following formula:

- ux = Ad
. KScBe HX e . (C_z)
4 7 x2
where K =  flux-to-dose conversion factor [mR'cmz'sec/min],
Sc = calibration source gtrength at the time of the source
calibration [photons/sec],
B = dose build-up factor for air-scattering and floor reflection,
TR total linear attenuation coefficient for 1.25 MeV photons in
air [cm_ll,
d = time between the source calibration and the dosimeter calibra-
tion [days],
X = source to detector distance [cm],
A= éecay constant for 6000 [days_l].

One roentgen corresponds to an absorbed dose of 87.7 erg/g in air [16]. The

absorbed dose rate from a unit flux of 6000 photons ié given by

absorbed dose rate = EY ud—(EY)¢Y = 5.32x10—8 [erg/g - sec]

where E_Y = 1.25 MeV = 2.00*10—6818,

A 2
ud(EY) = 0.0266 cm”/g, the linear attenuation coefficient for energy
absorption of 1.25 MeV photons in air, divided by the density

of air [17],
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¢Y = unit flux of 1,25 MeV photons [photon/sgc‘cmz].

This absorbed dose rate would correspond to an exposure rate (for a unit

flux) given by,

(5.32 x 10—8 erg/g-sec) (1R/87.7 erg/g) (60sec/min)

exposure rate

3.65 x 10”° R/min.

The conversion factor K becomes
-5 2 :
- K = 3,65 x 10 " mR * em” * sec/min,
. . ‘ . , ; 2
which gives the exposure rate when multiplied by the flux in photons/ em”-sec.
The calibration source was calibrated in a previous experiment which yielded

the following source strength as of August 10, 1965 [12];

0.246 + 0.007 Ci

w
]

i.82 X lO10 photons/sec.

There are two other contributions to the radiation incideﬁt on the detector
besides the unscattered radiation. These are the radiation due to air scattering
and the radiation which is reflected from the concrete floor. The build-up

factor must therefore have the form

D
_ alr scat, Dfloor ref.
B = 1+ + .

D
unscat. unscat.

The first ratio is found from an expression for the build-up factor for a point
source in an infinite air medium [18].

i :
air scat. _ 0.92 r e 0.0632 r _ 0.0135;

Dunscat.

~

where r = px = ppx = 0.0146,

>

=
|

= 0.0573 cm2/g,
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0.001195 g/cm3 {This is an average value for the atomospheric

©
n

conditions observed during the experiments),

213.36 cm = 7ft.

]
1l

The second ratio was taken from a report in which are tabulated the values of
the ratios of the reflected dose rates for a source and detector in vacuum
adjacent to a semi-infinite concrete slab [19]. The values are tabulated as a
function of the source height and photon energy. The value for a source and
detector six feet above a concrete slab and for 1.25MeV photons was taken to be

0.018.‘ Hence,
- B = (i + 0.,0135 + 0.018) = 1.032.
The attenuation in air is given by
eV L " WX _ g ggss

The product Be “H* has the value 1.017, and varied by less than 0.001 for any
atmospheric changes observed during the experiments.

The decay constant for 6060 in day_1 is given by

in 2

_fn2 x|
= G5 oEy sy = 0-0003624 day” .

A

When all these definitions as substituted into Eq. (C-2), the result is

4 1 (213.36)2

(C-3)

1.181 E~0.0003624d

-

mR/min;

where the reference date for d is August 10, 1965.
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10.3.3 Regression Analysis

It was assumed that the dosimeter response n is related to the true exposure
E by the eqﬁation n=R¢ and that the obsérvations y; are distributed normally about
n. It was also assumed that there was no error in the calculated exposures. This
was not exactly true since there was about a 0.5 percent uncertainty in the source-
to-detector distance and some uncertainty in the exposure time {about one percent
for two minutes and proportionately less for longer times.) . However, these
errors are .considered as an additional spread in the observations. Although there
was a 3.0 percent error in the calibration source strength SC, this was a con-
stant, rather than a random, error. It was treated as a systematic error, and
its propagation is discussed in Appendix D,

For a given dosimeter, a set of k dosimeter readings; Vs Ypseer+¥, cOTTES-

ponding to the calculated exposures; x X, s was obtained by the procedure

10 Xpaeeo
described above. The data ﬁere fitted by a least-squares line through the origin.

The least-squares estimator b for the true value B is given by

‘_in yi

- -4 (c-4)
2
[ %

b
where the summation symbol implies summation over i from one to k. To use the
regression line in reverse, i.e,, to determine the true exposure £ from some
new observation y', the observed reading is divided by the slope b. An estimate

of the standard deviation Sg’ is obtained from

‘ (%, v.) '2
2 _ 1, 2 i7i° -
i

Eqs. (C-4) and (C-5) are taken from Brownlee [20].



10.3.4 Results

A sample of ten 10-mR chambers was used to determine if the responses of
individu&l'dosimeters were different. Fight readings were obtained frqﬁ each
dosimeter at various exposure times. A regression line was obtained for each
dosimeter, and the slopes of each were compared. There was no significant
difference in the results. On this basis one regression line was obtained from
the &ata from all chambers.

The responses of the TL-12 dosimeters were quite different from one dosi-
meter fo the next. A separate regression line was determined for each dosimeter,
The slopes of the various regression lines varied by as much as fifteen percent
from the average of éll 66 doSimetgrs. |

Figures C-1 and C-2 show the precision which could be expected in the readings

from both types of dosimeters.
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Figure C-1. Observed precision for the.1l0-mR ionization chambers.
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10,4 Appendix D: Data Reduction and Statistics

This appendix details all steps used in the reduction of the data. The
propagatioﬂ of all significant errors is fully discussed.

A brief review of the experimental procedure is necessary in order to
understand the data reduction process. Calibration curves (regression lines)
were determined for the dosimeters as described in Appendix C. .An experiment
in_tﬁe test house consisted of placing the dosimeters in the house, circulating
the pumped source in one of the three tubing areas of the test field, and
readiné and recording the_accumulated doses. Generally, each experiment, or
Tun, was repeated three times for each tubing area.

The first step in the data reduction 1is te convert the reading from each
dosimeter Dm to a corrected exposure Dc in milliroentgens. This is done by.
dividing the dosimeter reading by the slope b, from Eq. (C~4),_of the regression

line for the dosimeter. An estimate of the standard deviation S is determined
' c

from Eq. (C-5). For the 10-mR chambers, the reading Dm is first multiplied by 8,
from Eq. (C-1), to correct for the density of air at the time of the measurement.
The corrected dose is then converted to a reduction factor Q, for one-quarter

symmetry, according to the following formula:

Q=§T D
P o

(D-1)

where A is the tubing area in square feet used in the run, Sp is the source
strength in curies of the pumped source used in the run, T is the time in hours
which elapsed while the source traversed the tubing area, and D0 is the

reference dose rate. The value of D0 is taken to be 4SOX103 mR/hr for a point
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located three feet in air from an air-ground interface at 22°C and 760 mm of Hg.
The interface is the source plane with an intensity of one curie per square
foot [14].

The factors A, T, and D0 are assumed to bé without error. The fact that D0
may not be known accuratély is irrelevant to the consideration of experimental
errors, If one compares the results éf these éxperiments wiph theory or with
other experiments, the uncertainty in this factor is eliminated by normalizing
béth sets of data to the same reference dose rate.: The corrected dose contains
the factor Sc the calibration source strength, see Eq. (C-4), which has an associ-

‘ated standard deviation Sg which has not been included in Sp Similarly the
c _ c

pumped source has an associated standard deviation in 8g These are systematic

: P
errors and should not be propagated along with the random errors in the inter-

mediate steps of the data reduction. It should be noted that the factor SC/SP
is present and separable in all succeeding values in the data reduction, The

standard deviation, not including source uncertainties, for the value Q is
S, Ss———— S._ . (D-2)

Since each experiment was repeated a number of times in the three tubing
areas, the subscripts i and j are assigned to Q to differentiate the results of
the various runs. The first subscript refers to the tubing area, while the second
subscript refers to one of a series of runs from thé same tubing area. Thus,

Qij refers to the jth run in the ith tubing area. An average value ﬁi is deter-

mined aecording to

5 :
Y oqQ.. (D-3)
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where n is the number of times an experiment was repeated in the same area.

As an estimate of the standard-deviation of ai’ one might use the formula

. _
slz = }é ) sé ) (D-4)
Q, n j=1 Tij '

i
since SQ is the estimate of the standard deviation on each value Qij' However,
ij
the only uncertainty used to obtain SQ was sy which is a measure of the ran-
ij c :

domness of Fhe dosimeter readings in the calibration experiment. In the experi-
ménts in which values of Qij were determined, a number of new variables were
introduced which were not controllable and may have varied from one run to the
next. Generally, the results from runs in the same area agreed within the pre-

cision indicated by s There was, however, in some cases such poor agreement

Qij )
among the Qij that the validity of the s was suspect; i.e., cases where, say,
13
in comparing runs k and 1 that Q., + 2s <Q.,, — s , or in other cases where
ik Qp 11 Qyy
: 2 _ ;
Qik + SQik Qil < Qim Sqim. To account for the spread of the data in those
cases, another term is added to s' to give a better estimate of the standard
| Qs
deviation on the average:
3 .2 1 2 .
s_ o=l tonmy L@ -t (©-5)
Qg Q =

Reduction factors for full symmetry Ri are obtained by summing, over
the symmetric points in each quadrant, the average values of the reduction
factors for one-quarter symmetry. For a general off-center location, this sum

is represented by
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R, =0,  +0;+ 0+, - O (0-6)

i - ti i i i

where the superscripts differentiate the four quadrant points. For a location
along the east-west (north-~south) center line of the house, the following

formula is used:

- N =8 _ =E , =W, . -

where the superscripts differentiate the symmetric points on the respective
centerlines. The full-symmetry value for a point along the vertical center-
line is just four times the quarfer*symmetry value. The estimates of the

.

standard deviation s_ are propagated accordingly to obtain S»
Q ' i
i ,

The method used to obtain the far-field redﬁction factor Rf and its

associated standard deviation Sp is detailed in Appendix E. Tt should be
: £
noted that the ratio Sc/Sp can be factored from R_, see Egs. (E-2), (E-2)}, and

f
(E-10). The total experimental reduction factor RT is given by
;
= R, + R., _ - (D-8)
RT £ jo1 1

and the estimate of the wvariance by

(D-9)

The estimate s, indicates the precision of the experimental values. It may
be used in comparing values from similar experiments using the sources Sc and
SP. However, if one wishes to compare these results with theoretical wvalues

or values obtained from experiments using different sources, the systematic
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error in the source strengths must be included. The standard deviation in the

final results, including the systematic errors, is labeled o_ even though it is

Ry

an estimate, This value is obtained from the preceding wvalues accerding to the

following derivation:

5 .
R, = —S—C Ry (D-10)
A .
S
g, = ggjs* ' (D-11)

fr B By

A

s ‘8 8

S S
ok = K 19D+ B 4 =Ty (0-12)

RT c P R

T
oz g

2 c.2 2 2

= Ry [ # %) *og

c P

All uncertainties quoted in this work refer to this value, OR .
T
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10.5 Appendix E: Far Field Contribution and Associated Statistics

Since measurements-could‘only be obtained from a simulated contaminated
field of finite radius, the contribution from theicontaminated area beyond that
radius (to infinity) has to be estimated. This estimate is referred to as the
far-field, or far-field ﬁontribution. The method of Kaplaﬁ [13] was used to
obtain the far-field contribution. A basic déscription of this method and a

means for estimating the uncertainty in the far-field is given here.

10.5.1 Theory
Kaplan's method is based on the equation

R, = aDDi + o

i Si : (E-1)

S

where Ri is the measured dose rate from the ith annular area in the contaminated
plane; oy and ag are the structure attenuation coefficients fér the direct and
skyshine radiation, respectively; and Di and Si are the direct and skyshine
free-field dose rates, respectively. A free-field dose rate is defined here as
the dose rate that is obtained from an unshielded detector which is three feet
above the center of the source annulus. These numbers can be oBtained from
theoretical calculations. Direct radiation refers to unscattered plus up-scattered
radiation with respect to the-detector. The structure attenuation coefficients
are simply quantities which satisfy tﬁe equation.',Aithough the quantities Ri;
o, and ag are functions of the detector position inside the structure, it is
assumed that one particular location is under éonsideration; therefore no
functional dependence is indicated.

The fuﬁdamental assumption of the methéd is that the quantities o_ and a

D S

are invariant with respect to the dimensions of the source annulus. Kaplan states
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that this_is true as long as the separation between the source and the structure
is greater than the dimensions of the structure. If one has measurements from
at least two annular source areas, then, under this assumption the quantities

an and ag can be determined from Eq. (E-1). With these values the far~field

contribution R

¢ 18 given by

R. = uDD + a.8

f £ s et

where Df and Sf are the free-field dose rates from the far-field area.

If each term in Eqs. (E-1) and (E-2) is divided by the reference dose rate
Do’ then aD and as relate the measured reduction factors to the free-field
reduction factors, In this work, reduction factors rather than dose rates are

dealt with,
10.5,2 Calculations

The values ) and 4g are computed from a system of three equations of the

form of Eq. (E-1) corresponding to the three source annuli:

It

a. D, + o.S5

Rl Dl 51

w
1

aDD + uSSZ

3 GDD3 =+ aSS3 "

==
It

The left hand side of each equation has an independently determined variance

2 ;
sR + In the determination of the wvariances of oy and us, it is desirable to
1

have a set of data in which all points have the same variance. Since one point
. - 2 . . . , , 2
with variance ¢” is equivalent to n points with variances no » a set of weighting

factors is obtained which will transform the systém of equations into an
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equivalent set in which the left-hand side of each equation has equal variance.

The weighting factor for the ith equation is given by

W, = .i_sl—_i. (E=4)
R. :
1

ﬁ. = qaD, - qa S.;l . (E-5)

where R, = w,R,, D, = w.D,, and S, = w_.S5,., The variance of each member of the
i i'i i ii s S s

left hand side of the weighted equations is

3
;i =TT- sé % {(E-6)
i=1 i

In matrix notation the system can be written as R = A X; where R is the three-
element vector of measured reduction factors, A is the three-by-two matrix of
free-field reduction factors, and X is the two-element vector of umknowns. The

least squares solution of the overdetermined system is given by

AY " A" R, _ (E-7)

The expressions for o_ and « the elements of X, can be written in terms

D s?
of the elements of A and R with the aid of the following definition:

- - SN2
y=1/ 01D} s;- D, 5)°] (E-8)
where the summation symbol implies summation over i from one to three.

ap = v[] §i y ﬁi ﬁi -1 s, ] Sy Ry (E-9)
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o\2 'I\ - - -~ -~ y ]
= - E-10
og v[[ Dy IS, R, =] D; S, J.D R] (E-10)
From the principle of maximum likelihood, it can be shown that the variance
o ST ==1 _.
of the estimators «_ and o, are the diagonal elements of the matrix (A~ A) times

D S

the variance si [21]. Explicitly, these values are

2 _ "2 z :
s, =R Y ZSi _ (E-11)

D .

B A3 # ' R
S, = Sp Y ZDi. (E-12)

The estimate of the faerield is then determined from Eq. (E-2). The

variance of Rf is obtained by propagation of the s, and s,
D 5

. | ' (E-13)

The free field reduction factors were determined from moments method cal-

culations of Rubiﬁ [12]. The numbers used are tabulated below:

Annulus Inner radius Outer radius D S
1 19'# 80! 0.2513 0.007662
2 80" 125° 0.07246 0.005791
3 _ 125! 169" 0.04608 - 0.005381
f . 169" @ 0.2017 0.06433

*#Since, in the actual test field, the inner boundary of the first tubing area
was a 30' x 40' rectangle, an effective radius for this area was determined. Tt
was defined as the radius of the disk which subtends the same solid angle as the

rectangular area at a height of three feet above the center.
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Using the data from the first tubing area apparently violates the condition that
the source should be a distance away from the structure at least as large as

the dimensions of the structure. However, after some initial calculations, it

was decided that the inclusion of this data helped to bélance the effects of
random errors in the data from the second and third areas. Two sets of the vélueg
o and g were computed for a number of detector locations. One set was deter~
mined from the first two equations of Eqs. (E-3), while the other set was deter-
mined from the last two equations of Eqs. (E-3). The discrepancies between the

two sets of values seemed to be random which indicated that no systematic error

was introduced by including the data from the first area.
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ABSTRACT

This work 1s a study of the reduction factor for fallout radiation at
points in the basement of a typical house. The Engineering Manual theory.
for determining the reduction factor is discussed along with the proposed
modifications of French, Kaplan, and Batter and Starbird. A 30 ft x 40 ft
tést house has beenrconstructed at the Kansas State ﬁniversity Nuclear
Engineering Shielding Facility. The design of the house is discussed and
a computer code which can perform reduction factor caleculations for the
test house is presented.

The reduction factor was measured at nineteen locations in the base-
ment for tﬁo wall ﬁhicknesses (5.5 and 45.5 ﬁsf) of the test house. The
fallout field was simulated out to a radius of 169 ft with a point 60¢o
source and a hydraulic source-circulation system. Exposures were measured
with air-equivalent ionization chambers and thermoluminescen£ detectors.

With the exception of the original Engineeriﬁg Manual theory, the
various methods ylelded similar results for the calculated reduction fac-
tors. The agreément between the magnitudes of the theoretical and exper-
imental reduction factors was within a factor of two. However, the vari-
ation of the measured reduction factors with the distance below the base-

ment ceiling was incorrectly predicted by all theoretical methods.



