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ABSTRACT

Exposure reduction factors were measured inside six compartmented
steel siructures having different wall thicknesses ranging from 1/h to
1-1/2 in. These were exposed to radiation from fallout of varying age
from three to nine days. Calculations based upon the Nelms-Cooper
gamma-ray spectrum at H + 1.12 hours were made for selected compariments
in each of the atructures following procedures given in the Office of
Civil Defense Professional Manual, PM-100-l. Comparison of experiment
and calculation reveals a sensitivity to spectral changes and shows that
protection is greater during the periods D+ 3 to D + 9 days than at
E + 1.12 hours. Overall agreement is generally satisfactory. The
calculetional methods for radiation through floors, however, appear to

be inadequate.
Spectra measured on site at D+ 3 and D + 9 days are given.
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SUMMARY

8ix cube-shaped steel structures of different wall thicknesses
were exposed to fallout radistion at the Nevada Test Site at various
times from D + 3 to D + 9 dgys. Each structure contained 27 compart-
ments in vhich ionization chambers were pleced. The exterior and
interior walls of each structure were of the same thickness. The free-
field exposure rate at 3-ft height was measured continuously sc that
protection provided by the structures could be estimated generally
within an accuracy of 5 percent. Corrections for ground roughness were
made.

Experimentally determined, time-integrated reduction factors were
compared with calculated values using the OCD Professional Manual,
PM=100~1. The calculated reduction factors were always smaller by
amounts ranging from 1% to 100 percent, a not surprising result since
the calculational methcds were based upon the more energetic gamma rays
emitted by l.12-hour fission products. The thicker-walled structures
showed greater differences between calculated and experimental reduction
factors. Most, but probably not all, of the differences may be ascribed
to changes in the gamma~ray spectrum. Spectra were measured on site at
D+ 3and D + O days., These whea compared with the H + 1.12 hour spectrum
could be correlated with the experimental reduction factors but not
conclusively.

Contributions through variocus walls are shown graphically and
indicate that most of the refinements of the OCD PM-100-1 methods were
not tested sensitively. Because of the exponential character of
attenuation, radiation through the thinner pathways of the structures
tended to mask other shielding effects. 8ince the Yottom surfaces of
the structures, which were placed 4 ft above the ground, were shielded
with 2 in. of lead, differences were detected between exposures on the
bottom story and the middle story. These differences when compared
with calculations suggest that the present method for treating radiation
through floors underestimates the radiation that reaches a detector
after passing through the walls of the story below.
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SUMMARY OF REFORT

EXPERIMENTAL AND CALCULATED ESTIMATES OF THE SHIELDING
EFFECTIVENESS OF COMPARTMENTED STRUCTURES EXPCSED TC FALLOUT

USNRDL-TR-1045, dated 19 July 1966

by B, W. Shumway

Time-integrated exposurcs were meagured within compartmented
structures in a fallout field st the Nevads Test Site et varicus times
from D+3 to D9 days. The measurements Drovide experimentsl reduction
factors which can be compered with shielding calculations.

In order to inswre the usefulness of the measurements the external
radistion field was studied in detail. The free-field exposure rate
3 ft sbove the earth's surface was messured continuously. The gamma-
rey spectrum was measurcd both uzimuthally and et various engles of
elevation through 180 degrees. The effective roughness of the surface
in attenuating rediation was evalusted by two methods, and the con-
taminstion density of a square srea 600 £t on a side was sampled both
s photon irradiation and b r exposure rate at 3 ft.

In all, six cublc steel structures 30 in. on & side were used.
Each contained 27 compartments instrumented with ionization chambers.
The walls both internal snd exterior were of uniform thickness for a
given structure. Wall thicknesses of the six structures were 1/L",
3/ n’ 1/2", 3/’1«}", l", and 1 1/2".

Calculations of reduction factors were made for selected com-
partments within each structure using the methods and graphs given in
MM-100-1, A ground-roughness correction with 7 = 2k ft of air was
applied, The calculated reduction factors were then compared with
those obtained experimentally and were found to be aslways smaller by
amounts ranging from 14 to 100 percent, a not surprising result since
the calculationsl methods were based upon the more energetic gamms rays
emitted by l.12-hour fission products. The thicker-walled structures
showed greater Jdifferences between calculated and experimental re-
duction factors. Most, but probably not all, of the differences may
be ascribed to changes in the gamma-ray spectrum. OSpectra were
measured on site at D43 and D#9 days. These when compared with the
H + 1.12 tour spectrum could be correlated vith the experimentsal
reduction factors but not conclusively,

Contributions through various walls are shown graphically and
indicate that most of the refinements of the OCD PM-100-1 methods were
not tested sensitively. Because of the exponentisl character of
attenuation, radiation through the thinner pathways of the structures
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tended 1o mask other shielding effects. OSince the bottom surfaces of
the structures, which were placed 4 % sbove the ground, were shielded
with 2 in., of lead, differences were detected between exposures on the
bottom story and the middle story. Inese differences when compared
with celeculstions suggest that the present mothod for trcating rodi-
ation through floors underegtiimates the radistlion thst reaches s
detector after passing through the walls of the story below.

The accuracy of the exjerimental reaults iz estimated 40 be 5
percent, Though spectral differences preclude s satisfactory test of
the PM-100-1 methcds, these date are relatively unique in that the
falicut field was not only real but was slso carefully docunented,
They should prove useful for testing other csiculational methods, or
for testing PM-100~1 methods provided curves are generated which
represent the sctual spectrs encountered in the field.




INTRODUCTION

During the summer of 19€2 a series of compsrimented structures
vas exposed to fallout radiation at the Nevada Test 8ite. Exposure
measurements were made within the various compartments and also at a
height of 3 ft in a free-rield region near the structures. From these
measurements time-integrated reduction factors were calculated as
indicators of the structures? shielding effectiveness. These factors
wvere functions of the wall thickness, the position within the structure,

and the exposure period.

At the pame time supplementary information was obtained regarding
the uniformity of the fallcut field, the effect of ground roughness
upon the exposure as a function of height above the ground, the gamma-
ray spectra at various angles, and the change in exposure rate produced
by the radioactive decay.

The present report compares the experimental field-test reduction
factors with those calculated by use of procedures pregented in the
Office of Civil Defense Professional Manual, PM-100-1.

THE RADIATION FIELD

Shot Small Boy was the detonation of a low-yield device slightly
above the ground surface. Subsequent to the detonation the compartments
were placed in the fallout field 9800 ft from Ground Zero and 1300 ft
from the most intense radioactive contour (the hot line). Over a square
area neasuring 600 ft on a side the radiation was sampled at 7 x 7 = U9
stations apaced 100 ft apart. The structures were located approximately
at the center of this area.

Preceding Page Blank
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Contamination densities (as indicated by photon number flux,
photons om 2 sec-1) were measured with & collimated KaI(Tl) crystal
spectrometer., Along the boundary parallel to and near the hot line the
average contamination density vas 30 percent higher than the average
slong the oppoeite boundary 600 £t away. Thé average density along the
arrey edge farthest from Ground Zero was about 5-1/2 percent higher than
along the sdge nearer Ground Zerp. The sbove messurements sampled a
geonetrical area of 30 sg f£t, but the effective area was sbout 10 sg £t
at each station (vhen weighted by collimator angular response). Measure-
ments with an ueollimeted detector would sample much larger areas and
consequently might be expected to show less variation. Similar measure-
ments to those mentioned sbove but with a Victoreen Model 440 survey
meter® indicated an averege difference of 16 percent in the direction
transverse to the hot line and 1 percent along the direction through
Ground Zero. A typlcal exposure rate on the sixth day after detonmation
vas 80 mR/hr.

Gamma-ray energy and angular distributions (photons cm™2 Mevy-1
steradian~l) were measured at the beginning of and near tae end of the
experiments, i.e., on the third and ninth days after the detonation.

Over this period the mean energy of the direct radiation as calculated
from the fission-product spectrum was expected to be nearly constant,
0.59 0 0.52 MeV, with the value of 0.52 MeV occurring on the ninth day.3
The mean energy of, the D + 9 days spectrum calculated from experimental
data was 0.58 Mev."' Even though the experimental spectrum included same
scattered radiation generally having energies less than 0.2 MeV, the mean
energy was yet significantly higher than that given in reference 3.

A comparison of the relative intensities of th» source radiation at
1.12 hours, 3 days, and 9 days is shown in Fig. 1. 'The 1,12-hour
relative intensities were calculated from the Nelms-Cooper gamma-ray
spectrumd thus

I, = E 8(E) AR/t E 8(E) AE

whe:ri g‘E) 18 the point isotropic source epectrum in photons Mev-+
sec-i,

# Victoresen Instrument Co., 5806 Hough Ave., Cleveland, Chio U4103.

¥ E is used in this report in three ways. Here it represents energy.
lLater it designates a detector location, and finally in Appendix B
it represents the eccentricity factor of the PM-100-1 methods.




Lezasinad

8ince the 3~ and 9~day measurements were made at a height of & ft
above an actual fallout field and accepted photons within a range of
angles, the source components as given by the angular flux measurements
are not precisely equivalent to S(E). 'The relative intensities are
glven by

I, ®E 84, 8,0) AB/x E B(4?,E,0) A

vhere 8 is measuwred from the downward normal to the surface, Varlation
of IR with @ will result from selective filtering of thie energy components
of the spectrum by the atmosphere and ground roughness. Modification of
the spectrum &t ¢ = O degrees (9~day spectrum) is considered negligible.
Exsmination of the same spectrum at 70 degrees showed that definite
modification had taken place but that 1t was small. We conclude that the
3-day spectrum favors higher energy photons slightly, but nevertheless is
a good approximation to the source radiation. Reference 4 gives addi-
tional spectrs at verious azimuthal and elevation angles.

THE COMPARTMENTED STRUCTURES

8ix steel structures, each contalning 27 compartments in a cubile
3 x 3 x 3 arrangement, were exposed. REach of the structures had a
different wall thickness. For a given structure both interior and
exterior walls had the same nominal thickness throughout. The six
thicknesses were 1/k, 3/8, 1/2, 3/4, 1, and 1-1/2 in. The cutside
neasuremsnts of the structures were approximately 30 in. on each side.
Pedestals, 41 in. high, supported the compartments. The top of each
pedestal had a 2 in. thickness of lead vhich served to shield the
structure from rediation coming from directly balowv. By placing the
structures on pedastals, ve reduced the effects of minor terrain
variations upon the angular distribution of the incident radiation.

The influence of surface roughness upon the radiation field was
evaluated by two methods. "From dose~vs.-height measurements the
roughness vas estimated to be equivalent to an overlayer of 22 f't of air,
but from angular spectra date it was estimated to be equivalent to 2k ft.b
In the calculation of protection factors the roughness wvas sssumed to be
represented by 24 £t of air.




INSTRUMENTATION

Exposure measurements were mads with Baldwin-Farmer Type BD-11
ionization chapbers® viaced =t the center of each compartment. These
have a pominal sensitivity of 580 volts per roentgen and are noxrmally
charged to 300 volts or less. In order to extend the range of the
charbers tc 2 R, we appiled 1135 volts by means of the special charging-
reading circuit shown in Pig. 2, After the radiastion-induced change in
charge wvas shered with a 57 pf. capscitor, the resuliting voltsge was
read with a Cary Model 31 vibrating reed elecirometer, Total discharge
of the chamber gave a reading of 26.5 volts., The electrometer contains
a shorting svitech vhich when closed applies the full charging voltage to
the ionization chamber.

Additional dosimetry with photographic film was executed by placing
f1iim packages on both surfaces of each wall, floor, and ceiling. Wen
calibrated with Cof0 gamma reys to give equivalent roentgens, the f1ilms
gave resdings that were sbout 60 percent of those obtained with
ionization chambers. Wheén later extensive calibrations of the film
puckage were made we found strong energy and angular dependence which
places doubt upon the film esults. The chamber data are considered
valid and have been used for the reduction factors in this report.

In order to obtain reduction factors as measures of the shielding
effectiveness of the structures, recordings of free field expcosure rate
vere made 3 ft above the ground. The instrument used for this purpose
was an icnization chamber with a recycling electronic circuit which
recorded a pulse for each 0.243 mR exposure increment along with equally
spaced timing pulses, s instrument (QITR) has been used extensively
for nuclear~weapon tests.” From the continuous recordings, integrated
free exposurea rates were summed over the appropriste exposure times for
the coupartmented structures.

The sums, designated as T%, were corrected for ground roughness
(squivalent to 24 £t of air) by using Fig. 28a of NBS Monograph 42,7
which gives the ratio of exposure rate at various heights to the exposure
rate at 3 't above a smooth plane of infinite extent contaminated with
1.12.hr fission products. Specifically, the correction was

10(3' + 2“") = 00610

# Baldwin Instrument Co., %Ltd., Dartford, Kent, U.K.
## Applied Physics Corp., 272k 8. Peck Rd., Monrovia, (alif., 91016.




By dividing the experimental exposures Kg by this factor, we obtain the
exposure D, expected cver a smooth plane with the same contamination
density as was present during the experiments.

Though changes in the gamma-ray spectrum with time may modify the
value of I, we assume here that it remains constant. In reference 7,
Figo. 28.2s, B-1l1, and B-12 give values of L for 1.12-hr fission products,
Co%0, and Csl37 respectively. TFor a height of 27 ft these curves indicate
that the ratio I, varies only &bout 2 percent. If lower ensrgies were
sbundantly present, a gresater variation in I might be expected; dbut
nevertheless should be small,

Table 1 gives the time~integrated free-field exposures for esach
structure. Both the measured and roughness-corrected values are given.

RESULTS

Values of D, were divided into the exposures measured within the
compartments tc give reduction factors, i.e.,

ta t2
A= f D(X:P)d:t)dt/ f Do {3,t)
Y Y

= D(I,p,d,ti - tf)/ D@(B',ti - tf)'

Here X = effective mass thickness, 1bs/tt2 concrete
P = position of detector within the structure
d = effective height of detector above contaminated surface = h + ¢
t = time after detonation

Before discussing the compartment designations some thought showld
be given to R. One would expect that for this ratioc to be valid the
detectors should be free from energy dependence, since in general the
radiation inside the compartment will be kharder than in the free field.
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a. 3;! f D(3'+1')dt!5'(3'+':,t1-t2)

t

®. 3; = 3‘5/!‘ - 9(3’: tl" ta)
Whers: L = B(3' + «, 1.12 hr)/D(3%, 1.12 hr) = 0.61 is given

in reference 7, Fig. 28.2a
1 = ground roughness equivelent thickness, 2k £t of
elr




We are, however, concermed primarily with protecting people, consaquently
the free-field measurements shouid include only the radiation components
vhich are significantly hazardous. If the exposure at the center of the
human body 18 considered the critical factor, then we should establish a
low-energy cutoff for the detector so that the free-fiesld dose would
tecome smaller. Alpen” has suggested that for acute mortality photon
radiation becomes less effective below 8O keV. At 30 keV two times as
mach exposure is required, and at 15 keV about 100 times as mich, to
produce equal effect. The spectra given in reference 4 indicate thet the
free-field exposure from radiastion below 100 keV energy relative to the
total exposure is small; consequently the low~-energy response of the
free-field detector was not eritical. The GITR, vhich was used for our
neasurenents, had an sbrupt lov-energy cutoff juat balow 70 keV,

Compartment designations are illustrated in Fig. 3, and the measwred
reduction factors for the compartments are given in Tsble 2. Since the
fallout field was reasonably uniform, reduction factors for compartments
in symmetrical positions were grouped and averaged. The data of Teble 2
show that the grouping is justified on the basis that the ifonization
chamber measurements were remarksbly reproducible, despite the extended
periods of exposure under adverse conditions. The errcrs shown are
standard deviations of individual measurements and include variation
resulting from nomuniformity of the fallout field as well as instrument
reproducibility. Since there were four values averaged for these
compartments, the stendard errors of the means will be one~half the
indicated errors. The standard deviatione do not include systematic
errors such as the effects of atmospheric temperature and pressure
variations during the exposure pericds. On the basis of dboth calculations
and additional experiments the systematic errors are believed to be less
than 5 percent.l

Those date which do not shov error estimates represent single

readings, but their sccuracy should be comparable to that of the other
readings.

STRUCTURE ANALYSIS

Though various calculational procedures might be used to compare
with the experimental reduction factors, two sorts of methods are of
particular interest, the barrier-geometry factor methods (PM-100-1) of

-
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Eisenhauer and Spencer, and Monte Carlg methods. For the first, the
source spectrum B(E) photons MeV~l cm< 1s needed. For the second, the
energy and anguiar distribution of the radistion incident on the
structure K(E,Q,r) photons MeV-1 steradian-l cm” “2 18 of more direct
use, though the source spectrum S(E) could be used ss a starting point.

The Eisenhauer-Spencer methods as presented in references 2, 7, and
9 were used for the comparisons in this report because of their wide
avallability and acceptance. They do not readily permit use of the
energy and angular distributions incident on the structure but assume
& plane isotropic scurce of the 1.1i2-hr fisaicn producte zmenticned
above. BExtension of thelr calculations to include 3- and 9O-day source
gpectras would be possible but have not been carried out,

S8ince the barrier-gecmetry factor methods are given in conaiderable
detail in the above references, particularly reference 2, no detailed
discussior :.11 be given here, Appendix A sumarizes the procedures
vhich are applicable to our structures, and Appendix B presents sample
calculations for a few wall elements.

The PM~100-1 methods treat barrier attenuation separately from
geometry attenuation., This treatment is refined by three considerations:
glg wall-scattered radiation is separated from non-wall-scattered,

radiation reaching the detector from directions above the horizon is
separated from that from directions below, and (3) eccentricity factors
are introduced to account for effects of structure shape upon the
probability that wall-scattered radiation will reach the detector:

Inside partitions are treated as barriers at a height of 3 f£ft. Xo
geometry factors are used either in terms of slant thickness or geometry
attenuation. This assumes that the angular distribution of the radistion
from the exterior barrier is unchanged by the inside partitions. The
analyais used here followed this procedure. The lateral extent of
inside partitions was acknovledged by use of azimuthal sectors as given
in Chapter V of reference 2, 7The exterior walls were considered tc be
et their physical height plus 24 ft, the equivalent air layer repre-
senting ground roughness.

Becentricity factors in some cases are smbiguous. Werever a
choice existed, we always tock the square configuration rather than a
rectangular one,

Instead of treating the structure as a unit ouwr calculations were
made for individual external wall elements in order to find which
portions of the structures were more transparent to the radiation. The
vall elements were generally defined by changes in the barrier thickness,




i.e., sddad thickness introduced by floors, cellings, and partitions.
Eash exterior wall of the story in vwhich the detector was located was
separated into two elaments, the portion sbove the detector plane and
the portion helow, WUhensver several vwall areas were identical in their
sttemuating properties (this infers that they are symmetrical portions
of the structure) they weres added azimuthally and considered as a single
type of wall element. Finally exposure contributions through the wall
elemants implicitly assume that all other portions of the structure ave
totally opaque. When contributions through all wsll elements are
sumed, ve ocbtain the reduction factor for one detector position.

Separate calculations for each wall element {see sample calculations
in Appendix B) are somewhat repetitious 1if only an overall reduction
factor is desired. Thus, in routine analysis of structwres one would
rather choose procedures taken directly from exsmples given in reference

The experimental exposure reduction factors are shown graphically
Pig. 4. Ve see that differences between the top and middle stories
small. On the other hand the 2 in, of lead upon which each
ructure sat produced somevhat greaster reduction throughout the first
story, especially for the thinner walled structures.

2B

The most interesting comparisons of experimental and calculated
reduction factors are those represanting extreme differences. These
extremes consist of compartments designated as A and I, i.e., the top
corner compartments and the bottom central-cors coumpariments (see Fig. 3
or insert of Fig. k). Fu-ther comparisons are included for compartmeriis
B, those at the cemter of each side of the structure, and F, the
compartment at the center of the structure, Calculations in each case
were mads for all wall thicknesses used,

Calculstions for compartments designated as B, C, D, G, and H were
not nads as each differed only slightly from that either on the story
above or the story below,

Table 3 compares calculated and experimental reduction factors.
The calculated values are always higher as indicated by the ratios of
calculated to experimental alvays being greater than unity. These

10
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Table 3

COMPARTSON OF CALCULATED AND EXP
g REDUCTION FACTORS, D/D, AND /B

iGomp&rtment i

.252] .204 .161 <110 .093 LOli5

Calculated

A
1.22 | 1.3k 1.h42 1.67 1.48 1.90
Calculated 0.246] 0.213] 0.168] o0.124] o0.091} 0.050
5 Experimental 216 .162 124 .076 .062 027
Galculated Ny 4| 1.31 | 1.36 | 1.68 | 1.47 | 1.8
0.219| 0.17h| 0.123{ 0,071} 0.039! o.01lkk
¥ 1831 .122 .080 .038 029 0082
calc‘;la“d 1.20 | 149 | 1.56 | 1.86 ] 1.80 | 1.79
Calculated 0.198] 0.169| 0.117] ©.068] o0.0k0] 0.014
I Experimental b0 106 .063 034 026 0075
% 1.2 1.60 | 1.86 | 2.02} 1.55 | 1.90

' Calculated I
F & Fiental | 1.35 | 1.68 | 1.7& | 2.0 { 1.51 | 1.90

Exposure t, 95.5 |75 p22.7 | Th.5 |167.6 | Th.S
Period

(D+hour:)l t, 119.2 |91.9 p65.6 [119.2 {261.9 ph65.6




retios are shown graphicelly in Pig. S along with the ages of the
fission products during the pericds of exposirae,

The differsnces between calculatione and experiment would he
somewhat less 1f actual mess thicknessas were used instead of effective
mass thickneases. In the calculaticns all steel thickneases were
converted to effective mess thicknesses by multiplying by 0.931 to
adjust them to the sane slectron density present in concrete, a
procedure given in reference 7. In practice it may be prefarsble not
4o use this correation.iO» For a nop-central compartment of the
thinnest-wallied structure, calculations based upon actual mase thick-
nesses vould yield reduction factors about 3 percent smaller (greater
protection) than those given in Teble L. For the other extreme, the
centermost compartment of the thickest-walled structure, the calculated
reduction factor would become about 20 percent smaller. Such differ-
euces are significant and indicate that a revised set of corrections
mxy be needed for converting the shielding effectiveness of various
wmaterials to that of concrete,

Put the differences are still unexplained. Por s given dstector
position the ratic of the calculeted to experimental protesction factors
should have been unity for all structures provided thet the PM-100-1
methods were accurate, the use of effective barrier thicknesses were
valid and if only the l.l2=hour fission-product gemma-ray spectrum were
encountered., If the ratio varies systematically with wall thickness,
one would first suspect the PM-100~1 barrier factors toc be incorrect,
{The geometrical conditions being fixed imposes a slower varistion of
geometry factor than barrier factor.) But a different spectrum also
will produce a retio that varies systematically with wall thickness.
The question of whethar or not the PM-100-1 mathods are adequate
depends upon whether or not we can ascribe the entire variation shown
in Fig. 6 to differencez in spectrum.

The variation of protection factor in an undergiround shelter as a
function of age of the fisaion products is shown in Fig. 3-3 of
reference 2. Similar curves are presented in reference 12. Specifi-
cally at F + 100 houre and for a barrier thickness of 100 psf
(equivalent to about 2.7 in. of steel) these curves indicate that the
ratio of the reduction factor at 1.12 hours to that at 100 hours to dbe
gbout 1.k, Experimental time integrated reduction factors from H +
Th.5 to 165.5 hours for compartments I and F having naminal (single)
wall thickness of 1-1/2 in. are grossly comparable; however, we find
about 80 percent enhancement of protection. This excess not identifi-
able with spectral changes suggests that the PM-100-1 methods applied
to these structuree may underestimate protection by as much as 50 percent
for total barrier thicknessses up to 120 psf. Perhaps nearly half of

12




Table &

CAICULATED VALUES OF D/Do - COMPARTMERT A

Nominal Wall Thickness (in.)

Element § 4/, | 3/8 | 1/2 3/h 1 | 1/2

a 0.0021 | 0.001k4 j0,0008 ! ~,0003 } 0.0002 | 0.0001
b .0026 | ,0018 | .0012] .0007{ .00CW | .O0OCL
c OUT | L053 053 | .050 | .043 | .03
a 0097 | .0092 | .0079| .0059| .0039 | .0018
e 0072 | .0053 | 003k} .0016| .0007 | .0002
f 034k | 0282 | .0206| .0127| .007k | .0030

175 .155 .130 .106 079 .0U8

;
g
§
8
:
:

Sum 0.304k |0.273 |0.229 |0.184 [0.139 |0.086

13
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this discrepancy msy result from the use of sffective barriexr thicknesses
a8 indicated above. But this crude comparison at H + 100 hours is for
greatly different sheltering conditions; consequently, we can only
speculate that s real discrepancy exists.

Two other aspects of Fig. 6 should be noted. If spectral effects
dominate the discrepancy betwesn calculated and experimental values,
then the discrepancy becomes greater and greater for increasing wall
thickness. ‘The trend of the curves bears this ocut. For wall thickness
up 4o 3/% in. compertments A and ¥, representing single wall thicknesses
betveen the detector and {the outside, give discrepancies comparable to
those for compartments F and I at half the wall thickness (times two
for equivalent total thickness). TFor nominal wall thicknesses of 1 and
1-1/2 in. I and F no longer show greater discrepancies than A. This
puzzling observation throws doubt upon any attempt to remove spectral
effecte quantitatively from the comparisons of calculations and
experiment,

An important aspect of Fig. 5 is the trough occurring at l-in.
wall thickness., This results gm the penetrating ability and abundance
of 1.6 MeV gamme rays from Lal“0 during this exposure period.

Coumpare the intensity spectra shown in Fig. l. The 1l.12-hour
spectrum i8 somevhat harder than that at 9 days; therefore it is quite
possible that the trough of Fig. 5 would be deeper if the exposure had
been to the l.1i2-hour spectrum. If correct, this argument would assign
most of any discrepancy to spectral differences. For the l-in. thick-
ness, perhaps about 15 percent of the discrepancy might be assigned to
the use of effective barrier factors.

The foregoing discussion ig inconclusive. Unless suitable barrier
and geametry attemuation curves are generated for the spectra existing
during the exposure periods and additional calculations are made, we
cannot claim on the basis of these experiments that the PM-100-] methods
either do or do not predict protection factors accurately in a real
fallout field.

Some insight into the relative importance of the various portions
of the structure in providing shielding will be considered next,
starting with the detector in compartment Type A. Figure 6a gives the
axposure contribution in percent from radiation passing through each
group of similar wall elements, for each wall thickness. The contri-
butions through structural elements not labeled are assumed to be zero.
The contributions through elements designated h and ] are small enough
to indicate that this assumption introduces no serious error. The
percentages given represent the total contribution through symmetrical

1%




B AP A 0T

L T

wall elements and are listed in order of incressing wall thiciness.

If we add contridbutions from elements ¢ and g (to give the portion
of the room bounded by a single ocutside wall) their total becoumes:

¥Wall Thigkness Relative Dose Contylbution
(in.) {percent )
1/% 73
3/8 76
1/2 8o
3/k 85
i 88
1-1/2 92

It 1is clear that most of the refinements of the PM-100-1 methods for
treating floors, cellings, and inside partitions are overshelmed.
Hence, even if it were concluded that these experiments confirmed the
predictions made using PM-100-1, special configurations in which the
radiation must arrive by circuitous routes remain essentially untested
here. B8ubsequent experimentation that attempts to test the PM-100-1
methods should be designed carefully soc that as few factors as possible
are involved.

Figure 6b shows reduction factors as functions of wall thickness
Tor the variocus wall elements. TImplicitly each curve assumes all other
clements are totally opague. The sum of these curves gives the solid
curve at the top. The experimental results are included as points.
Extrapolaticu of the experimental and "structure” curves to 0.59 at zero
wall thickness reflects the presence of ground roughness and the height
of the detector.

n!:e calculated value of D/D, for each vall element is given in
Teble &,

Figures 7a and Tb, Ba and 8b, and 9a and $b shov similar results as
given above but for detector positions E, F, and I respectively. Tables
5, 6, and 7 give calculated values of D/D..

We sav earlier that radiation through the thinner portions of the

structure largely dominated the reduction factor achieved at detector
position A, Will this also be true for detector position F, the center

i
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Teble 5

WVWWD/DO-OMWE

Nominal Wall Thickness (1in.)

Wall

Remestf 4, [ 3/8 |a/2 | 3/b 1 11/2
a 0,0025 | 0.0018 {6.0012 {0.0005 |0.0002 | 0.0001
b .001k | .0009 { 0006 | .0003 | ,0001} .0000
e .00Lk | .0011 | .0009 | .0005 | .0003| .00OL
4 .0092 | ,0081 | .0060 | .003%k | .0019| .0006
e 0052 | .0052 | .0OkM | .0031 | .0022| .0009
4 .0097 | .0096 | .0077 | .0059 | .00kl | ,0018
g 0255 | .0260 | .0262 | .0250 | .0225 | .0l54
h .0185 | 0143 | .0090 | .0043 | .0021 | .0006
1 0326 | .0282 | ,0198 | .0125 | .0076| .0030
J 0344 | 0294 | 0208 | .0128 | .0078 | .0030
k .0882 | 0773 | 0649 | .0526 | .okOB | .0240
1 .0075 | 0048 | .0028 | .0013 | .0005 | .00O1
n .00ko0 | .0025 | .oo1k | .0007 | .0003 | .0OOL
n .0057 | .0038 | .0026 | .0014 | .0008 | .0003
Sua 0.246 {0.213 [0.168 |0.12%k [0.091 |0.050

16
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Table 6

CALCULATED VALUES OF D/Do - COMPARIMENT F

all Nominal Wall Thickness (in.)
flement b 5/, 138 | 1/2 | 3/ 1 |11/2
a 0.0057 |0.0040 |0.0027 | 0.00L3 | 0.0006 |0.0001
b .0061 | .CO37 | .0023| .0008 | .0003 | .000L
e 024k | ,0226 | 0160} ,0090 | .0051 | .0016
a 0212 | L0210 | 0176 .0129 | .0090 | .QOBO
e L0781 | L0596 | .0372| .0180 | .0087 | .0023
£ L0630 | .0585 | .ok | .0259 | .0159 | .0062
L0116 | 0062 | .0036| .00MM | .0005 | .0OOL
h .0108 | .0065 | .o0k1 | .,0019 { .0009 | .0002
Sun 0.219 |0.17% |0.123 |0.0711 [0.0391 |0.0L4k

17




Teble 7

cammvmovn/no-mmrz

Nominal Wall Thickness (in.)

Wall

Roment{ /4 | 3/8 |1/2 | 3/» 1 1-1/2
Y 0.0053 | 0.0039 }0.0026 | 0.001.3 |0.0006 | 0.0001L
b 0056 | .0036 | 0021 | .0008 | .0003 ] .000L
¢ L2k | 0216 | 0158 .0090 | 0049 | .0015
a 0212 ] 0202 0175 | .0129 | 0086 ] .OOWO
'S L0781 0573 | 0368 .0180 | .0084 | .0022
4 0630} .0560 | .0oh10| .0259 | .0152 ] .0062
Sum 0.197 |0.162 }0.116 |0.0679 |0.0377 | 0.01k1




of the middle story, vhere alternate pathways traverse comparsble
thicknesses? The percent exposure contributions through walls of the
second story are given in Teble 8.

When the walls are thin, radiation through walls of the corner
compartments contribute nearly bhalf the total exposure sven though it
must pass through two interior wells, hen the walle have & thickness
of 20 ps? (1/2 in. of steel) or more, radiation through the side-
compartment valls contribute more than half the total exposure.
Radiation through the second-story walla but from below the detector
plane produced about 60 percent of the total exposure for all wall
thicknessss used, These caloulstions suggest that rulew.of~thumh
procedures might be developed vhich could predict reduction factors for
simple structures fairly well. The presence of windows might even
simplify the procedure in some cases.

The fifth column of Teble 8 shows that no other stories contribdute
materially to the total exposure, Multiplying the results for the
second story by 1.1 would give a good prediction for the structure over
the range of wall thicknesses used.

The above discussion is based upon the validity of PM~100-1
calculations, but the general conclusions may be correct even if
deficiencies do show up in the calculations. The comparison of calcu-
iated and experimental results further suggest a deficiency which will
be discussed next.

The calculations for compartments F and I were identical except
that in the case of I we assumed that the lead shields upon which the
structures sat prevented any radiation from reaching the detector af'ter
passing through the floor of the first atory If we compare the ratios
of calculated to experimental reduction factors as given in Table 3 we
find the ratios for compartment I to be consistently greater than for F.
The differences in ratios are even greater than shown since those for I
will tend to be low at greater wall thicknesses vhere 2 in. of lead
no longer is thick relative to 2 or 3 in. of steel.

*3trictly speaking, the calculations are not identical since there 1s a
height difference, This difference was 10 in. at an effective height
of 28 £t and can be read into the PM-100-1 charts only if much care is
taken, That this height difference can be neglected is borne out by
the small differences observed between the second and third stories of
Fig. 5, part of wvhich is attributasble to skyshine radiation.

19
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Teble 8

EXPOSURE CONTRIBUTIONS TC DETECTOR POSITION F THROUGH
SECOND STORY WALLS
(PM4-100~1 Calculations)

Radiation Radiation Total Radiation
Wall Through S8ide |Through Corner |Radiation From |Through Second
™hickness || Compartments | Compartments |Below Detector Story Walls
(in.) (d + ) (¢ + &) (e + 1) (c+d+e+71)
(%) (%)

1/h 38 46 64 8
3/8 bk ks 65 89
1/2 k7 43 63 90
3/4 Sk 38 62 92
1 61 3h 60 9%
1-1/2 Y 27 59 97
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Since no differences in the ratios should exist between P and I 4f
the caleuistional method 1s satisfactory, we conclude that the PM=10C-1
method of treating rediation coming through the walls and ceiling of the
story below underestimates the exposure considerably. Floor barrier
factors are obtained by using the barrier factor curve for contaminated
roofs, a scheme which makes a floor much more efficlent in attenuating
radiation than a wall or inside partition., The anguler distribution of
radistion at the hottam surface of a floor is different from that for
interior walls in that a greater portion of the radiation will be at or
near grazing incidence; consequently, the use of a barrier factor curve
that gives greater attenuation would seem to be justified, Since experi-
ment shows less attenuation than do the calculations, let us consider
the conditions vhich give the least attenuation by the floor. This will
occur if the fioor thickness is added to the exterior wall thickness and
a vall barrier factor for the combined thicimess is obtained from
reference 2 (chart 1, case 2). Interior walls were treated as before,
Thus, the total barrier attemuation for a floor, an exterior and two
intericxr walls in a structures at height H would de

B'[(xe + xf)’ H] Bw(x1’3') 3w(x1: 3*)

instead of
B,(X,,H) B (X,) B (X,,3*) B (X,,3').

¥her the reduction factors for F are calculated in this manner and
compared with experimental results, the ratios agree better with those
obtained at detector position I. "These ratios are shown as F?! at the
bottrm of Teble 3.

The sbove procedure is not intended as & substitution for the
present PM-100-1 procedure. It rather indicates that a drastic modi-
fication is needed if floor penetration is to be handled satisfactorily.
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CORCLUSIONS AND RECOMMENDATIONRS

1l. Evidence is presented which attribute most of the differences
betwean calculated and experimental reduction factors to differences in
the gamma-ray spectra. Other evidence suggests that the PM~100-1
calculational methods pay be partly at fault.

2. The axperimental data were generally accurate and provide
valusble information for testing calculations, Conceivably curves
could be gensrated for the gamma-ray spectra that were encountered
during the experiments and a more valid test of the PM~100-1 methods
could be made.

3. Refinements of the PM-100-1 procedures are masked by the
preponderant smount of the dose that results from radiation coming
through the thinnest paths. In the design of further experimenta much
care should be taken to isolate each factor to be tested. In those
cases where this is pot possible to do experimentally, reliance should
be made upon Monte Carlo calculatiops.

. The barrier factors used for floors appear to give too much
sttemation. Additional thought and perhaps experiments should be
given to improving the treatment of floors, especially when they are
thin.
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APPENDIX A

M-100-1 Methods

We consider the reduction factor as spplied to the structures of
this report.

R - Z A(#) (%, H,B) []B(X, )

elements

vhere B is a barrier factor vhich is read from charts provided in
reference 2, Particularly, 1t will be By(X,H), BJ(X,), or By(Xe) for a
wall, & celling, or a floor respectively. The X's represent effective
mass thicknesses in concrete equivalent 1bs/f£2 and H represents the
effective height of the detector d + 1, where 4 is the physical height
and 1 is the ailr-equivalent overiayer thickneds which corrects for
ground roughness., The synbolTrindica.tes multiplication together of
the appropriate barrier factors, one for the exterior structure element
and one for each additional barrier interposed between that element ard
the detector.

The factors Az(f) G(X,w, H,E) account for geometrical effects of the
structure upon the probability that radiation will reach the detector.
Because of the many shapes that structures may taks, this geometry
dependence is complicated., The FM-100-) methods transform the siructure
into an equivalent cylinder appropriate to the structural element being
evaluated; accordingly, a cylindrical coordinate system is used. The
factor A, accounts for the azimuthal extent of the element, and the
factor G accounts for its polar extent (by means of the solid angle
persmeter w \)vhich is related to the poler angle @ through the relation
W = 1 - COBO .

The X dependence of G accounts for the diffarent angular distri-
butions of the scattered and unscattered radiation. The dependence of
G upon the eccentricity factor E accounts for the effect of structure
shape, specifically the ratio of width to length, upon the likelihood
that wall-scattered radiation will strike the detector.

23
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G dependencs upon radistion arriving at the detector from sbove
the deteator plane combines both rediation scattered from the ceiling
and from the ztmosphere (skyshine)., It also includes & wall-scattered
ccmponent which is considsred in &ll respecis identical to & wall-
scattered componsnt arriving frox below the detector pilane. G despendence
upon rediation frow below the detectur place alco includes the unscatter-
ed radistion from tha fallout field., These varicus gecwetrical routes
are mutually exclusiva and consequently are additive. The wall-scattered
radiation, both from above and below the detector plane, must be
corrected by the eccentricity factor E before it can be added to the

other geowetry couponents.

The factor G is applied only to exterior wall elenents, The
sssumption is that the angular distribution of radiation that has
penetrated the outside walle is unaltered by internal barriers.
Interior walls, ceilings, and floors merely define the azimuthal and
polar limits of the wall elements. ‘The use of B, and B) instead of By
as barrier factors for floors and ceilings does introduce geometricali
effects into their attenuating efficisncy, but the factoxr G remains
unchanged. The barrier factor By for an interior wall is considexed to
be the same as that of an exterior wall at a height of 3 ft. 'his
tacitly assumes that the angular distribution of the incident radiation
upon one is equivalent in a practical sense to that upon the other
regardless of the orientation of the interior (vertical) wall.

2k




RPPENDIX B

Bqle Caloulations

Three sample calculations, YTables B-l, B.2, and B-3, are for
greatly dissimilar wall elements., The puxnoses of the calcwlations are
(1) to indicate the magnitudes of the arguments and functions as applied
tc particular shielling elements, and {2) to present typical but spacific
salculations for the structures we used.

On each calculstion sheet are plan, elevation, and side views of
the structure waich identify the detector position and the wall elements
being treated. Theequation at the top of each sheet includes only those
factors vhich enter into the particular calculation. For detalled
procedures, the nomenclature, and the charts of the functions the
readsr should use reference 2.

In each case the reduction factor is the exposure (relative to I,)
resulting from radiation passing through all structural elewments which
are symmetricelly located with regpect to the detector. All other
elemants are conaidered totally opaqgue. Calculation of the exposure
from radiation through all paxrts of the structure is accomplished by
suming ovar all structural elements.

™he circled nuphers refer to chart numbers in referencs 2.

Table Bl gives the effective barrier thicknesses used for the
calculations, Az mentioned in the texi, these values have been adjusted
to have the sams mleciron dsnsity as concrete per 1b-ft-2, References
10 and 11 guggest that for ircn actual valuee ¢f wmass thickness nxy give
better estimates of sttemuation than these adjusted walues.
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Tedle B-)

CALCULATION OF RELATIVE EXPOSURE (n/na)‘m AT

DETECTOR POSITION A FROM RADIATION THROUGH
ELRMENTS e

A {[G'(w) - G.(u' )] s'(xg) 2e) + [Gd(u,n)-Gd(u',H) 1-8'(1(4}1

A?‘ B, (X, H) B(x{,3*) B(x],3")
|

ot )
: Wl e | | A Aghr
ﬂ . e AR -4y -
A
*;

0.1 O-z “qﬂ
ad 5 nl o | o2 = %040y
[ S
rrowt w| 100 |0.49|® Etaxts 118 @
6, W) 0 038 |® A - 0.3
H s lw®)] o0 |o0.60s ©®© b4+ 0.60¢
ioad base
Lu NOMINAL WALL THICKNESS (inch)
DESIGNATOR RT
Y [ 3] s [ Y] [
Sw (Xg) (®»]| o020] 026] 0.34 | 043 | 0% | o.e
AGs E Sy O8Y | Lur7 | 1853 | /93| L2291 -27¢
1~ SylXg) @ | o0e0 | 074|066 |037 | 049 | 0.3
Acdfr-se] gy | vz cave| .aus| aee | am
AGs E Sy+ AG [l—S-] -6 $73 | .Se | .s52 | .5} .529 )| .50
| h
B, (Xe. 29 ) @ .5 W | .3 | 32| .29 | .15
B (x{, 3") a3 | m | cex ]| .ue| 32 | 2w
lw“:" 3') - 74 ! .2 1] 38 25
R e 5 ons Sy o
BulXe, 29 ) [Bob,3) +8 | 312 | .233] /50 | .o7#] L035 | .00ty
A,GB 0.0672].0053 | -003¢y | .#0/4 | .00073 |. 0002
26




Table B2
CALCULATION OF EELATIVE EXPOSURE (n/no),,_ AT

DETECTOR POSKTION X FROM RAUTATION TRROUGH
ELEMENTS m

A‘{[G,(u)-a'(u' )] s'(x .)!(o) + [cd(u,x)-o‘(u',n)][l-sv(x')]}x
B,(X,,B) B,{x;,3') B(X,)

PLAN NOE
T | T A Dy
el 14 ‘s = 2fas-
3 L
% o~ ) o n / 73 = 0.1%76
;f — : wlo72| 042 |® =127 @
| € 6, ()] 0,38 |0 26¢ |(® Ac, « 0. 112
? 77 oglwa| 0.62 | 0.42 [® Acg - 0.20
G
§
% ESIGRATOR Lot NOMINAL WALL THICKNESS {inch)
’ $ ] ¥ 3 ! '}
Sw(Xe) (G)| o20| o026 0.38a | 043 | 0.5 | 0.6
‘ AGs E Sw 0:030] 0.039 | 0,051 | 0,065} 0.077 | 3. 091
1= Sy(Xq) (@] 080} 0.74 | 0.66 | 0.57 | 0.4 | 0.39
AG-[“S‘.] 0160 ] O.t4g | 0.132| 0417| 4,098 | 0.072
Ao,zs.a-A;[s-s.Fc 0.1%s | 0:189 | 0.18y 10,179 | 8.t 7| 0.770
8y (Xe. 28" ) @Tsz o4y [ oo | 033 | 026 | 0.7
B X, 3 ) @) 0.88 | .72 | 063 | 0.9 | 0.38 | 0-25
Botxg. — ) @) e.34 | 0.26 | 0.21 | 0.45: | 0,415 | 0.067
S y——
By(Xg, 28 )B,* By 8 |6./¥, |0.092 |0.053]|0.02Y; |0.010, |¢.0028
A0 8 o.0040 | 0.0025 0. 0014 | 0.0807 | 0.0003 | 0. 00
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P Teble B-3
' CALCULATION OF RELATIVE EXPOSURE (}::/na)l,'e AT

DETECIR POSTTION EF FHON RADIATION THROUGE
ELEMENTS ¢

- N {{s,(n)ﬂ,(-')] 8,(x,) Xo) + [0 (10 00 [18,x,)] }f
A (X, E) B(X,,3') B (X,,3')

[RPORSTRIY ..

o | S l,-A*t
el / L R ’xfu'
i A 0 = 0. 8%
vlon | o |® e )91 @
6 wio.an] o |(® Ae, 017
sglwalo.062] 0 |@® Agg - 0.088
L‘" NOMINAL WALL THICKNESS {inch)
DESIGNATON 1 i 1 i - m
Sy (Xg) @[ o020 026 0.3s | 043 | 0.5 | 0.4
DGy E Sy 0.077]0:/00 [0.13; {0.7166] 0.197]0.33¢
1= 8y(Xg) (@ | 0 | 074 | 068 | 057 | 0.49 | 0.3
Ac.[l-s.] 4064 | 0.0 | #.045 0.03¢ | #0238 | aodé

DG ESut A8 [1-39] 18 | a1al. | 0160 | 0116 | G.a0g] 0-23, | 0.36n
| BatXe, 28 @ | 650 |o.v2 |0.39,]| 0.32] 0.25| 0.4
txg, 3¢ ) @] 01| o.u | 042 | 0.08]| 038 | 028

By(X5, 3') 0.79| e71| 063 038 | 038 | 0,28

4

e i
| A g . .
u.«x,.n‘;[m,fg *8 0.311]{0.249, | 0.75,| 0,074] 9.0%6 | 0.010
A0 8 o.ns‘,T;.u: 0.0i59|4.0099 0.004¢ 00018
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* Table B-k
EFFECTIVE BARRIER THXCKNESSES

Measured and
Nominal Adjusted Wall Ticknesses (psf)
(in.) Exterior ~Interior
1/k 9.2 8.8
3/8 12.9 13.6
1/2 19.2 18.h
3/h 27.8 28,4
1 37.5 38.5
1-1/2 56.5 56.7
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Fig. 1 Gamma-ray relative intensities from fission products

at 1.12 hours, 3 daye and 9 days. The horizontal bars indicate
the width of each energy intervel. The vertical bars represent
the total intensity within the energy intervel and are at the
energles that were sssumed for the calculation of intensity.
Values of S{E) for the 1.12 hour spectrum were taken from Table 4
of reference 5,
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E Fig. 2 Charging-reasing circuit for icnizetion chsmbers.
This system extended the exposure range of BD-1l1
ionization chambers by s factor of four,
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Fig. 3 Compartment designetions. Exploded view of structure
shows individual compartments. For each compartment the walls
that made up the outside surface when the structure was
assembled were twice as thick as the inside walls. Thus,
when assembled together, the total wall thicknesses exterior
and interior were uniformly thick.
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RATIO OF CALCULATED TO EXPERIMENTAL REDUCTION FACTORS,

TIME AFTER DETONATION (hours)

b

00112 hrs) /0o (1.12 hrs) -:-ﬂ’? D(t)dt/f'zoomd?
1

300 ~12

EXPOSURE PERIODS AL

250 10

— 9

200 [~ -4 8

— 7

-4 5

100 ~ ﬂ ” —~ 4

0 u I

50 I~ — 2

- 1

(0} { | 1 | ] o)
2.1

10 S 1 ]

X, NOMINAL WALL THICKNESS { inches}

Fig. 5 Comparisons of calculated and experimental
reduction factors. The exposure period for each
structure is shown directly above the plotted
points for that structure, D is the exposure rate
within & compartment. D, is the free-field dose
rate at 3 f't above a asmooth plane,
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K 3 0.7%
112" C.5% i
Y 9sl0.4% 0.8%
]" 0.2% , 0.7 %
T 0.1% bsipss,
2 0.1% 0.4%
0.3%
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Fig. 6a Percent exposure contribution of symmetrical wall
elementas to detector position A, The contributions are
listed for the six structures in order of increasing wall
thickness. Thege were calculated using PM-100-1 methods.
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Fig. Ta Percent exposure contributiop of symmetrical wall
elements to detector poeition E. The contributions are

listed for the gix structurss in ordesr of increasing wall
thickness, These were calculated using PM-100-1 methods.
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Pig. 8a Percent exposure contribution of symmetrical wall
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listed for the six structures in order of increasing vall
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Pig. 9a DPercent exposure contribution of symmetrical wall

elements to detector position I, The contributions are
listed for the six structures in order of increasing wall
thickness, These were calculated using FM-100-1 methods,
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