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INTRODUCTION

As a result of the development of nuclear fission devices with their
potential for hazard to the population, however remote; it is now necessary
to provide protection against radiation, blast, and the other effects of
nuclear devices. To meet these additional requirements the United States
Office of Civil Defense has designated areas in buildings throughout the
nation as shelter areas.

One basis for the selection of a shelter is the protection the shelter
provides against fallout radiation. The amount of protection can be de-
termined by methods established by the Office of Civil Defense.

The purpose of this investigation was to test by experimental analysis
the validity of one of the analytical methods recommended by the Office of
Civil Defense. To do this a model of a building was tested for the amount

of protection provided by the shelter area.



LITERATURE REVIEW

From a civil defense standpoint, buildings are rated on the basis of
the protection provided for the inhabitants from the effects of nuclear
weapons. Since 1945, volumes of literature have been published on civil
defense against nuclear weapons. Several of these publications discuss
both nuclear weapons and civil defense procedures and recommendations.
Examples of these are Glasstone (2), Prentiss (3), Suggs (6), and Severud
and Merrill (4).

The Office of Civil Defense has many publications, fncluding manuals,
pamphlets, and technical reports dealing with all aspects of civil defense.

One of these is Shelter Design and Analysis (7). In this manual a method

of analysis is presented for determining the protection factor of any
structure. The effectiveness of a structure against fallout radiation

is given by the value of the protection factor. This factor is a ratio
of the radiation dosage received in the shelter to that received by a
detector located three feet above an infinite plane of radiation on which
there are no structures.

Gamma rays incident upon a barrier may interact in several ways,
photoelectric effect, Compton effect, pair production, and others. Of
these only photoelectric effect and Compton effect are considered to be
important in the analysis because of the energy range and the materials
considered. If the photon interacts with the barrier by the photoelectric
effect or the Compton effect, it is termed absorbed or scattered radiation
respectively. A photon which is scattered by the air is termed skyshine

radiation If the photon passes directly through the barrier, it is



termed direct radiation.

The geometrical nature of a structure is expressed in terms of solid
angle fractions. These sclid angle fractions are the solid angles sub-
tended at the detector by selected segments of the structure, expressed as
a percentage of the solid angle of a spherical shell at the same distance
from the detector. The dosage received by the detector integrated over
the volume of the solid angle fraction is termed the directional response
or geometry factor. Values of the geometry factor can be found as a
function of the solid angle fraction and the height of the detector above

the ground from graphs in Shelter Design and Analysis (7).

Barrier factor is the ratio of the emergent radiation from a barrier
to the incident radiation upon the barrier. It can be calculated for the
appropriate material by

Barrier factor = e-MI (L
where M, is the linear attenuation coefficient of the barrier and t is the
thickness of the barrier. Values of the barrier factor as a function of

mass thickness (weight per unit area) of the barrier can be found in graphs

in Shelter Design and Analysis (7).

The product of the geometry factor and the barrier factor is the
reduction factor. The reciprocal of the sum of the reduction factors for
the entire structure is termed the protection factor.

In Shelter Design anc Analysis (7) various cases of structures ars

discussed with the appropriate means for the calculation of the protection

factor. The use of graphs and charts greatly simplifies the calculations.



Since the energy and the intensity of the fallout radiation possible
is dependent upon the time, location, and the nature of the weapon, an
assumed spectrum for 1.12 hours after detonation was used in the calcula-
tion of the correction factors.

Several studies have been conducted on the effectiveness of structures
in shielding against gamma radiation. Eisenhauer (1) cites two of these
studies and compares their results to those by analytical methods. These
studies involve tests on full-size structures as well as models.

An experiment on a square concrete block house was conducted at the
Army Chemical Center in Edgewood, Maryland. The results of these experi-
ments were compared with the calculated values with agreement of about
20 percent for cobalt-60 radiation and 40 percent for cesium-137 radiation.
In these experiments the geometry factors for the block house were close
to unity and provided a test for barrier factors only.

Another experimental check on the calculation of protection factors
was conducted by Technical Operation, Inc. In this study a 6-story build-
ing was modeled in steel. This model was used to test calculations on
geometry relationships between the source field and a structure. A

comparison of some of the results is shown in Table 1.

Another source of information on the calculation of protection factors
and the validity of the civil defense methods is found in Spencer (5).
This publication gives the basic formulas and methods used to obtain the
graphs for the manual on protection factors.

The investigation discussed in this thesis was based on a model study
of a structure in which geometry and barrier effects are interrelated. The

structure selected for the analysis is a modified section of a one-story



Table 1. Reduction factors in multistory steel model

Detector

height

above H =3 ft. H =6 ft. H=09 ft.

floor

Story Exp. Calc. Exp. . Calec. Exp. Céalec.
1 0.36 0.38 0.36 0.38 0.35 0.35
2 0.19 0.26 0.24 0.28 0.27 0.28
3 0.12 0.194 0.19 0.22 0.22 0.22
4 0.096 0.154 0.15 0.176 0.18 0.179
5 0.068 0.124 0.12 0.146 0.16 0.145
6 0.054 0.102 0.11 0.119 0.14 0.117

school building which is used as an example in Shelter Design in New

Buildings (7).

The school is arranged with classrooms on the exterior walls and a
shelter in the central hall area. The materials of construction were
assumed to be those commonly used in this type of structure, with no pro-

vision made for fallout protection. The structure which was investigated

is shown in Figure 1.
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MODEL ANALYSIS

A basic structure, as shown in Figure 1, was assumed as the prototype
shelter to be analyzed. The basic parameters were determined and are

shown in Figure 2.

(A

+ A

il

T N

Figure 2. Parameters of prototype structure for model analysis

These parameters are defined as follows:

N, = Counts emitted by gamma source (unitless)
N = Counts received by detector (unitless)

t = Thickness of wall (cm)

1 = Length of structure (cm)

M. = Linear attenuation coefficient of the wall material (cm-l)

A

Distance from the source to the detector (cm)
The counts received by the detector can be expressed as a function of the
other variables.

N = f(N,, 1, t, M, A) (2)



The number of variables can be reduced by using a set of dimensionless
variables. According to the Buckingham Pi Theorem, the number of dimension-
less ™ terms necessary is the number of variables less the number of
dimensions, which in this case is five. If N, Nj, mt, t/1, A/l are the

5 ™ terms, then

Np = £(Nops Ap/lp, Mptp, tp/lp) (3)

Np = f(Nems 2m/lms Mptms tm/lm) (4)
1f

Nom = Nop (3)

An/ly = A/1, (6)

tn/lp = tp/lp (7

Mty = Mptp (8)
then

Np = Np (9)
and

Nm/Nom = Np/Nop (10)

The relationship between the model and the prototype can be determined
if we let

1 =nl (11)

p m
tp = ntp (12)
where n is the length scale between model and prototype. For equation 8 to
be satisfied
Montm =l(pntm (13)

Hm - (14)
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Figure 3. Spectrum of fallout radiation at 1.12 hours

In order to select the materials for the model, it was necessary to
have the attenuation coefficients of the model and prototype materials be
in a ratio of n. An average attenuation coefficient was calculated for
various thicknesses of building materials using the assumed spectrum of
fallout radiation at 1.12 hours shown in Figure 3. The results for 5 inches

of concrete are shown in Table 2.

Possible model materials and gamma radiation sources were determined
from preliminary calculations, and the best selection was lead modeling
for concrete and copper modeling for glass with a 0.66 mev cesium-137

|

source. The attenuation coefficient for lead at 0.66 mev is 1.17 cm *,

and thus n for the lead and concrete was
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Table 2. Attenuation coefficient for concrete, t = 5 inches
%o M
Energy of each 1
mev energy em™1 ML " B i; % 190
3.40 0.2 0.0795 1.0 0.365 0.073
2.55 16.8 0.0958 1.22 0.296 4.973
2ie14) 5.8 0.1045 1.33 0.266 1.543
1.70 26.4 0.1113 1.41 0.244 6.442
127 10.8 0.1330 1.69 0.184 1.987
1.02 10.8 0.149 1.89 0.150 1.620
0.85 10.0 0.162 2.06 0.127 1.270
0.64 10.8 0.184 234 0.096 1.037
0.50 0.3 0.204 2.59 0.075 0.023
0.42 4.4 0.220 2:i79 0.061 0.268
0.32 3.4 0.247 3:12 0.044 0.150
0.26 0.2 0.270 3.43 0.032 0.006
0.22 0,2 0.283 359 0.028 0.006
e~™t = 0,194 = £1
Mt = 1,64 o
M= 0,130 cm~! for 5 inches of concrete
-
U 9

Since the facilities for conducting this experiment were limited in

size, the length scale needed to be greater than 9 to model the prototype.

To increase the magnitude of the length scale the source spectrum was

degraded by placing materials of various thicknesses around the source.

The spectrum with 1 inch of lead, shown in Figure &4, resulted in a value

of 1.75 cm"l
n equal to 13.
of lead models

n

6.

fo

for the attenuation coefficient (see Table 3), which gives

A length scale of 13.5 is also obtained when 0.375 inches

r S

inches of concrete.

13

5
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Table 3. Attenuation coefficient for 1e;a, t“;-b.375 inches
% M
Energy of each 1
mev energy em” 1 M. o~ Mt i 100
O
0.66 63.0 L7 La11 (0.0330 14,238
0.55 11.6 1.47 1.40 0.247 2.865
0.45 9.5 2.00 1.90 0.150 1.433
0.35 7+5 3.2 3.06 0.047 0.350
0.35 5.3 7.10 6.78 0.001 0.006
0.15 3.2 20.87 19.89 0.000 0.000
e"#Mt = 0,1889 = é_i—
Mt = 1.665 -
M= 1.750 for 0.375 inches of lead
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The glass windows in the prototype were modeled in the same manner.
Using the degraded spectrum, copper was the most suitable material from
the standpoint of cost and availability to replace the glass. The length
scale between 0.0432 inches of copper and 0.5 inches of glass was 11.6.
The linear attenuation coefficients for copper and glass were 0.735 cm_

and 0.063 cm™} respactively.

~ 0.735
n

= 0.630 = 11+6

0.50_ _
0.0432

A length scale closer to 13.5 was impossible to obtain with available

n = 11.8
materials. To correct for the differences in length scales, the length
scale for the two sets of materials were weighed by the area fraction
of each with the resulting value of n equal to 13.4. On this basis the
model as shown in Figure ° was constructed.

Eisenhauer (1) recommends that in model studies of this kind, the
room dimension of the model be at leat 10 times the wall thickness. Also
the barrier factor for equal weights per unit area of the materials be the
same. Since in this model analysis the model room dimension to wall thick-

ness are

room length
wall thickness 0,375

and the attenuation for the model and prototype materials are the same,

both of these criteria are satisfied.
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EQUIPMENT AND MATERIALS
Radiation Source

A cesium-137 source rated as 84 millicuries on July 7, 1969 was
utiiized in this investigation. The source belongs to the Department of
Nuclear Engineering at Towa State University and is numbered Cs-5315.

The source is a cylinder, 3/4 inches in diameter and 3 inches long with the
activity concentrated in the unnumbered end.

To degrade the energy spectrum of the 0.66 mev gamma emitted, the
cylindrical source was placed in a lead capsule shown in Figure 6. The
capsule measuring 6 inches in length and 3 inches in diameter was con-
structed of lead sheet. The capsule provided approximately 1 inch of lead

around the source.
Model Materials

The model was constructed of 1/8 and 3/16 inch lead sheet to form 3/8
inch pieces, 0.0216 inch copper sheet doubled to obtain 0.0432 inches, and
1/2 inch angle iron which served as a framework to support the roof. The
lead and copper pieces were soldered together and attached to the frame-
work as shown in Figure 7. The model was built on a base cf concrete block
and plywood.

The copper, lead, angle iron, and plywood were purchased at the Iowa
State University Central Stores, and the concrete block was available in

the laboratory.
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Apparatus

The apparatus for positioning the source around the model was con-
structed of 1/2 inch steel pipe, available in the laboratory. The central
rod rotated to allow the angular placement of the source. The horizontal
arm from which the source was suspended was 5 feet long and provided for
the radial positioning of the source. The angular position was measured
by a needle on a dial marked with 5° divisions, the needle rotating with
the central rod. The radial position was measured by marked intervals

of 1 inch on the horizontal arm. The apparatus is shown in Figure 8.
Detector and Equipment

The detector used for this study was a Harshaw Integral Line Scintilla-
tion Detector, type 128S12/E, No. DU 209. The crystal was NaI(T1l), 3 inches
by 3 inches. It was operated at 806 volts for the spectra analysis and
850 volts for the counting data.

The equipment used for the spectra measurement was a Victoreen
Instrument Co. Multi-Channel Analyzer, model PIP 400; a Fluke High Voltage
Power Supply, model 412B; and a Victoreen Instrument Co. Pre-amplifier,
model DS-J. For the counting data a Nuclear Chicago Ultrascaler and High
Voltage Power Supply, model 192A and Nuclear Chicago Pre-amplifier, model

DS-5 were used.
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Figure 6. Lead capsule
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Figure 7. Model without roof
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Figure 8. Positioning apparatus and model
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PROCEDURE

The procedure consisted of two parts. The first part included a
spectrum analysis of the gamma ray energy from the cesium-137 source in the
lead capsule, and analysis of the spectra due to the capsuled source
through various walls of the model. The second part was the experimentation

to determine the protection factor of the model shelter area.
Spectra Analysis

The spectra from the capsule were measured by placing the cesium-137
source in the lead capsule 2 feet from the detector. The detector and
capsule were on columns of concrete block in the center of the room to
eliminate scattering from adjacent objects. This was repeated for a cesium-
137 source without the lead capsule.

The detector was placed in the central room of the model in a horizon-
tal position to measure the spectra through the various wall combinations.
The detector was aligned with the source and located 2 feet from the lead

capsule containing the source.
Protection Factor

For the protection factor data the source was placed at various
positions around the mode’., and the detector placed vertically in the center
of the model. The height from the base to the center of the crystal was
2.5 inches. This height corresponded to a detector height of 3 feet above
the floor in the prototype. Readings were taken at each horizontal posi-

tion on the supporting arm and at angular positions of 10 degree intervals.
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At each horizontal and angular position three one-minute readings were taken
and recorded. After completion of one rotation, the source was moved to a
new horizontal position and the procedure repeated. Intervals of 6 inches
were used horizontally.

To stimulate the fallout on the roof, the roof was divided into
squares and the source placed in each square. At each position three sets
of one-minute readings were taken.

After two complete sets of readings were taken with the model, the
model was removed and the procedure repeated to obtain two sets of data
without the model. Background readings were taken frequently.

It was necessary to correct for the dead time effect in the equipment.
A set of readings was taken with the source suspended from the ceiling and
the source placed directly below. The counts versus distance for 10 inches
to 8 feet were plotted as shown in Figure 9. A theoretical gurve of counts
versus distance was also plotted. The ratio of the theoretical counts to
the observed counts versus the observed counts was plotted as shown in
Figure 10. The counts observed from the model experiment were corrected

by the factors given in the graph.



Figure 9. Experimental and theoretical counting rate versus distance between source
and detector
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ERROR ANALYSIS

The readings taken with the model study were corrected for background,
dead time and area to obtain the necessary information for the protection
factor. There were two cases dependent upon the size of the count readings,
less than 800,000 counts per minute or more than 800,000 counts per minute.

C, = Average of three counts
B = Background
F, = Area correction factor
Fq = Dead time correction factor
C(BD) = Counts corrected for background and dead time
C(BDA) = Counts corrected for background, dead time and area
S, = Standard deviation of area correction factor
Sp = Standard deviation of background count
S¢ = Standard deviation of count received by detector
S¢ = Standard deviation of dead time correction factor
The formulas for the corrected counts are as follows:
Case 1. C 800,000 counts per minute
C(BDA) = (C,-B) x F, (15)
C(BD) = C,-B (16)
Case 2. C 800,000 counts per minute
C(BDA) = (Cg-B) x F, x Fy (17)
C(BD) = (Ca-B) x Fy (18)

The standard deviations for the two cases can be calculated from the

contributions to the total variance by each contributing random error

factor. (Strictly speaking only estimates of the standard deviations are



25

available. To simplify terminology these estimates will be called standard
deviations.) The formulas for the variances are:
Scapayy = Sa° (Ca-BZ +8p? (F? + 57 (F®  (19)
Sc(ap); = Sb- (- + 82 (12 (20)
SC(BDA)22 ol sa2 (Fq (Ca-B) )2 i sz (FaFaq) 2 + Sc2 (FaFd)2
+ 8¢ (Fa (CaB) ¥ (21)
Sc(nn)i = 5,2 (Fg ¥ + 5.2 (Fg)% + S¢% (Ca-B)° (22)
A sample calculation for readings taken at the radial position of 31

inches and 5° in sample 1 is shown as follows:

Fo= MR+ D2+ R -3)D (23)
" 30 x 22.5

where R is the radial position and 22.5 square inches is the smallest area

division of the readings.

12mR /81

Fa

1.44

The square of the standard deviation of Fy 18

2

Sa

= 5.2 (12m/81)2 (24)
where S, is the standard deviation of R. Since the measurement of R was
accurate to 1/8 inch,

(0.125)% (0.465)2

Sa

]

S = 0.0582
The standard deviation of the counts was assumed to be the square root of

the counting rate.
Sp = JB (25)
J8200

91

"

I
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.2 = 8,12 (1/3)2 + 822 (1/3)2 + 5,52 (1/3)2 (26)

If So1 = Se2 = S.3 approximately and
Sc1 =YV Cy (27)
42,231,000

1,460

3/9 (1,460)2

c
S. = 842
The standard deviation of the correction factor for dead time is a
assumed to be the accuracy with which the graph could be read.
Sg = 0.01
For this example By ™ 1.64.
The standard deviation for C(BD) and C(BDA) is calculated below.
2

2 2
Sc(spy. = (0-01)% (2,232,000 - 8,000)

+ (842)2(1.64)2

Sc(spA)> = (0.0582)2  (1.64)(2,232,000 - #,000) 2
+ (91)2  (1.44)(1.64) 2 + (842)2 (1.44)(1.64) 2

+ (0.01)2  (1.44)(2,232,000 - §;000) 2

Sc(mpa) = 37,000
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ANALYTICAL CALCULATIONS

The protection factor for the prototype structure can be determined

using the Office of Civil Defense publication Shelter Design and Analysis

(7). The ground contribution is obtained by dividing the structure into
angle segments of similar construction materials and idealizing the re-
sultant sections. The roof is divided into rectangular idealized sections
to determine the roof contribution to the shelter.

In the case of the assumed structure shown in Figure 1, there are only
two types of exterior materials, glass and concrete. The idealized build-
ings are shown in Figure 11. 1In Figure 12 a quadrant of the structure has
been divided into azimuths. Due to the different interior partitions, four
types of wall combinations need to be analyzed:

1. Concrete exterior wall with no interior partition

2. Concrete exterior wall with concrete partition

3. Glass exterior wall with concrete partition

4., Glass exterior wall with glass and concrete partitions
The ground contribution is calculated for the four cases and each case is
weighted to determine the total contribution.

The formulas for the ground contribution are

Gy = [6s(@y) + Gs@1) ) E(e) sy(xe) + Log(H, 1)
+ Ga@I L1 - sy(xe)) (28)
Cg = Gg Ba(xg) Bi(xy) (29)
where
@ = wle,f) (30)
e =W/L (31)



§ =2Z/L
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(32)

Values of the terms can be found from the graphs and are

xe(glass) = 7 psf = xj(glass)

Xeg(concrete) = 60 psf = xj(concrete)

8,(60) = 0.64

Su(7) = 0.15

e = 0.595

Hh
[l

o = 0,323

Hh
pa—
il

@, = 0.63

@) = 0.88

£(0.595)
Gd (H "Jl)

6 @) =

GS (6’1 )
Ga (wu) =

Be(3.60)

0.111

0

1.375

0.42

32

«13

.078

0.26

Bo(3.7) = 0.84

Bj(0) =1

B, (60)

B;(67)

.0

0.

0

26

23

The ground contribution for each exterior case is then

Gg(glass)

= [65(.63) + Gg(.88)] E(.595) su(7)

+ (6q(3,.88) + Ca(.63)) L1 - s,(7)
(.32 + .13)(1.375)(.15) + (.42 + .078)(1 - .15)

0:5L7
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el

Concrete
(63 psf)

e

32'-4M

13'-o"

3'-0

Figure 11. 1Idealized structures

]

Gy(concrete) [65(.63) + Cg(.88)] E(.595) 5,(60)

+ [64(3,.88) + Ga(.63)1L 1 - 5,(60)]

Il

(.32 + .13)(1.375)(.64) + (.42 + .078)(1 - .64)

0.576
The contribution of the different azimuths is shown in Table 4.

The roof can be divided into sections and each of these sections is
corrected by an appropriate factor for the barrier effect of interior

partitions. The idealized sections are shown in Figure 13 and the calcula-

tions shown in Table 5.
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Table 4. Azimuth contributions

Angle % Gg Be By C g
Aq 166.4 0.461 0.517 0.84 0.26 0.0520
Asy 23.7 0.066 0.517 0.84 0.23 0.0066
B1 154.8 0.430 0.576 0.26 0.26 0.0168
Bg 19.1 0.043 0.576 0.26 1.00 0.0Ce4
Cg = 0.0818

The protection factor for the ground contribution is

Rf = C‘E = 0.0818
P
BE ™%  0.0878 =@ 1o

Rf = C, = 0.0458

] |
Pf = R; = 0.0458 - 21.4

The total protection factor is
Rf = Cg + Co = 0.0818 + 0.0458

0.1276

i

Pr = §; = Oz = 177
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Table 5.

Results of the roof contribution to the total protection factor

Roof W I A
Section £t ft. ft. e £ w C0 Actual
A 9.5 53.67 10 0.176 0.370 0.26 0.027
9.5 32.33 10 0.288 0.606 0.24 0.026
Difference = 0.001 0.00016
B 32.3 53.67 10 0.593 0.370 0.58 0.055
24.67 32.3 10 0.780 0.625 0.47 0.047
9.5 24.67 10 0.380 0.800 0.23 0.025
9.5 53.67 10 0.176 0.370 0.26 0.027
Difference 0.006 0.00096
G 24.3 24.67 10 0.960 0.800 0.41 0.041 0.0410
D 9.5 32.67 10 0.288 0.606 0.24 0.026
9.5 24.87 10 0.380 0.800 0.23 0.025
Difference = 0.001 0.0010
E 14.0 32.3 10 0.447 0.625 0.32 0.033
14.0 24.3 10 0.596 0.834 0.28 0.029
Difference 0.004 0.00064
F 24.67 32.3 10 0.780 0.625 0.47 0.047
24.3 24.67 10 0.960 0.800 0.41 0.041
14.0 32.3 10 0.447 0.625 0.32 0.033
14.0 24,3 10 0.596 0.834 0.28 0.029
Difference = 0.002 0.0020
TOTAL 0.04576
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RESULTS AND DISCUSSION

Spectra Analysis

The results from the spectra analysis with the capsule are shown in
Figure 14, 15 and 16. To correct for the effect of the scattering in the
detector crystal, the measured spectrum was corrected by the following
procedure. The spectrum for the cesium-137 source without the lead capsule,
shown in Figure 15, was multiplied by the ratio of the peak area of the
spectrum from the cesium-137 source with the lead capsule to the peak area
of the cesium-137 source without the lead capsule. In the emergy range
from 0.6 to 0.7 mev the spectrum was assumed to be the same as the spectrum
in that range due to the cesium-137 source in the lead capsule.

The resulting spectrum has an average value of 149,580 counts per
minute in the energy range of 0.0 to 0.6 mev and 133,380 counts per minute
between 0.6 and 0.7 mev. This resultant energy intensity spectrum for the
model source had an agreement of 1% with the one shown in Figure 4 from
which the model materials were selected.

Figure 17 shows the positions of the source for the spectra analysis
through the model. The spectra through the walls of the model are shown
in Figure 18, 19, 20 and 21. In comparison to the spectrum from the
capsule at the same distance from the detector, these spectra show addi-
tional degradation of the energy due to the scattering in the model
materials. The intensity and the energy of the resulting spectra differ
due to the various combinations of wall types and the location of the walls

with respect to the source.
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Figure 17. Positions of detector and cesium source in lead capsule
for gamma ray energy spectra readings through model
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Protection Factor

As noted previously, the source was placed in a pattern of radial
positions at specified radii. These are indicated in Figure 22, with each
position of the source designated by an area for which the source is
simulating fallout.

The data from the simulated field of fallout are shown in the tables
in Appendix B. The tables contain the counting data (C), the counting
data corrected for background and dead time C(BD) , and the counting data
corrected for background, dead time, and area of fallout C(BDA).

Results of the experimental data and the analytical calculations are
shown in Table 6. The total contributions from the radiation on the
ground and the roof are broken into the sections which formed the basis of
the analytical calculations.

Comparison of the experimental and analytical results shows 16.8 per-
cent difference in the protection factor for the roof only, 8.2 percent
difference in the protection factor for the ground contribution only, and
2.06 percent difference in the total protection factor. The division of
the roof and ground contributions into sections results in agreement between
the experimental and analytical results of 1.16 to 308 percent in the roof
contribution by sections and 7.72 to 49.4 percent in the ground contribu-
tion by sections.

The lack of agreement between the results for the roof sections is
attributed to the size of the divisions on the roof used in the counting
procedure. Since the location of the interior partitions affect the

contributions, the use of smaller area divisions could possibly improve the
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agreement with the calculated values.

A graph of the number of counts measured at the detector versus the
position of the source with respect to the model is shown in Figure 22.

The effect on radiation measurement due to geometry, barriers, and the
distance from the detector can be easily seen. In the angle interval from
20 to 30 degrees, it is possible to see the effect of the interior partition
at the end of the shelter area stopping in order to form a hallway between
the classrboms and the shelter area. The effect of the interior partitions
and the increased thickness at the corners is seen in the angle interval of
40 to 60 degrees. The values of the readings due to fallout on the roof
show the effect of the interior partition between the classroom area and the
shelter area.

The accuracy of the experimental results is dependent upon the random
errors in the counting data and the systematic errors in the model analysis.
These systematic errors due to the spectra analysis assumptions and the
dead time correction method are difficult to estimate accurately. A small
change in the assumed spectrum for the model materials has a relatively
small effect on the value of the linear attenuation coefficient and the
length scale. The errors in the dead time correction factors also cause a
relatively small effect in the total protection factor, since the protection
factor is a ratio of the two sums corrected by the same dead time method.

The accuracy of the analytical protection factor is discussed by
Spencer (6). According to Spencer, plots for the barrier factors are
accurate to 5 percent, the scattering factors are accurate to 10 to 15 per-
cent and the solid angle fractions and mass thicknesses are accurate to

10 percent.



Table 6. Experimental and analytical results

Counts per Minute Average Calculated Protection
{vided SR
divide Ey 1000 Contribution Contribution Factors
Set 1 Set 2 % 2% Exp. Calc.

Roof contributions

A 8,061 8,015 3.48 3.44
B 19,47¢ 19,570 8.40 2.06
C 174,743 175,009 75.50 88.00
D 7,437 7,255 3.20 2.14
E 13,035 13,357 5.65 1.37
F 8,650 8,632 3.77 4.30
Total 231,405 +3021 231,838 +3040 100.00 100.00 25.0+ 0.11  21.4
Ground Contributions
Aq 309,905 310,864 58.6 63.5
A2 26,379 25,337 4.9 8.1
By 167,106 163,785 30.9 26.7%
Bg 29,588 28,979 5.6 7.8
Total 520,433 +351 528,905 +358 100.0 100.00 11.2 +.0.004 12.2
Roof and ground contributions
752,104 + 3021 760,594 + 3040 7.62+ 0.001 7.77

Contribution with no model

5,824,776 + 9116 5,789,260 + 9075

9%
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CONCLUSIONS

The results of this investigation tend to support the method of analysis
recommended by the Office of Civil Defense. The agreement between the ex-
perimental and analytical results for the total protection factor is within
2.06 percent. The differences between the experimental and analytical results
for the percentage of conttribution of small sections is most likely due to
the number and spacing of the positions at which experimental readings were
taken. If in the model analysis the positions were selected at smaller
intervals, the assumption of an average value of counts for an area wculd
have been more valid.

The agreement between the experimental and analytical results tends to
verify the spectral analysis method used to determine the model source
spectrum.

Since the results confirm the basic method, the possibilities for
further study could include additional model studies to test the validity
of analytical methods on structures with unusual material and geometry

combinations.
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APPENDIX

List of Symbols

B Background counts

Be Barrier reduction factor for exterior walls

B; Barrier reduction factor through interior partitions

C Count measured by detector

C(BD) Counts corrected for background and dead time

C(BDA) Counts corrected for background, dead time and area of fallout
Cg Total ground contribution to detector

Cgi Individual ground contribution to detector

C, Roof contribution to detector

e Eccentricity ratio, ratio of width to length of a structure
E Shape factor applied to scatter geometry

f Normality ratio

Fa Area correction factor

Fq Dead time correction factor

Ga Directional response for skyshine radiation

Gq Directional response for direct radiation

Gg Total geometry reduction factor for ground contribution
Gg Direction response for scatter radiation

H Height of detector above the contaminated plane

I Intensity of radiation incident on a barrier

I, Intensity of radiation emergent from a barrier

L Length of a rectangular structure

n Length scale
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Counts received by detector

Counts emitted by source

Protection factor

Reduction factor

Standard deviation of area correction factor
Standard deviation of background counts

Standard deviation of count received by detector
Standard deviation of dead time correction factor

Scatter fraction, fraction of wall emergent radiation that has
been scattered in the wall

Thickness of wall

Width of a rectangular structure

Mass éhickness of exterior wall

Mass thickness of interior wall

Distance from the detector to an overhead plane of contamination
A solid angle fraction at the apex of a pyramid or cone

Upper solid angle fraction, defined by a wall segment above the
plane of the detector

Lower solid angle fraction defined by a segment of wall in
elevation below the detector plane

Linear attenuation coefficient

Distance between source and detector
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Experimental Data

The data taken with and without the model is given in the following
tables. The key to the position notation used in the tables is shown in
Figure 23.

The readings taken at each position have been corrected for back-
ground and dead time C(BD) and for background, dead time, and area C(BDA).
The sum of C(BDA) for all positions is the contribution received by the

detector due to that segment of the simulated radiation field.

Columns
1. 2 3 4 5

[

Rows

0 ~N O u»n b LN

Figure 23. Position notation used in the tables of experimental data
for roof



ANGLE
DFGe

1<
20
ar

15¢
160
17¢
1R

190
26C
21r
33¢

341
360

COUNTING

MODFY_,

#1
4375
4345
3704
2480

3569
2455
4200
4342

4151
2857
3073
3281

245¢(
4122

FIRST SAMPLF,

r

#2
4372
4340
3700
2492

35468
2453
4201
4342

4149
2859
IN74
2282

2445
4124

53

NATA (CNUNTS PER MINUTF/1000)

#3
4372
43473
3702
2482

31569
2454
4196
4337

4250
2355
3371
31283

24572
4121

RADTAL POSITICN

c(RnN)

9715
9596
7341
2806

6873
3737
9120
9587

9059
4699
5288
5948

3725
BR27

AVERAGE RBACKGROUND =

SUM NF C(RNA) = 97327

%
DEV.
43,7
43,4
ATl
2447

35,6
2645
41.9
4344

4148
2845
30.7
32.8

2444
41,2

R.7
2N8

= 19 INCHES
C(BDA)

97T1%
9596
7341
3806

6873
3737
9120
o587

9059
4699
5288
5948

3725
RR27

STe.
DEV.
Tl. 4
MeT
5645
33.2

53.6
32.7
6T.6
T0.7

673
39,5
43,4
47.7

32 ¥

6548
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COUNTING DATA (COUNTS PER MINUTE/1000)

MODEL, FIRST SAMPLE, RADIAL POSITION = 25 INCHES

ANGLE C c(8D) STe. C(RDA) STe.
NEG., #1 #2 #3 DEV. DEV.
C 3113 3114 3114 5409 31.1 6464 48,7
1 3085 3085 3079 5318 30.8 6355 48,1
20 2408 2406 2409 3623 24.0 4329 35,6
3C 1847 1845 1848 2455 18.4 2933 26,2
40 1960 1963 1964 2689 19,6 3214 28,1
5( 683 681 680 673 0.3 804 2.9
as 25C4 2500 2501 3859 25.0 6521 47.8
95 2449 244K  245Q 3723 2444 6292 46.6
13¢ 687 6 89 688 680 Ne3 812 4.0
140 1042 1043 1044 1117 10.4 1335 14.0
15¢ 2515 2%33 2512 3902 25.1 4663 3T7.7
16¢C 18483 1849 1847 2457 1B.4 2937 26.2
17¢ 3002 3002 3004 5085 30.C 6CT7 46.5
180 3122 3119 3119 5429 31.1 6488 48,8
19¢ 3052 3050 3054 5227 30.5 6247 4T.4
2C0 2034 2032 2033 2824 20.3 3375 29.3
210 2054 2053 2953 2861 20.5 3419 29.6
22¢( 1332 133% 1333 1560 13.3 1864 18.3
230 751 750 750 742 De3 886 4.3
265 2528 2525 2525 3916 2542 6618 48,13
275 2369 2364 2363 3528 23.6 5963 44,8
310 597 595 596 587 Ne3 702 3.4
32C 1620 162> 1017 1685 10.1 1297 13.6
33¢C 2335 2336 2338 3464 23,3 4140 34,4
340 1786 1782 1780 2333 17.8 2788 25.2
35(C 2969 2971 2965 4995 29.6 5969 45.8

AVERAGE BACKGROUND = 8,7
SUM OF C(BDA) = 1C2505 | B T



ANGLF
NEG.

15
25
25
45
56

5
75
RS
25
15
115

125
135
145
155
165
iTS

185
195
205
215
225
235

245
25%
265
275
285
295

305
a5
325
335
345
355
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COUNTING DATA (COUNTS PER MINUTE/1C00)

MONFL, FIRST SAMPLE,

#1
2239
2166
1267
1641

TG

4937

1886
1790
1976
1799
1785
1949

490

551
1071
1416
14R5
2196

2217
2152
1232
1656
1034

488

1965
1655
1909
1709
1773
1854

539
505
218
1469
1409
2200

C

#2
223"
21
1267
164)
701
493

1889
1783
1973
1800
1784
1942

490
551
1074
1415
1486
2191

2214
2137
1232
1654
1C¢ 35
4837

186)
1653
1903
17G8
1'r1e
1851

541
504
822
1468
1407
2200

43
2236
2169
1265
1637

702
499

1886
1787
1971
1a¢en
1783
1343

489
5652
1075
1415
1486
2193

2218
2138
1233
1655
1035

486

1861
1652
1909
1708
1776
1852

539
505
817
1468
1408
2194

RADTAL POSITINN =

cesn)

3236
3084
1445
2087
692
489

2539
2342
2711
2361
23135
2654

481
543
1160
1691
18C7
3137

3187
3030
1384
2114
1106

478

2486
2111
2585
2239
2318
2466

531
496
815
1778
1680
3146

AVERAGE BACKGROUND =

SUM OF C(BDA)Y = 98974

STe
DEV.
22.3
2l.6
12.6
163

Da3

De3

18.8
lT.g
19«7
17.9
19.4

1
1
14.8
21.9

De
Do’
Do
44

= oW

22.1
2l.4
12.2
1645
10.3

O3

18,5
1645
19.C

8.7

153

31 INCHES
C{BDA)

4660
4442
2081
3005
997
704

3656
3373
3904
3400
3363
3823

693
782
1671
2435
2602
4518

4589
4363
1993
3045
1593

689

3581
3040
3723
3182
3338
3551

765
T1%
1174
2560
2419
4531



ANGLF
NEG.

1¢
21
37
4C
5¢

T

8¢

Gy
1Cf
110

121
13r
14¢
15
1 64,
1.7

18¢
190
2¢C
2.
220
230

240
25¢
260
2T
2R
29¢

ACE
310
32¢
32(
344
35

56

COUNTING DATA (COUNTS PER MINUTE/Z1C00)

MODEL, FIRST SAMPLE,

#1
1650
1647
1198

912

R54

ATT

317
1259
1C82
1232
1393
1154

1296
369
675

1264
967

165G

1657
1647
1160
1021
6574
327

362
1248
1185
1148
1340
1083

1242
332
411

1145
878

1539

G
#2
1648
16456
1196
Q1
8 564
377

317
1248
1¢81
1233
1389
1155

1254
369
673

1264
967

1645

1665
1645
1143
1a21
673
ALT

361
1249
1182
1146
1243
10 84

1245
3131
41)

1146
675

1544

#3
1649
1646
1199

914

8455

3T6

317
1248
1082
1232
1389
ri52

1295
368
673

1261
965

1646

1665
1547
1149
1018
575
32A

361
1249
1187
1146
1345
10R3

1244
337
411

1146
877

1538

RADIAL POSITION =

cian)

21G3
2099
1329
947
B66
368

ics
1414
1172
1384
1651
1268

1497
36U
665

1439

1017

2101

2128
2099
1263
1086
665
318

353
1414
1316
1261
157%
1174

1405
323
402

1259
8G13

1903

AVERAGE BACKGROUND =

SUM OF C(BDA) = T4175

B.7

1.23

37 INCHES
C(BDA)

3650
3641
2307
1644
1503

639

535
2454
2033
2401
2864
2200

2597

625
1154
2498
1765
3645

3692
3642
2193
1884
1154

552

612
2454
2283
2187
2732
2038

2438
561
698

2185

1393

3303



ANGL F
DEG.

15
25
35
45
55

65
S
85
95
1¢:&
115

125
135
145
155
165
175

1856
195
20 5
21%
225
235

245
255
265
2T5
285
295

305
315
325
335
345
355

COUNT ING

DATA

MNNDFL, FIRST SAMPLE,

¥1
1273
1239
681
872
3895
248

871
829
1060
821
855
924

292
289
601
8L 4
R6Q
1268

13C?2
1297
854
a11
507
269

387
819
101G
866
R59
310

315
286
483
785
R27
1269

C

#2
1273
1239
682
875
355
249

87.
8137
999
821
854
921

292
29J
599
804
859
12613

1303
1295
R53
Rly
508
268

8R7
R19
1049
864
857
909

313
287
481
784
8§27

1269

#3
1274
1243

681

873

35%

25¢

871
329
1000
822
853
926

292
289
600
8C3
360
1268

13C2
1294
853
810
508
268

AR88
819
1008
366
856
908

313
286
482
784
829
1269

87

(COUNTS PER MINUTE/Z1C00)

RANTAL POSITION =

ctaD)

1458
1401
673
8913
347
240

890
B30
1059
818
865
964

284
282
592
795
RT3

1449

1511
1498
864
R03
499
260

914
815
1071
882
868
946

306
278
474
776
828
1451

AVERAGE BACKGROUND =

SUM OF C(BRDA) = 59703

ST.
DEV.
12.7
12,3

J.3

Be7

0.2

De2

O VOO DOHDO
e & @ & ®» 9
N A= 0N

— -
QD DDV W NDOOWOo
¢ & & & ¢ e & @ ® a @

PANWNMN

N OoOWMO D

—
D220 ®»®
® & @& 9 » »

DN D= D

NDOOLOoOCo
e s s o o @

N WNNMN

—

Be2
100

43 INCHES
C(BDA)

2925
2809
1350
1792
696
483

1784
1664
2124
1642
1735
1934

570
565
1187
1595
1752
2906

3031
3004
1T33
1611
1002

522

1833
1635
2148
1769
1741
1897

613
558
951
1556
1660
2909
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COUNTING DATA (COUNTS PER MINUTE/1CO0)

MNNEL, FIRST SAMPLE, RADIAL POSITION = 49 INCHES

ANGLE C c(8D) STe c(R8DA) ST,
NEG. #1 #2 #3 DEVe. DEV.
L 995 993 998 1054 9.9 2403 23.4
1< 1¢09 1luu8 108 1070 10.0 2441 23,7
27 761 76) 761 752 Ne3 1716 baty
3 563 562 562 554 De3 1265 3z3
4{ 497 496 496 488 De3 1114 2.9
50 209 211 210 202 Ue?2 461 1.2
&C 195 195 195 187 Da2 427 |
TU 6683 668 670 660 Ne3 1506 329
ec 599 596 597 589 Yed 1343 3.5
at 763 762 763 754 0.3 1720 bab
j A 769 770 769 761 De3 1736 4e5
11¢ 6(3 602 hC2 594 Je? 1355 3.5
120 686 686 584 677 Ne3 1545 4.0
130 DT 227 226 218 Je? 498 1.3
14C 296 297 296 288 0.2 658 1.7
150 726 T.25 124 TAT D63 1636 4o 2
1€< 554 555 553 546 Je3 1245 3.2
170 974 973 973 1026 9.7 2340 22.8
18¢ 193 1011 1013 1074 13.C 2450 23.7
Lo 10067 10GG8 1206 10669 10.0 2437 23.6
261 681 680 681 672 J.3 1533 4.0
210 628 621 627 617 De3 1408 37
22C 377 3TT 377 369 Oe? 842 2¢2
2210 212 213 213 205 De2 467 le3
24C 238 237 237 229 De2 523 le4
25¢ 669 ATU AT1 662 Je3 1509 3.9
261 659 653 659 651 0.3 1485 3.8
27T 609 610 6C9 601 Ne3 1371 3.6
281 769 762 769 761 .3 1736 4.5
29¢ 6(2 601 602 594 Ne3 1354 3.5
30« 674 675 676 667 03 1521 3.9
31C 210 210 210 202 De2 461 1.2
32¢C 264 279 279 266 Je2 607 l.6
33c¢ H69 671 672 663 Je3 1512 3.9
34( 529 529 529 521 D003 1188 3.1
Fats 2262 22.2

354 Q4 4 G45 948 992

AVERAGE RBACKGRNUND = 8,2
SUM OF C{(BDA) = 50093 59
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COUNTING DATA (COUNTS PER MINUTE/1000)

MONEL, FIRST SAMPLE, RADIAL POSITION = 55 INCHES

ANGLE c C(RD) ST. C{BDA) ST s
NEGe #1 #2 #3 NEVe DEV.
5 B24 825 323 a22 Be2 2106 21.4
1S 8BGO 211 307 801 3.0 2050 21.0
25 La 7 446 446 438 De? 1122 206
3'5 559 555 554 546 De3 1399 Ye3
45 266 2 66 266 257 0.2 659 leb
55 181 1Al 182 173 Je?2 443 l.1
65 526 B2 526 517 De3 1325 3.1
T 517 515 514 5C7 De3 1298 3.0
85 625 626 626 617 0.3 1580 3T
95 567 5uh 5¢7 498 0.3 1276 3.0
145 519 519 518 510 063 1307 3.0
115 564 566 566 557 0.3 1427 3.3
125 220 229 221 212 De2 542 1.3
13% 1977 198 198 189 Q.2 486 1.2
148 37C 369 370 361 0.2 Q25 22
155 521 52) 522 Bl Ce3 1312 3.1
165 549 583 550 541 0e3 1386 3.2
Y79 811 813 313 805 R0 2062 ?2l.1
1R6 R69 8 64 865 882 B.6 2259 22.6
185 R22 822 R19 817 8.1 2092 ?21.3
205 461 461 460 452 0.2 1159 2
215 B8 582 580 573 De3 1467 3.4
22% 256 256 256 248 De2 635 1.5
225 189 189 1889 180 0.2 462 1.1
245 549 548 548 540 De3 1382 3.2
255 519% 514 512 505 D2 1294 3.0
265 635 637 h37 628 03 1608 . P
279 523 522 522 513 Ce3 131% 3.1
285 563 564 562 554 0.3 1420 3.3
2S5 563 564 562 554 D3 1419 3.3
3C5 331 330 330 322 0.7 825 2.0
315 198 1918 198 189 Je2 486 1.2
325 331 331 332 323 De2 827 2.0
335 516 515 514 506 0.3 1297 3.0
345 540 539 539 531 0.3 1360 3.2
355 R23 23 823 820 Be2 2101 21.+4

AVFRAGE BACKGROUND = B.6
SUM NF C(RDA) = 46128 54



GRID
POS.

11
12
13
14

15
21
22
23

24
25
31

32

33
34
35

4]

42
43
44
45

51
52
G
54

655
61
62
63

&4
65
71
72

60

COUNTING DATA (COUNTS PER
MNDEL, FIRST SAMPLE, ROOF
” c(8D)

41 #2 #3
323 322 322 314
341 340 342 332
266 265 265 256
348 349 350 340
324 323 323 314
531 531 %30 522
803 B804 804 195
2009 2008 2000 2774
8(9 809 8C8 800
533 533 532 524
2222 2223 2220 3199
3094 3096 3095 5355
44T 3442 344] 6481
3277 327 3275 5926
2216 2216 2215 3184
2612 2611 26KCT 4112
4401 4401 4411 9840
51G2 5099 5100 13059
4344 4347 4347 9609
2576 2578 2579 4035
2920 2919 2916 4867
4350 4371 4382 9694
5498 5498 5497 15506
4677 4686 4682 10920
2727 2726 2688 4332
2317 2317 2317 3422
3214 3212 3216 5714
3708 3709 3704 7358
33C7 3308 3311 6041
2417 2414 2419 3644
521 523 5adl 513
806 805 806 797

MINUTE/Z1000)
POSITIONS
STe. C(BDA) ST
DEV. DEV.
0.2 483 27.5
De2 512 29,1
De2 395 2245
0.2 524 29.8
De? 484 27.6
0.3 BO& 45,7
De3 1224 69.6
20.0 4273 244.8
R.0 1232 Tl.1
De3 80T 45.9
2261 4926 282.0
30.9 8246 471.°
34.4 9981 569.56
32.7 9127 521.0
22.1 4904 280.7
26,0 6333 362.1
44,0 15153 863.7
51.0 201111145.4
43 .4 14798 843,5
257 6215 355.4
29.1 7496 428,13
43.6 14929 850.9
54,9 238791359, 4
46,8 16817 958,2
27.1 6672 38l.4
23.1 5271 301l.6
32.1 8801 502.5
37.0 11332 646.4%
33.0 9303 531.0
2441 5612 321.0
D3 790 44,9
0.3 1228 69.8



61

COUNTING DATA (COUNTS PER MINUTE/Z1COOQ)

MADEL, FIRST SAMPLE, ROOF POSITIONS

GRID C c(sD) ST C(BDA) STe.
PDS. #1l #2 #3 DEV. DEV.
73 2069 2067 2071 2889 20.6 4449 254,8
T4 8C9 803 808 800 8.0 1232 T71.1
75 551 55D 550 541 De3 834 47.4
81 325 323 323 315 Ce2 485 2T7.6
82 331 351 351 335 0.2 517 29.4
83 284 283 28B4 275 Ne?2 423 24,1
R4 362 361 363 353 De? 545 31.0
a8s 348 348 349 340 De?2 523 29.A8

AVERAGE BACKGROUND = B,.7
SUM OF C(BDA) = 231689 3021



ANGLF
NEG.

9c
18
27¢

qr
18¢
2 10

(i,

9f
1RO
270

Sy
180
270

9
18¢C
270

o
18¢
27¢

qc
18(C
27Q

62

COUNTING DATA (COUNTS PER MINUTE/1C00)

#1

o 0.
7958
TIT2
7786

7461
7568
T448
T4C3

6231
6356
6232
63R4

4842
5033
4880
4754

3TH3
3843
3827
3629

2982
2976
3027
2862

2377
2327
2430
2257

N7 MODEL, FIRST SAMPLE

C C(BD)
#2 #3
RADIAL DISTANCE = 10
7623 7308 62735
7943 73135 50065
TTEW TT27 57954
7823 7824 59632
RADIAL DISTANCE = 16
7533 7538 51972
7557 7548 53225
T439 7442 49510
7392 7399 48274
RADIAL DISTANCE = 22
623) 6227 20944
6343 K346 22298
6227 6228 20944
6373 6382 22608
RADTAL DISTANCE = 28
4B4T 4842 11620
5¢33 5033 12551
489) 4889 11846
4754 4759 11191
RADIAL DISTANCE = 34
3766 3766 T472
3839 38490 7706
3825 3923 7639
3627 3625 7026
RADTAL DISTANCE = 40
2986 29381 4991
2975 2973 4970
3C¢?25 3025 5103
2863 2865 4675
RADIAL DISTANCE = 46
2373 2372 3511
2324 2329 3408
2434 2435 3644
22573 2256 3243

STa
DEV.

INCHES
T9+3
79.4
T7.6
7842

INCHES
7541
75.6
T4o4
T4.0

INCHES
62.1
63,3
62.1
63.6

INCHES
48,2
5.1
48.6
47,3

INCHES
3T.4
38,2
38,0
36.0

INCHES
29.6
29,5
30.0
28.4

INCHES
2345
23.C
24,1
2243

cispa)

370137
295384
341932
351830