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1.0 INTRODUCTION

Public concern about long term exposure effects due to all types
and levels of radiation is demanding increased accuracy in computing
low level exposure rates. One source of low level radiation exposure
is atmospheric reflection (skyshine) of upwardly directed gamma
radiation originating from a radionuclide source on the ground. Since
most nuclear facility roofs are only lightly shielded, if shielded
at all, then facilities such as BWR turbine buildings, radiocactive
waste storage structures, and post accident reactor containment buildings
can produce potentially significant skyshine exposure rates in areas
near these facilities. Since overly massive roof shielding would
require substantial structural material and extensive structural
support, accurate calculation of skyshine exposure rate is impqrtant
to the economic design of such nuclear faﬁilities.

Computer codes based on multi-energy group, multi-dimensional,
transport theory are the most accurate skyshine calculational methods
presently available. However, these gamma photon transport computer
codes are very complex and require large computers. Therefore use of
these photon transport codes for routine analysis of skyshine exposure
rate problems is prohibitively expensive. Since these photon transport
codes are so costly, development of a simplified approximate skyshine
exposure rate model would be useful. The most popular simplified
skyshine exposure rate models are point kernel techniques which cal-
culate single scattered photon distributions in the air above the

gamma radiation source. The angular source distribution is pre-



dicted by using the incoherent differential scattering cross section
and multiple photon scattering is accounted for by using buildup
factors.

Although point kernel exposure rate models are inexpensive to
use compared to transport theory computer codes, the accuracy of point
kernel models is generally unknown. The accuracy of the more sophisti-
cated transport theory codes has also been questioned. Therefore,
the Study Committee on Air-Scattered Gamma Rays in Nuclear Facilities
of the Japanese Nuclear Safety Research Association (NSRA) conceived a
benchmark skyshine experiment to obtain accurately measured skyshine
data from an experiment with easily modelled geometry. These bench-
mark skyshine experimental results can then serve as a simple standard
with which the accuracy of various calculation techniques can be tested.
To accomplish this goal, the experiment itself should be easily modelled
by point kermel techniques or other calculation methods. Therefore,
the benchmark skyshine experiment was based on a cylindrically collimated
primary radiation field due to an isotropic point source. Skyshine
exposure rate measurements were to be taken at several radial distances
from the source. These measurements were to be taken over flat terrain
and at the same elevation as the source. The source radiation was to
be collimated into 150° cone (unshielded configuration) and to be
shielded vertically by concrete slabs 20 cm and 40 cm thick (the two
shielded configurations) see Figs. 1-1 and 1-2.

Point kermel calculations of the skyshine exposure rates for these

various source configurations were performed by various members of
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A Path A Single Scattered Photon
Path B Multiple Scattered Photon
Path C Ground Reflected Photon

Absorption processes are not shown.
Silo wall is annular and a perfect
photon absorber.

Walll Source|Wal

- _,4 Earth-aird/’

interface

=

Radial Distance, d

Fig. 1-1. Ideal unshielded source configuration.



Path A Single Air Scattered Photon
Path B Single Concrete Scattered Photon
Singly Scattered in Air

Absorption processes are not shown.
Silo wall is annular and a perfect
photon absorber., Multiple air scattering

A and multiple concrete scattering of photons
is not showm.
B

\Concrete Roof Slabs ‘
Silo Silo 20cm or 40cm Thick P
Mall Wall Ke S
Source
e Earth—aird)’
Radial Distance, d ’I interface

Fig. 1-2. 1Ideal shielded source configuration.



the: NSRA committee. The results of these calculations varied by
a factor of nearly seventy at some calculation poiﬁts. The large
disagreement in these results prompted the committee to sponsor and
design this experiment to provide experimental data to compare with
calculated predictions. The results of the benchmark skyshine experi-
ment can be used to check the accuracy of a calculational method, to
correct a calculatiomal method, or to serve directly as design data
for skyshine exposure rate problems similar to the experiment.

This benchmark skyshine experiment, designed and sponsored by
NRSA, was performed at the Kansas State University Nuclear Engineering
Shielding Facility (KSUNESF) from May through November 1977. The
KSUNESF site is approximately 175 acres of Flint Hills prairie located
approximately five miles west of the Kansas State University campus
in Manhattan, Kansas. To obtain a long reasonably level measurement
baseline, the skyshine source silo was positioned at the western site
boundary adjacent to the Fort Riley Military Reservation. The antici-
pated positions at which skyshine measurements were to be taken were
surveyed and staked off in an east-northeasterly direction from the
source. The skyshine measurement positions at every 100 m from the
source are shown on Fig. 1-3. Plate 1-1 depicts the terrain details
from the source silo toward the measurement locations.

Three 6000 sources with nominal strengths of 10, 250, and 5000 Ci
were employed to obtain skyshine radiation fields significantly above
background over the entire 700 meter measurement baseline. An approxi-

mately cylindrical concrete silo was built with sufficiently thick



ALaT1To®y BUTPTATYS =y3z jo dey ‘¢-T *314

TTIVOS
r L | I ¥ I
upoL o9 woos ugo Yy upoe upoz "o
N
(15annsA)

ALITIOVA ONIATATNS

ONTHIANIONT ¥VITINN
ALISHIAINN FIVIS SVSNVH

Hoj31ed0T JUSUD InSEIW
autyedys e sajeojpui

*1923 Uy 21 SUOLIBAITH

; /
+/(. I
“~ /I /J!\.‘M \I‘. A/J _ hﬁf/pﬁ. /
N 2 - ﬁ 1 — ey ! 4
K Y 0t 7 < ~ 7N ﬂ/ \ \ '
Y N gl A | RSN \ ~_ 7
: e 1 TR R
\ A \\\\[\O\\ Yo —\ A.k(.. _h_ ~ ~— ~ P
et d [ ANy Y 1T T £ L,
SRy - L O N E R ot gt
A ¥ ] C LA N T N L
soxsne Jrs Mal J L s A\ \




THIS BOOK
CONTAINS SEVERAL
DOCUMENTS THAT
ARE OF POOR
QUALITY DUE TO
BEING A
PHOTOCOPY OF A
PHOTO.

THIS IS AS RECEIVED
FROM CUSTOMER.



THIS BOOK
CONTAINS
NUMEROUS
PICTURES THAT
ARE ATTACHED
TO DOCUMENTS
CROOKED.

THIS IS AS
RECEIVED FROM
CUSTOMER.



* (£7123s89) UWOTIRDO[ 10309319p w (QT 2Yl PABMO] UOTIBIOT OTTLS
2yl woiay peydealojoud 93TS £ITTToR SurproTys SBurissur8uy aesTonN A£ITsI2ATU] 21BIS SBSUBRY 22Ul ‘T-T °3€Id




walls to reduce the direct penetration component to negligible levels.
Skyshine radiation measurements were made with the sources collimated
into a 150.5° upwardly directed conical beam and with the sources
shielded vertically by 21.0 cm and 42.8 cm of concrete.

Total skyshine exposure rate measurements were taken over source-
to-detector distances ranging from 30 m to 700 m for the unshielded
configuration (150.5° cone) and the 21.0 cm shielded configuration. For
the 42.8 cm shielded silo configuration, the total skyshine exposure rate
measurements were taken over source to detector distances of 30 m to 400 m.
These measurements were taken with a 25.4 cm spherical high pressure
ionization chamber (HPIC). The HPIC was tripod mounted with the
supporting electronics housed in a separate container. The HPIC was
tested for proper calibration, directional sensitivity, and energy
sensitivity. Concurrently, with the HPIC measurements spectral measure-
ments of the skyshine radiation were made with a collimated Nal spectro-
meter system. For details of this system and the subsequent results see
Reference 2.

This work first reviews and examines, in Chapter 2, the experimental
facilities designed and constructed for this experiment, the experi-
mental methods used, and the skyshine exposure rate results. The author
assisted in the design and supervised the construction of the source
silo. The author also assisted in the calibration, sensitivity
determinations, and exposure rate data acquisition with the HPIC.

Chapter 3 presents the derivation of a point kernel calculational

model based on singly scattered photons for the geometry of this experi-



ment. A constant scattering angle geometry was used to simplify the
point kernel model -and the numerical analysis of the point kermel.

A computer program based on this point kernel was developed and this
computer model's sensitivity to the number of mesh points was explored.
The computer model also limited integration over photon path lengths
up to 10 mfp in air and 15 mfp in concrete. The effects of changing
these limits were also explored in Chapter 3.

In Chapter 4, the HPIC skyshine exposure rate results are utilized
to determine the proper method of correcting for multiply scattered pho-
tons in the point kernel model. Discrete ordinates transport theory
(DOT 3.5) calculations performed by Radiation Research Associates; Inc.,
of Fort Worth, Texasl; point kernel exposure rate calculations performed
by Kadotani, of Century Research Center Corporation in Tokyo, Japanls;
and the point kernel exposure rate calculations performed by the author
are compared to HPIC skyshine exposure rate results in Chapter 4. Also
in Chapter 4,'predictions of the skyshine exposure rate behavior with
respect to source collimation, source shielding, and source photon energy

are made based on the point kernel model developed in this work.



10

2.0. EXPERIMENTAL FACILITIES, METHODS AND RESULTS

The objectives of the experimental phase of this work were the
measurement of atmospherically scattered gamma radiation from an up-
wardly collimated 150° conical radiation field and the measuremeﬁt
of atmospherically scattered gamma radiation from a point source
shielded vertically by a 20 cm. and a 40 cm. thick concrete slab.

Two separate experiments were ran concurrently. Spectral measurements
of ;he skyshine radiation were taken with a 12.7 cm. (5 in.) diameter
by 10.2 em. (4 in.) deep cylindrical Nal crystal in a truck-mounted
collimator. Details of the Nal spectrometer system and Nal spectral
analysis can be found in Reference 2. High pressure ionization chamber
(HPIC) exposure rate measurements were taken along a 700 m radial base-
line for the two shielded silo configurations (0.210 m and 0.428 m con-
crete roofed silos) and for an unshielded silo configuration (150°
upwardly collimated comical radiation field). In this chapter,
summaries are presented of the design and construction of the source
silo, the calibration and sensitivity tests of the HPIC, and the

experimental skyshine exposure rate measurements.

2.1 Skyshine Source Silo Design and Construction

Design of the concrete source silo and associated components was
based on the following criteriaB:

1) The gamma sources used should produce a skyshine radiation

field significantly above background radiation levels.

2) The source silo should be a vertical annulus to simplify

numerical modelling.
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3) The open silo radiation cone should be well defined to

simplify numerical analysis.

4) The shielded silo roof should be mobile, easily stacked,

flat concrete sections with a minimum of reinforcing steel.

5) The silo walls must be thick enough to reduce direct pene-

tration of source gamma photons to negligible levels.
All of these design criteria were given due comnsideration in the con-
struction of the source silo.

2.1.1. Source Silo and Equipment Base Pads

To support the silo walls and the source irradiator casks, a 4.6 m
(15 ft.) square 0.23 m (9 in.) thick concrete base pad was fabricated.
Radially placed reinforcing steel and wire mesh were used to distribute
the expected loads. Figure 2-1 and Plate 2-1 show details of the silo
base pad. A steel plate distributed the concentrated source cask load
and the source cask guide rails were welded to this plate. Around the
base pad, 0.102 m (4 in.) thick concrete pads were poured to support
handling equipment for the roof sections (see Fig. 2-2).

2.1.2, Silo Wall

Ideally the silo wall should have had an annular cross section;
however, construction of accurate circular concrete forms is both
time consuming and expensive. Therefore, the ideal circular shape was
approximated by an annular dodecagon (twelve side annulus) as shown
in Fig. 2-3. The 0.92 m (3 ft.) thick silo walls reduce the direct

3 The silo wall was

penetration exposure rate by a factor of 9000.
poured in two sections, the lower 1.22 m (4') high section and then the

upper 1.07 m (3'-6") high section. The wall sections and the base pad
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were all joined by stepped construction joints and the wall concrete
was mechanically vibrated to eliminate voids. The silo wall héight
was the most critical silo dimension because the source collimator
wedges were to be placed on top the silo wall. The silo wall height
was carefully maintained at 2.286 + 0.003 m above the cask base plate.

Several penetrations through the lower section of the silo wall
were made to allow personnel access, control cable penetration, and
water drainage. A "line-of-sight' penetration was placed on the east
side (toward the measurement baseline) so that the gamma irradiator
sources could be directly viewed (necessary during the source calibration
phase of this experiment). During all skyshine measurements, this line
of sight penetration was filled with solid concrete blocks. Figure 2-4
shows the major penetrations in the silo wall.

2.1.3. Collimator Wedges

For the unshielded skyshine measurements, an upwardly directed
gamma photon beam of 150° conical collimation was specified. Wedge
shaped, solid concrete blocks were made which when placed atop the silo
wall defined the required 150° cone when the 60Co source was raised to
the cone's apex. These collimator wedges, when positioned on top of
the silo wall, defined the apex of the collimation cone on the silo
axis at 1.98 m (6.5 ft.) above the cask plate. The collimated beam
strength was easily changed by moving the appropriate source cask to the
silo center and raising the source to the required height.

Collimator wedge dimensions, shown in Fig. 2-5, were selected

so that 48 wedges formed an annulus with an inside diameter of 2.49 m
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Fig. 2-5. Dimensions of the collimator wedges used to
define the 150°. source collimation cone.
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(8.17 ft.). After completion of the silo wall, the collimater wedges
were arranged and the collimator angle was measured at 150.5° + 0.2°.
Concrete and lead bricks were placed around the outside of the colli-
mator to minimize further any radiation streaming between or through
the collimator blocks. None of the outside bricks were allowed to
affect the collimated radiation field by keeping this additicnal
shielding below the 1lip of the collimator blocks. Plate 2-2 shows
the collimator wedges in place.

2.1.4 Silo Roof Slabs

For the shielded skyshine measurements, concrete roof slabs
1.2 x 3.6mx 0.10m (4 ft. x 12 ft. x 4 in.) were made by pouring
concrete into s?gcially constructed steel frames. The steel frame
not only served as a form, but also minimized the possibility of breaking
the 5.08 cm. (2") stepped sides of the slab. To insure the structural
integrity of the roof slabs during movement with a forklift or with
the A-frame crane, a small amount of reinforcing steel and wire mesh
was imbedded in the concrete slabs. The dimensions and other details
of the roof slabs are shown in Fig. 2-6. The thickness of each slab
was measured at six locations with a specially constructed long armed
caliper., Average thicknesses for each slab are given in Table 2-1.
Concrete sample densities of the silo wall, collimator wedges,
and roof slabs were determined by faculty members of the Civil Engineering
Department at Kansas State University. These densities are tabulated
in Table 2-2, where no correction has been made to account for structural

steel.
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Table 2-1. Mean Thicknesses of Silo Roof Shields

Slab No. Thickness (cm)
1 10.77 £ 0.29
2 10.90 * 0.48
3 10.72 +* 0.19
4 10.40 + 0.16
5 10.34 £ 0.21
6 11.03 £ 0.34
7 10.45 ¢+ 0.25
8 10.53 £ 0.19
9 10.45 £ 0.16
10 10.40 £ 0,22
11 10.58 £ 0.16
12 10.58 % 0.24
Center, 9 + 12 21.03 £ 0.29
Center, 1 + 6 + 9 + 12 42,83 * 0.53

22
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Table 2-2. Measured Concrete Densities for Various Source
Silo Structures

Structure Density (g e )
Silo 2,17 £ 0.02
Roof Shields 2.13 + 0.02
Collimator Wedges 1.93 + 0.02

After completion of the open silo skyshine measurements, the first
layer of roof slabs were mortared on top of the silo wall. This motar
eliminated the possibility of radiation streaming between the lowest
roof slabs and the top of the silo wall. Matching the stepped sides
on the roof slabs prevented radiation streaming vertically. The roof
slabs were numbered and always stacked in the same pattern as shown in
Fig. 2-7. To minimize the effect of the steel frames, the slabs were
positioned with their long axis parallel to the skyshine measurement
baseline. In this configuration, the stéel frames would have a maxi-
mum (although small) effect on the radiation leaving the silo per-
pendicularly to the source detector axis. Radiation leaving towards
the detector encountered a minimum of steel., Plate 2-3 shows the
source silo in the 0.428 m shielded configuration.

60

2.1.5 Co Gamma Irradiators

The 60Co gamma irradiators were designed and manufacturered by
J. L. Shephard and Associates, Inc., especially for this experiment.
Two source casks were mounted on a V-wheeled cart. The V-wheels rode
on an inverted angle iron welded to the base pad cask plate. Wheel

chocks were attached to both ends of the angle iron guide rail. When
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the cart was at either end of the guide rail, one of the casks was
positioned along the axis of the source silo. Plates 2-4 and 2-5
show installation of the two irradiator units and Fig. 2-8 gives
the dimensions of the irradiator assemblies.

The smaller cask contains both the neminal 10 Ci and 25.0 Ci

0Co sources. While the larger cask contains a nominal 5000 Ci 60C0

gource., The 10 Ci source was 2" from the apex of the collimator core
when exposed. The mid—points of the larger sources were at the apex
of the collimator core when these sources were properly positioned
and raised.

In order to minimize personmnel dosages, the irradiators were
operated from a remote console at the 100 m skyshine measurement
position. The remote console is pictured in Plate 2~6. Irradiator
operation started with the pneumatic positioning of the sliding
source attenuator, which was mounted on top of the source cask, until
a vertical hole in the attenuator was positioned over the source (refer
to Fig, 2-8). After the attenuator was positioned, the selected
source was pneumatically raised out of the irradiator to a height of
1.98 m (6'-6") above the silo base pad. The positioning of the sources
and attenuators were confirmed by status lights on the remote con-
sole. Microswitches on the irradiator assembly prevented inappropriate
movement of the attenuator and the source.

A cubical sheet metal weather housing fitted over both source

casks to protect the irradiator casks and associated components from
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Plate 2-4. Source irradiator prior to placement in source silo.
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moisture and dust. Thin walled steel hemispherical domes were built
into the top of this weather housing directly over the sources. These
hemispherical domes presented all upward directed photons from the
raised source with identical mass thicknesses, thereby assuring all
portions of the upward collimated photon beam would be attenuated
equally.

The 6OCo sources stored in the irradiators were right cylinders
doubly encapsulated in stainless steel and manufactured by Atomic
Energy of Canada, Ltd. The 5000 Ci 6OCo source was dimensionally
the largest of the three sources, 2.86 cm (1.125 in.) in diameter and
3.49 em (1.375 in.) long. Therefore, all three sources were considered
point sources when compared to source to detector distances involved.

However, since these sources were encapsulated and some self-
absorption of emitted photons took place, the effective source strengths
were determined experimentally to be 10.37, 228.7, and 3797 Ci, effective
Qctober 1, 1977.4 The overall uncertainty (standard deviation) in these
source strengths was estimated to be 5.0 percent. These calibration
experiments were based on absolute measurements by the Nal spectro-
meter of the uncollided source photons which passed through a known
distance and mass thicknesses of attenuating material (air and iron
slabs). The geometry used is depicted in Fig. 2-9. After a suitable
spectrum was taken, the table at the 120 m position was stacked with
4" thick lead bricks and another spectrum was taken. Subtracting the
spectrum with the lead brick attenuator from the first spectrum

yielded a spectrum without small angle scattering contributing to the
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photopeaks. Comparison of this spectrum with a spectrum from an
National Bureau of Standards (NBS) calibrated source yielded an
effective source strength. Using effective source strengths calculated
in this manner and the relative source strengths calculated from
skyshine spectra at 300 m and 600 m, the effective source strengths,
quoted above, were determined, for additional details on the source

calibrations, see Reference 4.

2.2 High Pressure Ionization Chamber

The exposure rate measurements were obtained with a Reuter Stokes
RSS-111 Area Monitor System. The basic detector of this system was a
25.4 cm. (10 in.) spherical ion chamber comstructed of 3.05 mm (0.120 in.)
thick 304 stainless steel.5 The steel shell of this ion chamber was
filled with high purity argon at 2.5 MPs (25 atmospheres).6 The central
electrode of the ion chamber was a 5 cm (2 in.) aluminum sphere. The
ion chamber was protected from moisture and dust by a 2.4 mm (0.093 in.)
thick aluminum cubical housing.5 A solid state electrometer with a
strip chart recorder and a LED readout was connected to the ion chamber
by a 6.1 m (20 ft.) coaxial cable. This electrometer and its readouts
were enclosed with a battery pack and battery charger in a second aluminum
cubical weather housing. Plate 2-7 shows the high pressure ionization
chamber HPIC ready to take measurements. Plate 2-8 shows the control
and readout panel for the HPIC.

The area moniter system was calibrated by the manufacturer on
24 March 1977. The HPIC was calibrated to read directly in uRh-l.

The HPIC system had automatic range switching with ranges of 1-50
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and 50-500 uRh-l. Before skyshine exposure rate measurements were
attempted, the directional sensitivity, the calibration, and the
energy sensitivity of the HPIC system were verified. These pre-
operational tests are described in the following subsections.

2.2.1 Directional Sensitivity

Directional sensitivity was determined by measurements of exposure
rates with each of the six faces of the cubical detector housing, con-
taining the HPIC, sequentially illuminated by the same intensity of 13763
phoﬁons. In these measurements, the center of the cubical detector

housing and a 3.38 mCi 137

Cs source were placed 2 m apart with both 1 m
above a concrete floor. This simple test showed that the HPIC readings
varied only + 1.4% when the detector was illuminated from the four sides
or the top.5 This varia;ion was well within the uncertainties due to
positioning errors. However, when the detector was illuminated from
the bottom, HPIC response was 8.8% lower than the average response
obtained with the other five faces illuminated.5 A low response was
expected due to the tripod mounting plate attached to the base of the
HPIC. Since less than 10% of the skyshine radiationl would intersect
the detector bottom, this small directional sensitivity of the HPIC

was considered negligible.

2.2.2 Calibration Tests

In the calibration tests, the manufacturer's calibration was
verified over radiation intensities ranging from 10 to 330 uR h_l.
The cubical detector housing was centered 0.914 m (3 ft.) above a

large concrete pad at the KSU Nuclear Engineering Shielding Faciltiy.
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A 3.1 +0.1mCioral4.2+0.5mCi 137Cs source was positioned
5.08 cm (2 in.) above the concrete pad and 2 to 18 m from the
vertical axis of the detector housing. Figure 2-10 depicts the source-
detector geometry used in the verification of the HPIC calibration.
An exposure rate calculational method which includes scattered
radiation components specifically applicable to this geometry has
been reported by Chilton.7 This method was based on the calculatiom
of the unscattered gamma flux ¢0 by the equation

_3.7x10°% sf

1
5 }

exp[-100 (u/p) QX]'{cm‘zs“

by : (2-1)

4T x

in which S is the point source strength in curies, f the fraction of
decay in which a gamma photon of energy Eo is emitted, u/p the mass
attenuation coefficient for air in cm2 g-l, and p the air density in

g cm_3. The source-detector distance x for this calibration experiment

is given by the equation (see Fig. 2-10)

x = (£2 + 0.8636) /2 (). (2-2)

For 13785 gamma photons of energy 0.6616 MeV, vy is 0.846 and u/p is

0.0771 cm2 g_l according to Reference 5. Air density was approximated
by

5 = 0.001293 x 273 p/T {mg cm -}, (2-3)
in which T is the absolute temperature in degrees K and p is the atmos-

pheric pressure in bars. The total exposure rate X in mR h“l is then

computed as5
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. -1
X =0.0658 E_ ¢ (v _/P) B, K {mR b "}, (2-4)

in which uen/p is the air mass absorption coefficient, 0.0295 cm2

g-l for 13705 gamma photons and Eo is the source photon energy in MeV.
The quantity B_ is the infinite medium exposure buildup factor for
air. The Berger form of the buildup factor, used in the Chiltom

method, can be written for the 0.6616 MeV 13705 gamma photons as

B_ = 1+0.92 (100 ux) + 0.36 (100 yx)Z, (2-5)

The factor K, developed by Chiltomn, is included in Eq. (2-4) to correct
for the reflection of gamma photons from the concrete pad. For the
geometry of Fig. 10, the appropriate K factors can be found froﬁ Fig.
2-11,

aCalibration exposure rates, corrected for background, are pre-
sented in Table 2-3 and illustrated in Fig. 2-12. Theée calibration
results indicated that the HPIC response was linear ovef a wide
range of exposure rates. A linear least squares fit of the data

yielded

-C = 0.951 M, {2-6)

in which M is the measured HPIC reading and C is the calculated ex-
posure rate. Statistical analysis of the least squares fit yielded

an estimated standard deviation of 0.5% for an individual HPIC response.
This uncertdinty was completely overshadowed by the 3.5% uncertainties
of both source activities. The coefficient 0.951 in Eq. (2-6) was a

result of the HPIC variable sensitivity to different photon energies
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Table 2-3. Calibration Check for the Reuter-Stokes Area Radiation
Monitor Using 137¢s Gamma Ray Sources.

-3 Calculated Instrument
S(mCi) p(mg cm ~) r(m) X@R/h) Reading (uR/h)

14.23 1.197 4 305.7 333.4 = 1.1
5 196.7 205.6 £ 1.0

7 89.5 106.3 = 0.9

7 99.5 106.9 = 0.9

8 75.5 82.7 £ 0.7

10 47.6 49.4 + 0.8

12 32.5 35.6 £ 0.6

14 23.5 26.4 * 0.9

18 14.0 14.8 = 0.6

14.23 1.159 4 306.0 321.5 £ 0.3
7 99,7 107.5 £ 0.4

7 99.7 107.0 = 0.5

10 47.7 53.5 + 1.3

14 23.6 25.3 £ 0.4

3.096 1.159 2 237.4 237.0 £ 0.9
4 66.6 60.0 £ 0.5

3.094 1.142 2 237.3 246.8 = 0.8
4 66.6 69.8 * 0.6

14.22 1.142 4 306.0 320.3 * 0.7
5 196.8 208.8 + 0.8

7 99.7 105.8 + 0.8

8 75.8 79.8 = 0.6

10 47.8 53.8 = 0.8

12 32.6 35.3 + 0.6

14 23.7 25.7 £ 0.6

18 14.1 15.2 £ 0.6

3.094 1.159 2 237.3 248.8 + 0.7
4 66.6 66.8 £ 0.6

14.22 1.159 5 196.8 209.8 £ 0.7
8 75.7 82.8 £ 0.8

12 32.6 35.2 £ 0.6

18 14.1 13.9 £ 0.6

3.093 1.218 3 115.0 108.2 + 0.7
1.210 5 42.7 48.3 + 0.7

1.210 6 29.6 32.0 £ 0.8

1.205 7 21.6 23.0 £ 0.7

1.205 8 16.4 17.4 £ 0.6

1.201 9 12.9 13.7 £ 0.6

1.201 10 10.3 10.2 £ 0.5

3.093 1.154 3 115.1 118.8 + 0.6
1.157 5 42.8 46,3 + 0.7

1157 6 29.7 30.2 + 0.7

1.157 7 21.7 21.4 + 0.6

1.165 8 16.5 16.3 = 0.6

1.165 9 12.9 12.8 + 0.6

1.165 10 10.4 9.8 + 0.6
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(see Fig. 2-13 and the next sqbsection). The relative reponse R(E)

is the HPIC résponse to a calibration source of energy E divided by

the HPIC response to any source for which the true exposure rates at

the HPIC are the same for both sources. Then from Eq. {(2-6), the
137

relative response of the HPIC to Cs based on the calculated exposure

rate is
R(E) = ¢/M = 0.951. (2-7)

From the manufacturer's data in Table 2-4, the relative respomse for a

137

bare HPIC calibrated with a 60Co source responding to a Cs source 1is

0.96 or the manufacturer's relative response for 6OCo divided by the

137Cs. The experimental relative

manufacturer's relative response for
response of 0.95 compared well after considering the possible error
in the experimental result due to the 3.57 uncertainty in the source

activities.

2.2.3 Energy Sensitivity

Energy sensitivity measurements were made by exposure of the HPIC
to known intensities of gamma and x ray photons emitted from GOCO,
13705, 203Hg, and 241Am calibrated sources. Some characteristics of
these sources are presented in Table 2-5. For the energy sensitivity
measurements, the tfipod mounted detector surrounded by its protective
weather housing was positioned 1 m above a concrete floor. A calibrated
radiation source was then positioned 1 m from a side face of the de-
tector at the same height. Measured exposure rates, corrected for
background, and the corresponding calculated exposuré rates for this

geometry are presented in Table 2-6. The 'measured sensitivity" listed

in this table is the ratio of the measured to the calculated exposure
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Table 2-4. Relative Sensitivities for the Bare 10 Inch
Diameter Ion Chamber as Reported by the

Manufacturer.
Isotope Energy (keV) Relative Responsea
241 n 60 0.46
Pb-X rays 74-78 1.20
Al 145 1.35
Llge 662 0.93
60¢o 1173 & 1333 0.89
$elpy e 0.91

3Relative response based on 4000 keV relative re-

sponse = 1.00.

45
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rate, and the "calculated sensitivity" is the energy sensitivity
F(E) presented in Fig. 2-13 when F(E) is normalized to unity for
6000 gamma photons. The results of these energy sensitivity measure-
ments were inconclusive because of the small selection of suitably
active sources available to the experimenters. However, the energy
sensitivity results did show general agreement with expected trends.
Since the HPIC response had variable sensitivity to the energy of
the incident gamma radiation, particularly for low energies (see Fig.
2-13), a system energy correction factor f was used to correct the
measured response. This correction factor E'required knowledge of both
the system energy sensitivity, F(E), and the incident energy spectra,
$(E). Two different sets of values were developed for f'dependent
upon the source of F(E) and ¢(E).
The energy system correction factor E-developed by Nason2 was
based on ut!
a
_ Fc e
f=—— (2-8)
F
in which Fc is the energy sensitivity of the HPIC to the calibratiom
source of energy Ec (in this case 60Co), t' is the wall thickness
of the aluminum protective shell, and My the linear attenuation co-
efficient for aluminum and gamma energy Ec' The average system
sensitivity F was defined as
E
max
[ dE F(B) E $(E) (u,_/p)
= o
F = E ’ (2—9>

max
[ dE E 9(B) (u_/o)
o
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in which ¢(E) is the incident photon flux for gamma photons of
energy E, F(E) is the measured energy sensitivity of the HPIC
system, Emax is the maximum photon energy in the spectrum, and uen/p
is the mass absorption coefficient for air.

Tables 2-7 thru 2-9 present the energy system correction factors
£ developed by Radiation Research Associates (RRA)l and Nasonz. RRA's
values of f were calculated by using AEC Health and Safety Laboratory
(HASL) data8 for F(E), NBS cross sections, and discrete ordinates trans-
port (DOT 3.5) calculated skyshine fluxes. Little else is known about
ﬁhe RRA method for calculating values of f. Nason's f values for the un-
shielded source configuration used Gaussian smoothed, 39 group, 4?
geometry, DOT calculated fluxes ané a system energy semnsitivity F(E)
based on exponential fitting of HASL's data.8 His f values for shielded
source configurations used unfolded collimated NaI spectra for ¢(E)
and the same exponentially fitted F(E). WNason compared the effects
on f of using collimated and uncollimated 47 geometry photon fluxes
and concluded that no significant difference existed. TFor other
details on the calculation of £ see References 1 and 2.

2.3 High Pressure Ionization Chamber Measurements of Skyshine Exposure
Rates '

Skyshine exposure rates were measured at radial distances varying
from 30 to 700 m using the Reuter-Stokes high pressure ionization chamber
HPIC described in the previous section. Three source silo configurations
were used a 150.5° upward collimated come, a 21.0 cm concrete roofed

silo, and a 42.8 cm concrete roofed silo. Three 6000 sources with



Table 2-7. Reported Unshielded £ Values.
Rad%:itzizgance RRAl Nasonz
50 0.885 .
100 0.905 0.881
200 0.901 0.892
300 0.895 0.902
400 0.890 0.909
500 0.887 0.913
600 0.883 0.916
700 0.883 0.918
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Table 2-8. Reported f Values for the 21 cm Shielded
Source Configuration.

Radial Distance 1 2
(meters) RRA Nason
30 0.88 T
50 0.89 i
70 0.89 e
100 0.89 0.845
150 0.89 e
200 0.89 0.884
300 0.89 0.914
400 0.89 6.912
500 0.89 0.922
600 0.89 0.936
700 0.89 0.958

Table 2-9. Reported f Values for the 42.8 cm Shielded

Source Configuration.

Radial Distance

RRAI Nason2

30 0.875 s e
50 0.880 b e
70 0.880 v
100 0.885 0.855
150 0.885 2w
200 0.885 0.883
300 0.885 0.908
400 0.885 0.912
500 e 0.918

51
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effective strengths of 10.37, 228.7, and 3797 Ci on October 1, 1977
were used to provide radiation fields measurably above background

levels.

2.3.1 High Pressure Ionization Chamber Measurement Procedures

Before any skyshine measurements were attempted, the source-to-
detector distances were surveyed and stacked. Surveyed detector positions
at 100, 200, 300, 400, 500, 600, and 700 m are plotted on Fig. 1-3
Detector positions at 30, 50, 70, and 150 m were stacked omn a
line between the source silo and the 200 m position. Elevations
relative to the source were also measured and reported since any large
change in elevation could affect the measured exposure rate by changing
.the source detector geometry and by changing the amount of ground re-
flected radiation. Elevations and estimated positioning errors for
the detector positions are listed in Table 2-10.

HPIC skyshine measurements were started on the 7 September 1977
and completed the 28 October 1977. Data were taken at various times
of the day and no more than 13 skyshine measurements were taken in any
one day. For each measurement recorded, the HPIC was positioned at
each measurement location and at a nominal height of 1 m from the
ground. Nine unshielded skyshine exposure rate measurements were
made with the detector at 0.72 m above the grade, however, comparison
with the remaining skyshine exposure rate measurements showed no
significant difference between the 0.72 m data and the 1.0 m data.

For each measurement, the HPIC was allowed to recorded data for at

least five minutes with the source exposed and at least five minutes



Table 2-10. Surveyed Detector Elevations
Relative to the Source Elevationm.

Location (m) Elevation (m)
source 0.00
30 + 0.5% = 2.07
50 % 0.5 - 1.82
70 + 0.5 - 1.33

100 £ 0.5 0.33
150 * 0.5 1.69
200 + 0.5 2.15
300 + 1.0 1.44
400 + 1.0 2.51
500 * 1.0 .22
600 + 1.0 o .51
700 + 1.0 2.28

dEstimated detector positioning error.
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with -the source stored. The skyshine exposure rates and background
exposure rates were then read directly from the strip chart recorder.
The exposure rate uncertainties were estimated on the HPIC strip
chart by taking one-sixth of the spread between extrema. Periodically,‘
single point calibration checks were made. No evidence was seen of
anf calibration changes.

Since the skyshine exposure rate was expected to vary with air
density p, the air temperature T and the air pressure p were recorded
for each skyshine measurement or set of meésurements. Air densities

were calculated using

o = 1.2929 (273.13/T) (p/1013.25 - 4.98 x 10°° R R ), (2-10)

in which p-is the air density in mg cm_3, T the absolute temperature
in degrees K, p the atmospheric pressure in mill-bars, R the percent
relative humidity and P the water saturation vapor pressure in mm Hg

2510 Relative humidity data on campus, five miles from

at temperature T.
the experimental site, was obtained from Kansas State University De-
partment of Physics Weather Reports. For the range of air temperatures
experienced during the experiment, the last term of Eq. (2<10), the
humidity term could have had a maximum value of only 0.018 (evaluated

at 305 °K and 100% relative humidity). Therefore, the maximum effect

on the air density using campus relative humidity values could only be
1.8%2. The range of air demsities during the experiment was 1.089 to 1.213
mg cm-s.

The sensitivity of open silo skyshine exposure rate measurements

to terrain features was investigated at 100 m radial distances from
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the source. Detector locations are illustrated in Fig. 2-14,

along with approximate topographical contours. The central detector
location was the normal 100 m measurement location. Other detector
positions were at azimuthal angles + 12.75° and + 25.50°. Position L2
was on the edge of a gully. Position R2 was on the edge of a rise.
The exposure rate data, adjusted for background, presented in Table
2-11 confirms the expected insensitivity of the exposure rate to
terrain features. This result allowed the use of a flat plane to
represent the air-earth interface during numerical modeling.

2.3.2. Skyshine Exposure Rates

The exposure rate data presented in Tables 2-12 thru 2-14 are the
high pressure ionization chamber instrument readings corrected for
background radiation, but not corrected for the HPIC's energy sensitivity.
The uncertainties given for the exposure rates were developed from the
uncertainties obtained for the background and gross exposure rates by
the method given in the previous subsection. The source strengths
given were corrected for radioactive decay and the estimated error
on the source strengths was 5%. The estimated error for the unshielded
configuration air densities was 2% and the estimated error for the
shielded configuration air demsities was 1%. The detector positioning
-errors were given in Table 2-10. The 42.8 cm concrete shielded HPIC
skyshine exposure rate was approaching background levels at 400 m with
the 5000 Ci source exposed. Therefore, the 42.8 cm concrete shielded

HPIC data was not extended beyond 400 m.
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Table 2-11. Sensitivity of Skyshine Exposure Rate to Terrain Features.

Source Distance PEELE LG Relative - Exposure
(ci) (m) Elevation (m) Rate (uRh )
10.32 100 L2 -1.31 115.5 = 0.8

100 L1 -0.58 1175 & 0.6
100 Center 0.00 116.7 + 0.8
100 Rl -0.04 11043 ¥ G

100 R2 +0.23 115.0 + 0.9
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Table 2-12. Experimental Data for Skyshine Measurements Using the
Reuter-Stokes Area Radiation Monitor. Source is Colli-
mated to a Vertical Cone of 150.5° Full Angle.

o 0 _3 PT_, Source- Exposurei
(m) (mg cm 7) (g cm ™) (ci) Rate (uRh )
50 1.144 5.72 10.39 281.0 £ 0.9
50 1.096 5.48 10.33 284.0 £ 0.4
100 1.158 11.58 10.40 109.5 + 1.4
100 1.144 11.44 10.39 109.6 = 0.8
100 1.119 11.19 10.32 116.7 £ 0.8
100 1.096 10.96 10.33 113.3 * 0.7
100 1.089 10.89 10.38 109.5 = 0.6
100 1.089 10.89 10.38 107.5 £ 3.0
200 1.144 22.88 10.39 28.5 * 0.6
200 - 1.096 21.92 10.33 28.1 + 0.4
300 1.144 34,32 10.39 8.9 + 0.4
300 1.144 34,32 230.5 186.4 = 0.6
300 1.096 32.88 10.33 8.5 £ 0.4
300 1.096 32.88 229.1 193.0 = 0.9
400 1.144 45.76 230.5 69.6 £ 0.7
400 1.096 43.84 229.1 78.0 £ 0.4
500 1.144 57.20 230.5 25.9 = 0.5
500 1.096 54,80 229.1 29.3 = 0.6
600 1.124 67.44 229.4 '12.0 * 0.6
600 1.124 67.44 3809 210.7 £ 0.8
600 1.096 . 65.76 3804 225.0 * 0.4
700 1.111 77.77 3811 101.7 = 0.6
700 1.096 76.72 3804 101.0 £ 0.9
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Table . 2-13. Experimental Data for Skyshine Measurements Using the
Reuter-Stokes Area Radiation Monitor. Source is Covered
by 21.0 cm of Concreté of Density 2,13 g/cmB.

r P -3 Pr_ Source Exposurg
(m) (mg cm 7) (g cm ) (Ci) Rate (uRh ™)
30 1.209 3.629 10.27 54.5 = 0.6
30 1.166 3.499 10.22 51.9 £ 0.5
30 1.120 3.360 10.24 50.2 £ 0.4
50 1.205 6.025 10.27 28.2 £ 0.5
50 1.166 5.831 10.22 28.1 £ 0.5
50 1.116 5.581 10.24 25.9 + 0.4
70 1.201 8.404 10.27 16.7 £ 0.4
70 1.201 8.404 227.8 . 348.7 £ 0.6
70 1.158 8.103 226.7 342.2 + 0.5
70 1.112 7.786 227.1 328.2 £ 0.5
100 1.213 12.13 10.27 9,3 £ 0,5
100 1.213 ‘ 12.13 227.8 195.6 £ 1.0
100 1.162 11.62 226.7 186.1 +.0.7
100 1.108 11.08 ' 2271 182.4 + 0.5
150 1.196 17.94 227.8 78.7 + 0.5
150 1.161 17.42 226.7 79.0 £ 0.6
150 1.124 16.86 227.1 79.0 + 0.5
200 1.196 23.92 227.8 37.1 £ 0.5
200 1.157 23.14 226.7 37.1 £ 0.6
200 1.112 22.24 227.1 37.3 £ 0.5
300 1.191 35.74 227.8 9.5 + 0.4
300 1.191 35.74 3782 162.3 + 0.6
300 1.152 34.57 3764 168.6 + 0.5
300 1.116 33.49 3770 166.9 + 0.5
400 1.191 47.64 3782 49.2 + 0.6
© 400 1.152 46.08 3764 51.9 + 0.7
400 1.116 44,64 3770 60.0 £ 0.4
500 1.186 59.31 3782 : 15.7 + 0.6
500 1.144 57.20 3764 17.2 + 0.4
500 1.113 55.63 3770 18.8 + 0.4
600 1.186 71.13 3782 5.8 + 0.4
600 1.152 69.15 3764 6.0 + 0.6
600 1.109 66.51 3770 6.7 + 0.4
700 1.148 80.35 3764 2.5 + 0.5
700 1.116 78.14 3770 2.5 + 0.5




Table 2-14. Experimental Data for Skyshine Measurements Using the
Reuter-Stokes Area Radiation Monitor Source is Covered
by 42.8 cm of Concrete of Density 2.13 g/cm3.

r o -3 pr_2 Source Exposurgl
(m) (mg cm 7) (g cm ) (Ci) Rate (uRh 7)
30 1.127 3.380 226.5 94.7 £ 0.5
30 1.126 3.378 226.6 93.0 £ 0.5
30 1.114 3.343 226.6 93.4 % 0.5
50 1.131 5.653 226.5 49.6 * 0.7
50 1.122 5.611 226.6 50.3 £ 0.5
50 1.114 5.572 226.6 50.6 £ 0.4
70 1.139 7.971 226.5 27.8 £ 0.5
70 . 1.118 7.828 226.6 28.0 £ 0.5
70 1.110 7.772 7 226.6 26.4 £ 0.6
100 1.142 11.42 226.5 14.8 £ 0.5
100 1.118 11.18 226.6 14.7 + 0.4
100 1.110 11.10 226.6 15.4 * 0.5
150 1.146 17.20 3760 110.8 = 0.6
150 1.118 . 16.76 3762 109.0 = 0.5
150 s 1.110 16.65 3763 110.1 * 0.6
200 1.150 23.01. 3760 ‘ 49.7 £ 0.4
200 1.117 22.35 3762 49.3 £ 0.5
200 1.110 22.19 3763 50.2 £ 0.5
300 1.154 34.61 3760 11.6 £ 0.5
300 1.121 33.64 3762 11.9 + 0.4
300 1.110 33.29 3763 12.6 £ 0.4
400 1.154 46.15 3760 3.3 = 0.4
400 1.121 44,83 3762 3.8 £ 0.5
400 1.113 44,52 3763 4.1 = 0.5
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Presented in Tables 2-15 thru 2-17 and Figs. 2-15 thru 2-17 are
the energy corrected high pressure ionization chamber exposure rates
obtained in this phase of the skyshine experiment as well as Nason's

1,2 All these data were normalized by

NaI inferred exposure rates.
dividing by the appropriate source étrength. Also in order to

produce a more slowly varying quantity, the normalized exposure

rates were multiplied by the square of the source to detector distance.

The exposure rates inferred from the collimated Nal spectra were

obtained from

C
izl E; ¢, (uen/p)i{uR/h}, (2-11)

_ 65.664 "

X C

in which NC represents the number of components in the collimated
unfolded spectrum, E; in MeV and (uen/p)i in em g-l are appropriately

averaged values for the i-th energy interval in the spectrum, and ¢i in

cm-2 sec-l is the energy-integrated flux over the i-th energy interval.

The factor C was defined as

c=X /X4ﬂ, (2-12)

col

“in which ico was the collimated geometry exposure rate and x4w was

1
the 47 geometry exposure rate as computed from results of discrete
ordinates calculations (DOT) by RRA. For further details.on Nal 47
exposure rates see Reference 2. The skyshine exposure rates calculated
by RRAl from the discrete ordinates results are also plotted on Figs.
2-15 thru 2-17.

Figures 2-15 thru 2-17 summarize the measured normalized skyshine

exposure rates versus ailr mass thickness for the three source silo



Table 2-15.
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Comparison of Energy Corrected Reuter-Stokes Measurements
with Nason's Nal Exposure Rates for the Unshielded Source

Configuration.

Air Mass

Energy Corrected

Energy Corrected
Exposure Rate

Nal Spectral
Measurement Reduced

Thickngss Exposure Rate? Using 39 group, to 4T Exposure
(g em %) Usiﬂg_ERA £l DOT weighted £ Rates” _by Nason
(@R m“h " ci1) (R 2*h~t c1i1) (R w2l ci”h)
5.48 60.8
5.72 59.8
10.89 93.8 91.2
10.89 95.5 92.9
10.96 99.3 96.6
11.19 102 99.7
11.34 98.6
11.38 102,
11.44 95.5 93.0
11.58 95.3 92.8
21.92 98.0 97.0
22.00 105.
22.88 98.8 97.9
32.88 63.3 66.8
32.88 67.9 68.3
33.74 75.4
33.75 76.8
34.32 65.2 65.7
34.32 68.9 69.6
43.84 48.5 49.5
45.76 43.0 43.9
46.22 48.7
54.80 28.3 29.2
57.20 24.9 25.7
58.87 27.9
65.76 18.8 19.5
67.21 20.3
67.44 17.6 18.2
67.44 16.6 17.2
67.62 18.9
75.99 13.8
76.72 11.5 11.9
77.77 11.6 12.0

aExposure rates are normalized with respect to source strength and
multiplied by the square of the source to detector distance.
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Table 2-16. Comparison of Energy Corrected Reuter-Stokes Measurements
with Nason's Nal Exposure Rates for the 21.0 cm Shielded
Source Configuration.

Energy Corrected NaIl Spectral
Air Mass Energy Corrected Exposure Rate Measurements Reduced
Thickness Exposure Rate? Using Nal Spectra to 41 Exposure
(g cm™2) Using RRA's £l Weighted Rates® by Nason
(mR m?h—Llci-1y (mR m?h~lci~ly (@R m?h~lci=ly
3.36 3.88
3.50 4,02
3.63 4.20
5.58 5.73
5.83 6.13
6.03 6.10
7.79 6.32
8.10 6.57
8.40 6.66
8.40 7.11
11.08 7.15 6.85
11.46 7.92
11.57 ; 8.25
11.62 7.31 7.02
11.68 . ' 7.70
12,13 7.67 7.35
12,13 8.09 7.75
16.86 6.97
17.42 6.97
17.94 6.91
22.24 5.84 5.80
23.14 5.84 5.79
23,71 6.01
23.92 5.80 5.78
33.49 3.55 3.64
34.57 3.59 3.69
34.88 3.44
35.08 3.73
35.28 3.70
35.74 3.34 3.44
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Table 2-16 continued.

Energy Corrected Nal Spectral
Air Mass Energy Corrected Exposure Ratea Measurements Reduced
Thickn%ss Exposure Rate Using Nal Spe to 4w Expnsure
(g cm Using RRA's 3 Weighti Rate52 b{ ion
(uR m?h~lci=1) (mR m?h~Ici™1) (uR mZh~

44 .64 2,27 2.32

"45.73 2.18

46.08 1.97 2.01

47.64 1.86 1.89

55.63 1.11 1.15

57.20 1.02 1.05

57.67 1.26

59.31 0.923 0.959

66.51 0.569 0.597

68.60 0.759
68.68 0.699
69.15 0.511 0.538

71.13 0.490

78.14 0.289 0.310

78.59 0.472
80.35 0.290 . 0.312

aExposure rates are normalized with respect to source strength and multiplied
by the square of the source to detector distance.
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Table 2-17. Comparison of Energy Corrected Reuter-Stokes Measurements
with Nason's Nal Exposure Rates for the 42.8 cm Shielded
Source Configuration.

Energy Corrected Nal Spectral
Energy Correctgd Exposure Rate® Xd Measurement Reduced
Air Mass Exposure Rg{e Using Nal Spectra to 4waExposure
Thickneﬁs Using RRA £ Weighted £ Rates by_Nason

(g em™®)  (m? prh~lci™l) (@2 uR h~lci~l) (@? wr nlci~ly
3.34 325

3.38 323

3.38 329

5.57 493

5.61 488

5.65 483

7.77 500

7.83 529

7.97 529
10.99 714
11.06 645
11.10 601 581
11.18 572 554
11.42 574 559
11.95 633
11.96 693
16.65 583

16.76 576
17.20 587
22.19 472 470

22.35 464 462
23.01 468 467
23.67 4377
33.29 266 273

33.64 252 258

34.61 246 252

34.83 282
35.09 299
44,52 154 159
44,83 143 147

46,15 124 128

46.34 160
56.71 77.0
56.74 78.1
57.21 77.5

a .
Exposure rates are normalized with respect to source strength and
multiplied by the square of the source to detector distance.
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configurations. The normalized exposure rates multiplied by the square
of the source to detector distaﬁce, ﬁdz, tend to peak between 10 and

15 g/cmz. These ﬁdz values also show an exponential-like tail after
about 30 g/cmg and 20 g/cm2 for the unshielded and shielded source

silo cases, respectively. Since the graphs on Figs. 2-15 thru 2-17

are linear, the differences between RRA's and Nason's energy corrected
HPIC exposure rates can be seen to be small, with a possible exception
in the results at ~12 g/cm2 (&IOOm). . Figures 2-15 thru 2-17 indicate
that some of the experimental scatter noted in Tables 2-15 thru 2-17 is
due to differences in the air mass thickness and not experimental error.
Also presented on Figs. 2-15 thru 2-17, RRA's discrete ordinate trans-—
port calculations (DOT) were based on the DOT 3.5 code developed by
ORNL.l The 39 energy group DOT used for the unshielded sileo con-
figuration exposure rate calculation agrees well with the HPIC results
except near the 100 and 200 m measurement locations. The 10 energy

group DOT showed a lack of smoothness and consistantly underestimated

the energy corrected HPIC exposure rates.
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3.0 CALCULATION OF SKYSHINE EXPOSURE RATES

As discussed in the introduction to this work, calculation of sky-
shine exposure rates is becoming increasingly important in the design
of nuclear facilities. The most popular and simplified (although approxi-
mate) calculational methods are based on point kernel techniques in which
a first collision source distribution in the atmosphere is first calcu-
lated. The angular distribution of this distributed source is based on
the incoherent photon scattering cross section. Buildup factors are
then used to account for multiple scattering between the location of
the first interaction and the location at which the exposure rate is
to be calculated. This chapter describes the development of such a
point kernel calculation method especially suited to skyshine exposure

rate determinations.

3.1 Singly Scattered Photon Exposure Rate Integral Equation

A simplified representation of the skyshine experiment is shown
in Fig. 3-1. The detector is located at a radial distance d from
the source, and both the detector and source are assumed to be at the
same elevation. The radiation field produced by the isotropic gamma
photon source is collimated vertically by the source silo. The gamma
.radiation leaving the silo thus must scatter in the air to reach the
detector. Compton air scattering is assumed to be the primary mode
of gamma photon scattering for photons of energy less than 2.0 MeV.

If the silo is covered with a concrete roof, the unscattered

gamma flux ¢° at the differential scattering volume dV is simply
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The detector and the source
are assumed to be at the
same elevation.

][ _______________ ; Detector
| | Source _

ﬁ_z_qi ground level
d .

Fig, 3-1. Simplified calculational geometry.
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o _ ]
41 (atc)

exp (~pa-jc) , (3-1)

in which § is the source strength, a is the distance in air from

the source to the scattering volume dV (i.e., the "first air leg')

¢ is the distance through the conerete roof élong a line segment from
the source to dV, u is the air linear attenuation coefficient for photomns
of energy E, and ¥ is the concrete linear attenuation coefficient for
photons of energy E. When no roof shield covers the source, Eq. (3-1)

reduces to

32 exp(-ua). - (3-2)
4ma

The number of photons per unit time scattered at dV through
the angle B into a steradian towards the detector can be written as

SNo
4 (atc)

S5, = +°No av = exp(-pa-uc) dv,. (3-3)

in which N is the electron density at dV and ¢ is the differential
scattering cross section as a function of the angle B and incident
photon energy E. It should be noted that the actual photon scattering
angle is -8 (see Fig. 3.1). For photon scattering on free electroms,

the scattered photon energy £ can be related to 8 and the incident

photon energy E byll

R Emec2
E = 5 3 (3_""")
méc + E (1 + cosB)

in which mec2 is the rest mass energy of an electron. The corresponding
differential scattering cross section for incident photons of energy E

scattering from free electrons into a steradian around the scattering
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angle 7~B with scattered photon energy E can be written explicitly

11
as
T 2 2
e A A 1+ X + cosp 2
g = + - sin B}, {3-5)
2 (1+ 2+ cosB)z 1+ A + cosB A
= 13 m and the

in which the classical electron radius T, 2.818 x 10~
Compton wavelength A is given by A = mecsz.
The differential exposure rate dis at the detector due to singly

scattered photons from dV can be written as

. S u A~
X, = = = B K exp(~fb), (3-6)

1]
o

in which the second air leg, b, is the scattering volume-to-detector

H
distance, ~§E is the mass energy absorption coefficient in air for
scattered photons of energy E, {i is the air linear attenuation coefficient

for scattered photons of energy ﬁ, and K is the energy-flux-to-exposure-
-1 12

rate conversion factor equal to 0.01842 uR g MeV ™. Substitution
for Sv from Eq. (3-3) then yields
H s
dXS = e N exp (-pa-fib-pc) dv. (3-7)

Aﬂ(a+c)2b2 g

Equation (3-7) represents the differential skyshine exposure
rate at the detector from singly scattered photons originating from a
monoenergetic isotropic source located in the source silo. Actually
several factors degrade the monoenergetic source spectrum before the
radiation arrives at the differential scattering volume. Most of these
first leg spectrum degradation factors are photon scattering interactions
in the source, in the source silo walls, in the silo concrete roof, and
in the air around dV. However, the spectrum reaching dV is unknown

unless transport theory results are used. Similarly, scattering will
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also’ alter the spectrum of photons starting from dV and which eventually
reach the detector. Several assumptions were made in this study

which corrected for the multiple photon scattering effects. These
assumptions were as follows:

1) A buildup factor B was used to correct for multiple scattering
along the scattering-volume-to-detector air path (the second
air leg). The exposure buildup factor used was for infinite air
medium with an isotopic point source. The errors resulting from
the use of this buildup factor in a finite case and with anisotopic

sources will be discussed in the next chapter of this work.

2) The Compton (free electron) differential scattering cross section
for monoenergetic photons of source energy E was used instead
of a spectrum weighted scattering cross section, since the spectra
arriving at dV from the source was unknown. Because the air mass
relatively close to the source silo scatters the majority of
the radiation which eventually reaches the detector, the
distances £rom the source to those scattering volumes that
contribute the majority of the exposure rate at the detector
are relatively short. The gamma photon spectrum from the
source would not be seriously degraded over these short
distances., Since the lower energy components of the source
spectrum will be absorbed before they contribute significantly
to the exposure rate at the detector, the use of a monoenergetic

scattering cross section would be justifiable.

3) A second buildup factor B was used to account for multiple
scattering on the first leg. This buildup factor was defined
as the correction factor necessary to obtain the true exposure
rate at the detector from the singly scattered exposure rate
(including the second air leg buildup factor and the mono-
energetic scattering cross section). This buildup factor B has
the same effect as artificially increasing the number of source
energy photons arriving at dV. Approximations for B are dis-

cussed in the next chapter of this work.
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The differential exposure rate di, corrected for multiple scattering,

can now be expressed as

. SKNBB. Hen

dX =
47 (aa.+<:)zb2 P

o] ﬁ‘exp(-ua—ﬂb—ﬂh) dv. (3-8)

Integration of Eq. (3-8) over all space V yields the total exposure rate

i at the detector

2,2

: . " A _
% = I SENBB en . & exp(-pa-iib-ue) dv. (3-9)
V 4m(ate) b e

0f course, as with any integral expression, the selection of an appropriate

geometry can greatly simplify the evaluation of the equation.

3.2 Skyshine Geometry

Parameters a = a + c, €, and ® in Fig. 3-2 define a spherical
coordinate system. Since nearly every variable in the integrand of
Eq. (3-9) depends on B or ﬁ(B) (see Table 3-1) and B is dependent
upbn a in cylindrical geometry, then numerical integration over a-
would be excessively complex. However, a geometry in which the
angle B is the indepeudent'variable would simplify the evaluation
of the exposure rate equation. Since three direction vectors or angles
(such as g, § and ¢ in Fig. 3-2) do not alone define a position in
space, another variable must be specified. If g is defined such that
B, 6, and the line d between the source and the detector form a triangle,
then for a fixed distance d, the angles g, 8, and ¢ define a unique
point in space. For a fixed source-to-detector distance d, the sur-

face produced by a fixed angle g is the surface produced by rotating

a circular line segment with end points at the detector and the source
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around the source-to-detector axis. The radius of. curvature of this
circular segment is d/(2sinf). Figuré”3—3 shows the intersection of
the constant scattering angle surfaces with the positive x-z half plame.
Since the triangle abd 1is rotationally invariant about the source-
to-detector axis d (i.e., aand b are not functions of e), then the
derivation of the source-to-differential-scattering volume distance

2 in terms of &, B, and d begins with the law of cosines,

4% = 3" + b Dok eveh (3-10)
and

bhe w 3% 4% = 0ad sowb. (3-11)
Equation (3-11) is substituted into Eq. (3-10) to eliminate bz,and b.
Trigonometric identities (d2 = d2 sinzé + d2 cosze and tan28 = seczs—l)

are then used to reduce the result to
a=4d (cosB + sinb cotR). (3-12)

Equations (3-11) and (3-12) are then solved for the differential

scattering volume-to-detector distance. The result is

b =d siné cscB. (3-13)

The concrete silo roof path length c is determined geometrically from
Fig. 3-4. Since triangle ABE is a right triangle and the line DC, the
projection of AE on plane x-y, is equal to AE in length then AB must

be related to the roof thickness t by

c = |AB] = t sece cscs. (3-14)



B=40°

=50°

B=60°

80

Fig . 3"'3 L3

Intersections of constant energy surfaces for singly

scattered photons,
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The differential scattering volume dV as a function of d, B, &,
and 8 is derived from

4V = 2% gind -g-gz dg de de. (3-15) X

which is the differential volume element in spherical geometry.
Equation (3-12) differentiated with respect to B yields

g—g- = - gind cse’B. (3-16)
Equation (3-16) substituted into Eq. (3-15) yields the differential

scattering volume

dv = 22 dsinze csczﬁ dB dé de, (3-17)

as a function of d, B, €, and 8. Since a at+c, then substitution of

b, from Eq. (3-13), into Eq. (3-17) yields

2.2 ,
gy = Slatel b a"’; D_ 48 46 de. o (3-18) "

3.3 Single Scattered Gamma Exposure Rate Numerical Evaluation

The exposure rate integral equation, Eq. (3-9), rewritten in the

geometry of the preceding section thus becomes

max max m 5 M - -_—
% - SKNBB €8 ; § oyp(-ua-ib-Hic) de do d8, (3-19)
O 8 - 4md p
min

in which the limits .of integratiom B s B , £ and © _are
max m min

max

determined by the silo detector geometry. Derivation of these.limits
of integration is discussed below.

The lower limit em on the variable 6 is deduced from Fig, 3-1 as

in

Bmin = arctan(h/r), (3-20)
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in which h is the height of the outer collimator relative to the source
elevation and r is the silo collimator outer radius. The upper limit
Bmax on the integration variable 6 must meet two conditions. The first

condition imposed was that 6, 8, and d must form a triangle. Therefore

i i h
Gmax- T=8 arctan{a:—;). (3-21)

This last statement is derived from the fact that the sum of the angles

in a triangle equals 7. The second imposed condition is

o <m0 (3-22)

min
which is required by the collimator geometry. Therefore, the smaller
of the two emax values gives the limiting condition.

The limit B on.é is deduced from the maximum collimator cone angle
o depicted in Fig. 3-2. The distance from a scattering point on the

edge of the collimation cone to the y-z plane is equal to the height

of the projection of the abd triangle on the x-y plane or
a cosa = a sind cose_. (3-23)

Since by definition

a =_ﬂ/2 —Gm . (3-24)

in

then solution of these last two equatiomns for €n yields

€, = arccos(sinemin/sine). (3-25)

The angle B is limited by the outer lip of the silo collimator.
Therefore, the maximum angle B is related to the silo dimensions by

— - _h o
B =T Bm arctan(d_r). (3-26)

max in
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Of course when the silo is covered with a concrete roof, no well
defined collimation exists, i.e., there is no sharp cutoff. However,
as o increases less radiation penetrates the roof and thus one may
think of an effective collimation angle defined in terms of the longest
photon path through the concrete that significantly contributes to the
radiation field. Further discussion of the concrete-roofed silo limits
will be presented at the end of this sectiom.

The exposure rate equation, Eq. (3-19), can be rewritten as

. SKN Bma:c ~ Hop emax . “n : _
X = o—— g E— B exp(-ua-{ib) B exp(-uc) ded6dr, (3-27)
2nd 0 P 5 0

min

since J B exp(Qﬂf sece cscf) de is symmetric about zero. Table 3-1
lists the functions which depend upon B, 6, and €. Table 3-2 lists
the functions which are constant with respect to B, 8, and €. The ex-
posure rate equation, Eq. (3-27), rewritten for semi-infinite air (i.e.,
no silo or 27 collimation) yielded the same equation as reported by
Kitazume.13 Appendix A shows the extension to the semi-infinite air case.

The exposure rate given by Eq. (3-27) can be normalized by dividing
by the source strength and multipling by the square of the source-

to-detector distance, i.e.,

B 5] €
=2 KN max u max m _
2 =-E~—é-j o B =2 B exp(-ua-iib) B exp(-uc) dedbdg,
S 2m 0 o 5 0

min

(3-28)
in which C represents the number of gamma photons of energy E emitted
per curie of source activity. This last equation can be numerically

integrated by using triple trapezoidal integration. The result of the
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Table 3-2. Constants® used in derivation of skyshine exposure rate
point kernel equationms.

Constant Deg;zﬂent Comments Source
Source Source photon energy Input
£ Source Fraction of source photons emitted per Input
disintegration
t Geometry Silo concrete roof thickness Input
r Geometry Silo collimator outside radius Input
Geometry Silo collimator elevation relative to Input
the source

d Geometry Source-to-detector radial distance Input

Pe Material Silo roof concrete density Input

p Material Air density Input

C f C=£f(1.332 x 1014) photons hml Ci_l By definition
K K=0.01842 JR g MeV * Ref. 12

N P §-= 3.007 x 1023 electrons g_l Appendix B
u E,p Air linear attenuation coefficient Appendix B
u E,pc Concrete linear attenuation coefficient ‘Appendix B
amin Tsh Minimum value for © Eq. (3-20)
Bmax r,h,d Maximum value for B8 Eq. (3-26)
min see text Minimum value for B Eq. (3-37)
AB Bmax’smin B trapeziodal integration increment Eq. (3-30)

a ;
Constants with respect to 8, R, and e.
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triple trapeziodal integration of Eq. (3-28) is

e .2 n H
Xd® _ CKNdAB E en A ,
3 w, ¢, [—]. E, I., (3-29)
S 4m =g 1 1 p "1 i i
where
ag = (Bmax-ﬁmin)/n’ (3-30)
Aﬂi m ~ Fs
L, = jzo v, By exp(-uaij - B byg) Iiys (3-31)
ABi = (emax,i-emiu)/m’ (3-32)
Ae '3 :
« _ ij = =
Iy 5 k.ZOwk By eXP(H 550, (3-33)
and
Aeij = Em,ij/l' . (3-34)

The weights w are equal to two except for those at the end points
(WU, W W and wg) which are equal to omne.
Equations (3-31) and (3-33) are the trapezoidal approximations
6f the double integration over € and 9 and the single integration over
€ , respectively, in Eq. (3-27). Equations (3-29) and (3-31) can be
gsimplified since emax = emin at B (I0 = Q) and L 0 at emin (Iio = 0)

(see Eqs. (3-32), (3-26) (3-21), and (3-25)). The resultant simplified

exposure rate equation thus becomes

. 2 n H m "
Xd“ _ CKNdASB en, = % T
s ° “Tor 121 vy oy [ 1; By 88y jzl vy By explouay ~figbygdheyy
2 —
x kzo Wy Bijk exp(~ucijk). (3-35)

The notations used for various functions are defined in Table 3-1.



87

This result was programmed and used to predict the skyshine-exposure
rates expected in this study. The "standard computer code' used 1100 mesh
points (n=10, m=10, £=10), a total air mean free path limit of 10 mfp,
a total concrete mean.free path limit of 15 mfp, and Berger infinite
medium exposure buildup factors for the concrete silo roof and the
second air leg. To justify the choice of 1100 mesh points  and the
photon path limits, each of these conditions was studied without changing
the others. The distance from the source to the differential scattering
volume was assumed to be equal to the photon air'path length (a¥;) for
all computer runs. Also, the'ﬁOCo emission spectrum was approximated
by two 1.25 MeV photons emitted .per disintegration. The result of
this energy spectrum approximation will be diséussed in the next chapter.
The effect of changing the number of trapezoid mesh points on
the standard exposure rate program was explored by setting n, m, and £
to 10, 20; and 40 in sequential computer runs. Table 3-3 indicates
- that changing the number of mesh points from 1100 to 65600 resulted
in a change of less than 1.1%. The 65600 mesh point run used
almost 35 times as much computer time as the 1100 mesh point rum.
Therefore, for skyshine calculation the standard computer program was
set to run with n, m, and % of Eq. (3-35) equal to 10.
Another approximation arose from the fact that the air legs
a and b become infinite as the scattering angle approached zero.
Therefore, a total air path limit L was imposed such that

Ha + {ib < L (3-36)
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v 2
Table 3-3. Stability of the Normalized Exposure Rate, E%“, calculation
for the 0.428 m shielded siloc configuration.

Source~to-Detecto 1100 Mesh 8400 Mesh 65600 Mesh
Mass Distance (g/m") points exposure points exposure points exposure
rate (uRm“/hCi) rate (pRm“/hCi) rate (uRm“/hCi)
11.10 493.8 493.7 493.7
22,20 468.3 467.2 466.8
33.30 310.7 309.0 308.5

44.52 177.4 ’ L75.9 175.5
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Geometrically, a and b cannot be greater than the diameter of the
circular segment used to generate the constant scattering angle
surface. Since the scattered photon linear attenuation coefficient

1 is always greater than the source photon linear attenuation co-
efficient M, then ua + {ib is assumed to have a maximum value when b
is at its maximum value. The distance between the differential
gcattering volume and the detector, b, is a maximum at € equal to /2
for angles B less than w/2. Equatioms (3-12) and (3-13) substituted

into Eq. (3-36) and the result evaluated at 8 = 7/2 yields

dpy cotf + dfi escB < L. (3=-37)

The minimum scattering angle Bmin is numerically approximated by
evaluating the left side of Eq. (3-37) at one degree intervals until
the left side is less than L. Then one degree is added to this value
and the result is considered Bmin' Different total air path limits
were evaluated to determine the effect on the calculated open silo
skyshine exposure rate. As can be seen in Table 3-4, increasing
the total air path limit beyond 10 mfp changes the skyshine exposure
rate by less than 0.4%. Therefore, for detector-to—-source distances
equal to or less than 700 m the total air path limit of 10 mfp is
adequate.

Addition of the concrete roof to the silo requires another
approximation to be made. Obviously as photons travel through the
concrete roof at larger Q angleé (see Fig. 3-4), the path length the

photon travels through the roof increases. For computation purposes,
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some limit Lc on the concrete path length ¢ needs to be set. This
limit was determined by multiplying Eq. (3-14) by the concrete linear
attenuation coefficient E, setting the result equal to Lc and solving

for em. In other words,

He = LC = ut sece csch, (3-38)
solved for sm becomes

E_ = arc cos (Eﬁ cscehb) (3-39)

m Lc 2

in which t is the concrete roof thickness. As calculated skyshine

exposure rate results listed in Table 3-5 indicate, increasing the

concrete path length beyond lSImfp changes the calculated exposure

rates by less than 0.1%Z. Thus Eq. (3-39) with Lc = 15 mfp replaces

Eq. (3~25) as the limit on € for concrete covered silos whenever €

as calculated by Eq. (3-39) is less than €n calculated by Eq. (3-25).
The effect of different buildup factors will be discussed in the

next chapter. A computer program SKY based on Eq. (3-35) was developed

by the author. This computer program SKY is presented in Appendix B.
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4.0 SKYSHINE EXPOSURE RATE ANALYSIS

The usefulness of any numerical analysis program is based on
two factors, the program's accuracy and the program's complexity.
Analysis based on transport theory is capable of yielding the most
accurate results for the prediction of skyshine exposure rates.
However, programs based on tramnsport theory are typically complex and
require large computers and extensive computational effort. On the
other hand, point kernel techniques are considerably simpler but not
always as accurate. In this chapter, the accuracy of the point kernel
technique developed in Chapter 3 is discussed and the results of using
this model for different source energies and source shielding thicknESSES

are presented.

4.1 The Unshielded Source Silo Buildup Factors

In Section 3.1 .of this work, two buildup factors B and B for the
first and second streaming legs were introduced. These buildup factors,
as defined in Chapter 3, produce the exact correctiom necessary for the
exposure rate equation (Eq. 3-9) to equal the actual exposure rate. Since
both of these buildup factors require complex geometry and anisotropic
photon distributions, neither of these buildup factors have been calcu=~
lated. Therefore, infinite medium buildup factors for point isotropic
sources are traditionally used to approximate B and B.

The use of the isotropic point source buildup factors for

infinite mediums requires recognition of the following limitatioms.
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1) The skyshine experiments were performed near the air-
ground interface and not in an infinite air medium. There-
fore use of an infinite medium buildup factor for the second
leg could be expected to overestimate slightly the actual ex-
posure rate, since the probability that a photon will be
scattered into the detector is decreased by the proximity
of the higher z material in the ground. This decrease in
the scattering probability for the higher z material is due to

the increased photoelectric absorption cross section in the soil.

2) The angular distribution of photons scattered from a point
is not isotropic, since Compton scattering is preferentially
forward at photon energies above 100 keV. Therefore, use
of an isotropic point source buildup factor in the second leg is

inappropriate.

3) The actual silo source is a collimated point source not a 4w
isotropic source. Therefore use of an isotropic source build-
up factor in the first leg would overestimate the exposure
rate in the scattering volumes near the edgeés of the collimated
radiation field. The isotropic source buildup factor overestimates
the buildup in this case because no unscattered source photons
may be scattered into the collimated region from outside of the

collimated cone.
The buildup factor in the first leg has another theoretical in-
consistency besides the collimated source problem discussed above.
This problem is that the buildup factor in the first leg artifically in-
creases the number of source energy photons which arrive at the scatter-
ing volume dV and are subsequently scattered. Therefore, this build-
up factor together with the assumption of no spectrum degradation leads

to an overestimation of the exposure rate at the detector.
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All the buildup factors in this work were represented by the

Berger buildup factor equation,
B(E,uz) =1+ Cl(E)uz exp (CZ(E)uz) (4-1)

in which pz is the medium mean free path length along the appropriate
path to or from the scattering volume dV and the constants Cl(E) and
CZ(E) are linearly interpolated from either Table 4-1 or 4-2 as appropriate.14’1
Experimental factors did contribute to the differences between
the calculated exposure rates and the experimental exposure rates.
Some direct penetration of source photons through the silo was
present. However in the open silo case, the direct penetration component
was several orders of magnitude less than the skyshine. component. Near
the silo, photon scattering within the silo, within the source, and from
the steel top of the source cask can increase the unshielded experimental
exposure rate by increasing the number of low energy photons which
reach the detector. At larger distances, photons scattered within the
silo or within the source are absorbed before affecting the detector.
Since these photons have lost energy in at least two scattering inter-
actions and the photoelectric absorption cross section increases with
decreasing energy then the probability that these twice scattered photons
will reach the detector is less than the probability that singly scattered
photons will reach the detector.
Since the roof thickness is zero (c=0) for the unshielded source
silo, the integral over ¢ in Eg. (3-28) can be evaluated to yield

s .2 max u max
Xd~ _ CKNd ~ “en N ~
s 27 JO OE p"Ja BB exp(-uHa-{b) Em deds. (4-2)

min



Table 4-1. Berger Parameters for Point Source Buildup_Factors in
Infinite Air, Air Kerma Response Function.

Maximum Deviation

E (MeV) C1 C2 (%)
0.2 3.94 0.113 40.8
0.3 3.10 0.094 37.0-
0.4 2.61 0.079 32.5
0.5 2.29 0.067 29.2
0.6 2.05 0.058 25.7
0.8 1.71 0.045 20.8
1 1.50 0.035 172
1.5 1.16 0.021 10.7
2 0.97 0.013 6.6

Table 4-2. Berger Parameters for Point Source Buildup Factors in
Infinite Concrete, Exposure Rate Response Function.

Maximum Deviation

E(MeV) ¢y c, (%)
0 2,20 0.065 19.2
0.3 2.03 0.067 21.3
0.4 1.87 0.061 21,7
0.5 1.73 0.055 20.7
0.6 1.60 0.049 19.7
0.8 1.41 0.040 16.9
1 1.27 0.032 14.6
1.5 1.02 0.021 9.7

2 0.89 0.014 6.8
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Trapezoidal integration of Eq. (4-2) produces

s 2 n M m

Xg = c%?:ﬁs.izl WO, [—55}1 E Aei jé Wjﬁij Bij exp(‘uaij“ﬁibij)em,ij
(4-3)

in which all the functions in Eqs. (4-2) and (4-~3) are defined in

Tables 3-1 and 3-2.

In order to decide whether both first and second air leg buildup
factors should be used in the point kernel model given by Eq. (4-3)
the unshielded skyshine exposure rates were calculated with three
different buildup conditions. These calculations were made using
the standard computer code SKY (n,m,%, = 10, a=a, etc.) with ﬁij and
evaluated by

B,. set equal unity, with Bi set equal unity and B

ij J ij
Eq. (4-1), and with B,, and B,, both evaluated by Eq. (4-1). The

ij ij

tesults of these calculations are presented in Fig. 4-1 along with
the measured results obtained by averaging the energy corrected
exposure rate data of Table 2-15. If the air mass thicknesses were
within 1.00 g cm._2 or the exposure rates were indistingishable when
plotted, then the average exposure rate was determined by averaging
both the exposure rates and their respective air mass thicknesses to
obtain the average exposure rate and the average air mass thickness.

As would be expected, use-of both air leg buildup factors over-
estimated the skyshine exposure rate. When both buildup factors were
set to unity, the skyshine exposure rate was underestimated. However,
use of the second air leg buildup factor alone produced skyshine ex-
posure rates ranging from 3% low at 11.20 g cm_2 to 50% high at 57.2

g cm = when compared to HPIC measured exposure rates corrected with
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Fig. 4-1. Skyshine exposure rates calculated using different air buildup
techniques. The source silo is in the unshielded configurationm.
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RRA's energy correction factors (from Table 2-15). Calculated skyshine
exposure rates ranged from 0.4% low at 11.20 g cm.—2 to 45.8% high at
57.2 g cm—-2 when compared to HPIC measured exposure rates corrected
with Nason's energy correction factors (from Table 2-15). The overall
average percent error %E was 22.5%.

The absolute average percent error, 2§, is calculated by

N
= 1
ZE =3 )
N n=1

%E (4=4)

n’
in which N is the number of HPIC data points or the number of calcu-

lated data points whichever is smaller and %E is given by

5 al
%E = [ B - 1] 100, (4-5)
PIC

1 is the numerically calculated exposure rate and XHPIC

is the HPIC energy corrected exposure rate.

in which i
ca

The second air leg buildup factor was retained in Eq. (4-3) and
Eq. (3-35) and the first air leg buildup factor was discarded as a
result of these calculations. The use of the second air leg buildup
factor with the point kernel technique is widely accepted in unshielded

skyshine exposure rate calculations.2’13’18

Theoretically, the first
air leg buildup is not needed because any first leg multiply scattered
photons are less energetic than source energy photons and therefore
more easily absorbed before reaching the detector.

The average first air leg path length for the unshielded source

case was calculated by
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’ H
en i 2% A
e © -ua,.-f.b,. :
16w Z w0, [ J E A0, ] ij . exp( uaiJ ulbij)uaijem,lj

(4-6)

in which the functions are defined in Tables 3-1 and 3-2. The average
first air leg path length wvaried from 0.12 mfp at a source-to-
detector mass thickness of 3.0 g c:m'-2 to 1.277 mfp at 84 g cm_z.

This short path length supports the assumption that the source photon
energy would not be significantly degraded at the scattering volumes
which contribute to the calculated exposure rates. Therefore, the use

of a monoenergetic scattering cross section can be supported for measure-

ment locations out to 700 m.

4.2 The Shielded Source Silo Buildup Factor

The concrete buildup factor Bijk was used to correct for multiple
scattering of source energy photons within the concrete roof. To
determine the need for this correction to the point kernel model
given by Eq. (3-35), the shielded skyshine exposure rates were calcu-
lated with two silo concrete roof thickness (0.210 m and 0.428 m) and two
different buildup conditions. These calculations were made using the
standard computer code SKY (n,m,g = 10, etec.) redefined to include air
buildup in the second leg only (see Eq. (3-35)). The shielded skyshine
exposure rates were then calculated for both shielded configurations,
with the concrete buildup factor Bijk set equal to one (no concrete

buildup) and with Bijk given by Eq. (4-1) in which pz = pe. The results



101

of these calculations are presented in Figs. 4-2 and 4-3 along with
the averaged, energy-corrected, measured exposure rate data.

As would be expected, the exposure rates calculated without the
concrete roof buildup factor were considerably low. However, the
exposure rates corrected for concrete roof buildup were in good agree-
ment with the HPIC, energy-corrected, experimental values as can be
seen in Table 4-3.

Justification of the use of the concrete roof buildup factor can
be based on the following statements. Since the concrete roof shielding
is comparatively thick, a significant number of source photons under-
go small deflection scatters in the roof. However, these photons
after scattering in the air are still energetic enoggh to reach the
detector and affect the exposure rate. The concrete roof buildup
factor corrects for these photons slightly deflected by the roof.

The last assumption in the evaluation of the point kernel model
of Eq. (3-35) to be considered is the use of two 1.25 MeV source pho-
tons to approximate the 1.332 MeV and 1.173 MeV source photons from
a 60Co skyshiné source.l7 The use of two 1.25 MeV photons instead of
the actual photon energies induces a difference of less than 1.7%
between the calculated exposure rates over all experimental silo
configurations and measurement locations. This result was obtained
by computing the exposure rates for two 1.25 MeV photons and the exposure
rates for the actual 60Co photon energies and comparing the results,
Therefore, two 1.25 MeV photons per disintegration of 6OCo are used in

any subsequent analysis.
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Table 4-3. 7% Error Ranges and Average % Errors for SKY Calculated
Exposure Rates Compared to Energy Corrected HPIC Experi-
mental Exposure Rates.

Silo
Concrete Maximum Minimum Average
Roof % Error % Error % Brror
Thickness #ZE ZE ZE
(m)
0.210 94,77 (78.12)% -17.2% (3.63)% 42.6%
0.428 30.6% (46.16) -36.1% (3.38) 17.0%

; i i -2
8yalues in parenthesis are the air mass thicknesses in g cm

-/

at which the maximum % error or the minimum % error occurred.



105

4.3 Comparison of Calculated and Experimental Skyshine Exposure Rates

Various unshielded skyshine exposure rate calculations and the
measured exposure rate data are compared in Fig. 4~4. The 10 energy
group and the 39 energy group discrete ordinates transport calculations
(made with DOT 3.5) presented on Fig. 4-4, were calculated by RRA
especially for the unshielded source configuration.l The 39-group
DOT exposure rate calculation underestimated the corrected HPIC expos-
ure rate by 17.27% at 1l.4 g cn:f-2 and overestimated the HPIC exposure
rate by 17.6% at 57.2 g cm_z. The average absolute percent error
calculated for the 39 energy group DOT calculation is 10.5% (using
Eq. (4-4)). The average percent error calculation was limited to
12 points since the DOT calculations were not performed for all the
mass thicknesses in Table 2~15. The 10 group DOT célculations could
not be compared directly to experimental data since the mass thicknesses
at which these calculations were made do not direectly correspond to the
experimental data. However, Nasonm noted that the 10 group results
underestimated the HPIC experimental results by approximately 10%
at all measurement locatiomns.

Poinﬁ kernel calculations by Kadotani of Century Research Center
Corporation in Tokyo, Japan are also depicted on Fig. 4—4.16 These
calculations use Taylor'sAbuildup factor equation on the second
air leg and cartesian coordinates-.18 Taylor's formula for buildup

is given by

By (fix) = A Ol g aye VPX CheT)
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in which A, o, and v are constants for a given photon-energy.ll

These G-33 skyshine exposure rate results are approximately 30% low at
the 50 meter location and approximately 407% high at the 500 meter location.
The average absolute percent error of the G-33 calculation based on 50 m,
100 m, 200 m, and 500 m G-33 data'compared to HPIC experimental data is
approximately 25%. All G=33 calculated-values from Kadotani were
obtained from his hand drawn graphs. Also, the alir density at which
these G-33 calculations were made is unknown. Therefore, all % errors
for the G-33 calculations are approximate and the horizontal error bars
on Fig. 4-4 indicate approximate mass thickness ranges of Kadotani's
G-33 calculatioms.

Until reaching the 200 m measurement location, the G-33 calculations
underestimated the unshielded skyshine exposure rates. After the
200 m location the G-33 calculation overestimated the skyshine
exposure rates. The DOT (39 group) calculation underestimated
the skyshine exposure rate at the 100 m and 200 m location and closely
approximated the HPIC skyshine measurements elsewhere. The DOT (10
group) calculation approximated the skyshine measurement until about
100 m then the DOT (10 group) calculation underestimated the skyshine
exposure rate. The point kernel model developed in this work matched
the skyshine data near the source (until 200 m). Beyond 200 m, the
SKY calculated exposure rate overestimated the skyshine exposure
rate.

Kadotani investigated the concept of no first leg buildup in the

concrete roof and the exposure rates produced seriously underestimated
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the experimental exposure rates.16 The G-33 program was then modified
by Kadotani to account for the concrete roof shield. This modification
was the inclusion of a first leg concrete buildup factor of Taylor's
form. This Taylor's form buildup factor was evaluated with A = 51.5,
a = -0,04307, and v = = 0.020715.16 The distance x in Eq. (4-7) was
set equal either to. the concrete roof thickness t or to the photon
path length c¢. The concrete linear attenuation coefficient U was
also substituted for {I in Eq. (4-7). The G-33 calculations using
second air leg buildup and conecrete roof buildup with x=t are identified
with the horizontal error bars on Figs. 4-5 and 4-6. The G-33 calculations
using second air leg buildup and concrete roof buildup with x=c are
identified with the horizontal error bars with triangles on each end
in Figs. 4-5 and 4~6. The type of buildup factor (i.e., slab, point
source, etc.) was not reported by Kadotani.

Figures 4-5 and 4-6 compare DOT (10 group) calculatioms, G-33
calculations, and calculations using the point kernel model developed
in this work to the shielded skyshine exposure rate experimental data.
For the 21.0 cm shielded source configuration, the DOT calculations were
mistakenly performed with a 20 cm thick shield and therefore the DOT
calculated values need to be decreased by 13% (see Section 4.4), The %
error reported by RRA for the DOT calculation was 20% at the 700 m
locationl. The G-33 calculations using BT(EE) when compared to HPIC
skyshine data have a percent error range of approximately 65% low at the
50 m location to 25% high at the 500 m location. These G33 calculations

have an average percent error of 40% when compared to the HPIC skyshine
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data. The G-33 calculations using BT(EE) compared to HPIC skyshine data
have an approximation percent error range of 50% low at the 50 m lo-
cation to 100% high at the 500 m location and an approximate average
percent error of 45%.

In general the DOT (10 group) calculation underestimates the HPIC
skyshine data for the 21.0 cm shielded case. The G-33 calculatioms
using BT(EE) produces a slightly better fit to the HPIC 21.0 cm shielded
skyshine data than the G-33 calculations using BT(EE). The point kernel
calculation developed in this work overestimated the skyshine exposure
rates for the 21.0 cm shielded case beyond the 150 m locationm.

Figure 4-6 compares the calculated skyshine exposure rate results
with the experimental skyshine data for the 42.8 cm shieldea source
configuration. The DOT (10 group) .calculations were reported as being
within 25% of the HPIC skyshine data without the DOT calculations
correcting for direct penetration of source photons.1 Direct pene-
.tration accounts for more of the HPIC exposure rates as the roof
thickness is increased since the source strengths must be increased
in order to produce significant instrument responses above background
levels. The DOT (10 group) calculations are underestimating the skyshine
data over the entire measurement range of 30 m to 400 m. The G~33 calcu-
lation using BT(EE) had an approximate percent error range of 70% low at
50 m compared to HPIC skyshine data to 10Z low at 500 m compared to
Nason's Nal inferred 47 exposure rates (see Table 2-17). The G-33
calculation using BT(EE) had an approximate average percent error of

45% when compared to the skyshine data. The G-33 calculation using
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BT(EE) had an approximate percent error range of 65% low at the

50 m location compared to HPIC skyshine data to 25% high at the

500 m location compared to Nason's Nal inferred 4% exposure rates.
These G-33 calculations have an approximate average percent error

of 407% when compared to experimental data. The Nal data at the 500

m location were used since the HPIC could not distinguish the skyshine
exposure rates from background exposure rates beyond 400 m. Both G-33
calculations underestimate the skyshine expoéure rate over nearly the
entire measdrement range. The calculated exposure rates using the model
developed in this work underestimated the skyshine exposure rate after
the 200 m location. Since the point kernel model does not correct for
direct penetration, underestimation of the exposure rate near the silo
could be expected. Tables 4-4, 4-5, and 4-6, summarize the percent

error ranges and averages for the various calculational metheds.

4.4 Prediction of Skyshine Exposure Rates

The point kernel model, once shown to give reasonable agreement
with measured wvalues, can then be used to determine the semsitivity
of the skyshine experiment to various experimental parameters. For
example, the sensitivity of the open silo skyshine exposure rate to
collimation angle can be seen in Fig. 4-7. The effect of a five degree
change in collimation angle from 150.5° would make about a 20% change in
skyshine exposure rates. The general behavior of the skyshine exposure
rate is as would be expected, i.e., a decrease in collimation angle
yields a decrease in overall exposure rate. Also the exposure rates

beyond 30 g cm-2 drop off more quickly for the smaller collimation
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Table 4-4. Summary of Percent Error Ranges and Average Percent Errors for
Various Skyshine Exposure Rate Calculation Methods. The Source
Silo is in the Unshielded Configuration.

Calculational Maximum 7 Minimug yA % Error Avarage %

Method Error Error Range Exror
SKY® 50 (500 m% - 3 (100 m¢ 53 22.5
pot 3.5t 18 (500 m) ~17 (100 m) 25 10.5
(39 group)

1 2

DOT 3.5 — w8 o 10
(10 group)
c-33) 16 40 (500 m) -30 ( 50 m) 70 25

aNegative signs indicate underestimation of the HPIC data.

bAverage % errors with decimal points were calculated by Eq. (4-4). All
other average % errors are estimated.

CSKY is the point kermel skyshine exposure rate program developed in this
work (see Appendix B).

d ;
Figures in parenthesis are detector locations at which the maximum or
minimum occurred..

Table 4~5. Summary of Percent Error Ranges and Average Percent Errors for
Various Skyshine Exposure Rate Calculational Methods. The Source
Silo is in the 21.0 cm Shielded Configuration.

Calculational Maximum % . Minimu% A % Error Average %
Method Error Error Range Error

SKY® 95 (700 m)4 “IF €30 )% 112 42.6

DOT 3.5% ... ... 201

(10 group)

G-3316 (Bput)) 25 (500 m) ~65 (50 m) 90 40

c-33%0 (B (ue)) 100 (500 m) ~50 (50 m) 150 45

aNegative signs indicate underestimation of the HPIC data.

bAverage % errors with decimal points were calculated by Egq. (4-4). All
other average % errors are estimated.

®SKY is the point kernel skyshine exposure rate program developed.in this
work {see Appendix B).

d
Figures in parenthesis are detector locations at which the maximum or
minimum occurred.
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Table 4-6. Summary of Percent Error Ranges and Average Percent
~BErrors for Various Skyshine Exposure Rate Calculational
Methods. The Source Silo is in the 42.8 cm Shielded
Configuration. ‘
Calculational Maximum 7% Minimum 7% % Error Average, %
Method Error Error Range Error
c ' d d
SKY 31 (400 m) -36 (30 m) 67 17.0
por 3.5 25T
(10 group)
c-33"° (B, (ut)) 10 (500 m) ~70 (50 m) 80 45
6-33"° (B, (ue)) 25 (500 m) ~65 (50 m) 90 40

aNegative signs indicate underestimation of the HPIC data.

bAverage % errors with decimal points were calculated by Eq. (4-4).
All other average % errors are estimated.

€SKY is the point kernel skyshine exposure rate program developed in

this work (see Appendix B).

dFigures in parenthesis are detector locations at which the maximum

or minimum occurred.
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Two 1.25 MeV photons emitted per dlSlntegratlon.
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angles. This would be expected since a photon which reaches the de-
tector must on the average make a larger angle scatter for smaller
collimation angles. Therefore, the photons scattered toward the detector
from a smaller collimation angle are less energetic than the photons
scattered toward the detector from a larger collimation angle and the
lower energy photons are absofbed more easily in the intervening air
between the scattering point and the detector.

Figure 4-8 depicts the skyshine exposure rate behavior with in-
creasing silo roof shielding. The general decrease in skyshine ex-
posure rate with increasing roof thickness is as would be expected.

The exposure rates beyond 30 g c:m-2 drop off more quickly for the thicker
shielded cases. This steeper slope for the thicker roof shields is

due to the overall decrease in the energy of the photon spectrum

leaving the top of source silo.

The skyshine exposure rates for both 20 cm and 21 em thick shields
were calﬁulated in order to determine the corréction factor necessary
for the DOT calculation donme by RRA. This point kermel calculation in-
dicates that the DOT calculation for the 20 cm shielded case should
be decreased by about 13% to approximate the 21 cm shielded results.
This correction to the DOT calculations produces worse agreement between
the.DOT calculations and the experimental results.

The unshielded skyshine exposure rate calculations for various
source photon energies are presented in Fig. 4-9. In general, the
maximum normalized skyshine exposure rate did not decrease much with

s .2

decreasing energy, in fact the maximum E%_ for 0.5 MeV source photons is
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2
greater than the maximum'ﬁg— for the 2.0 MeV source. This behavior can be

S
explained by the anisotropic nature of the Compton scattering cross
section.

Since Compton scattering becomes increasing forwardly oriented with
increasing photon energy, the number of photons which scatter toward
the detector decreases with increasing photon energy. Therefore,
the photon flux at the detector decreases. Far. from the source, the
skyshine exposure rates for lower energy photon sources are more
rapidly decreasing than the skyshine exposure rates for higher energy
photon sources because the photoelectric absorbtion cross section
increases with decreasing energy.

Figures 4-10 and 4-11 depict the calculated skyshine exposure
rates for the 21.0 c¢m and 42.8 cm shielded source silo configurations
and various photon energy sources. In both cases, the 1.5 MeV and 2.0
MeV sources produce exposure tates within 30% of each other over the
whole range of mass thicknesses (3.0 to 80.0 g cmﬁz). The maximum
normalized exposure rates for the 1.0 MeV and 0.5 MeV sources are
respectively 82% and 42% of the 2.0 MeV maximum in the 21.0 cm shielded
case. For the 42.8 cm shielded case, the maximum normalized exposure
rates for the 1.0 MeV and 0.5 MeV sources are respectively 49% and 10%

of the 2.0 MeV maximum,
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: One photon emitted per disintegration.
Source is shielded vertically by a
concrete slab on top of the silo.
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5.0 CONCLUSIONS AND SUGGESTIONS FOR FURTHER. STUDY

The overall objectives of the benchmark skyshine experiment were
to provide experimental skyshine data for comparison with analytical
calculations, for direct use-on nuclear facility shielding design, and
for use in the correction of calculational methods. In order to
achieve these cbjectives, this benchmark skyshine experiment was de-
signed using easily analyzed geometry (i.e., cylindrical source silo,
isotropic point sources, and well defined silo configuratiomns).

The normalized skyshine exposure rate data obtained with the HPIC

and with a 6000 source collimated into 150.5° + 0.2° cone, varied from

-1 at an air mass thickness (from the source to the de-

L

27.5 yR b+ ci
tector) of 5.48 g cmﬁz (50 m measurement location) to 0.0266 pR h~
Ci-l at 76.7 g r:.m—2 (700 m measurement location). The average percent
error for the HPIC exposure rate measurements with this source con-
figuration was 1.4% (calculated by averaging the errors given in
Table 2-12). The normalized skyshine exposure rate data obtained
with the HPIC for 6000 sources vertically shielded by a 21.0 + 0.3

cm thick concrete slab varied from 5.31 uR et ar 3.63 g e

(3O m measurement location) to 663 pR h-l Ci*l at 78.1 g cm—z (700 m
measurement location). The average percent error for the HPIC

exposure rate measurements with the 21.0 cm shielded source configuration
was 3.0% (calculated from Table :2-13). The normalized skyshine

exposure rate data obtained with the HPIC for 6OCo sourcas vertically

shielded by a 42.8 + 0.5 cm thick concrete slab varied from 418 nR h-1
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Ci—l at 3.38 g c:m-2 (30 m location) to 878 pR hml Ci-l at 46.2 g c:m-2
(400 m ldcation). For the 42.8 cm shielded configuration, the HPIC
exposure rate measurements were not extended beyond 400 m because of
low skyshine exposure rate to background exposure rate ratios. The
average percent error for the HPIC measured exposure rates with the
source shielded by 42.8 cm of concrete was 3.0% (calculated from
Table 2-14). These low average precent errors on the HPIC skyshine
measurements Indicate the high precision at which this experiment was
performed.

However, before the HPIC data may be used, the data must be
normalized with respect to the source strength used in the experiment
and the data must be corrected for the energy sensitivity of the HPIC.
A source calibration experiment was performed by the experimenters and
the effective source strengths of the nominal 10, 250, andlSOOO Ci

6000 sources were respectively found to be 10.37, 228.7 and 3797 Ci

as of October 1, 1977.4 The estimated uncertainty of the source
strengths was 5%. The energy sensitivity correction factor f could be
a source of error for the energy corrected exposure rate data. The
f's reported by RRA and Nason differ in value up to 4% in the unshielded
source configuration, up to 8% in the 21.0 cm shielded source configurationm,
and up to 3% in the 42.8 cm shielded source configuration.

Therefore, the possible error in the HPIC skyshine exposure rates,

corrected for HPIC energy sensitivity and normalized with respect

to source strength, could be 7% in the unshielded source configuration,
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10% in the 21.0 cm shielded source configuration, and 7% in the 42.3 cm
shielded source configuration. This author estimates the actual

error in the normalized HPIC skyshine exposure rates using the energy

. correction factor dewveloped by Nason to be 7% for all source con-
figurations. The excellent agreement between the HPIC skyshine
exposure rate measurements corrected for the energy sensitivity of the
HPIC and the NaI-inferred 4m exposure rate measurements derived by
Nason lends support to the accuracy of this experiment.

One may conclude from this error analysis of the skyshine experi-
ment and from consideration of the general characterisitcs of the
skyshine experiment (i.e., simple geometry, etc.) that the‘skyshine
benchmark experimental data will prove to be very useful in the deter-
mination of the accuracy of various methods for calculating skyshine
exposure rates. In fact, the benchmark experimental data were, used
in the latter part of this work to determine the accuracy of several
skyshine calculation methods and to determine the correct use of build-
up factors in a point kernel model. . The usefulness of the skyshine

.benchmark data as design data will have to be determined by application.

The discrete ordinates calculations of the skyshine exposure rates
using 10 energy groups were within only 20% and 25% of the measured
skyshine exposure rates for the 21.0 cm and 42.8 cm shielded source con-
figurations. The discrete ordinates calculations performed by RRA
for the unshielded source éonfiguration were within 10% of the sky-
shine benchmark experiment data. This author believes that the accuracy

of the discrete ordinates calculation could be improved in all cases,
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however the cost of this improvement is perhaps not justifiable.

Both the G-33 calculations of Kadotani and the point kernel
model developed in this work were compared to the benchmark skyshine
measurements. For the unshielded silo configuration, the G-33 cal-
culations had an average absolute percent error of 257% and the point
kernel model of this work had an average absolute percent error of 237
when compared to the experimental skyshine exposure rate data. All the
percent errors reported for point kermel calculations (G-33 and this
work) are based on the average absolute percent error calculated by
Eq. (4-4). TFor the 21.0 cm shielded silo, the G-33 calculations had
an average absolute percent error from 40% to 45% and point kermel
model of this work had an average absolute percent error of 437 when
compared to benchmark skyshine data. For the 42.8 cm shielded silo,
the G-33 calculations had an average absolute percent error from 457
to 40% and the point kernel model of this work had an average absolute
percent error of 17% when compared to benchmark skyshine data. G-33
data were not reported beyond 500 m from the source. However, the

increasing difference between the G-33 calculated exposure rates

and the HPIC measured exposure rates up to the 500 m location indicates
that the error between the G-~33 calculations beyond 500 m and the HPIC
data is increasing. Thus one may conclude that the model of this

work is more accurate than the G-33 model for the geometries of the
benchmark experiment.

For measurement locations beyond 200 m, the point kernel model

of this work overestimates the HPIC skyshine exposure rate by a
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nearly constant factor in each silo configuration (see Figs. 4-1, 4-2,
and 4-3). This behavior tempts one to ;onclude that the experimental
source calibration (see Chapter 2) is high. However, the point kernel
model is theorically expected to overpredict the skyshine exposure
rate in the unshielded case and the discrete ordinates calculations are
nearly always lower than the HPIC data for the measurement locations
beyond 200 m which indicates that the source calibration may be too
low. The author concluded that the overestimation of the skyshine
exposure rates beyond 200 m by the point kernel model of this work
is due to errors inherent in the use of the infinite medium buildup
factors for an isotropic point source on the second air leg. Two
possible methods of correcting the point kernel model are the develop-
ment and use of a buildup factor for the geometry of incoherent scattering
cross section or the point kernel model could be fitted to the experi-
mental data. Since nearly every point kernel model uses a second air
leg buildup factor, transport theory development of such a buildup
factor for an air infinite medium with an annular conical. source dis-
tribution and the detector positioned within the direct path of the
source photons may be worthwhile (but beyond the scope of this work).
The simpler solution, the fitting of point kernel model to the experi-
mental data, is an example of using the expermental data to improve
a point kernel technique. However, such empirical fits give no
assurance of being applicable to other geometries or source energies.
The skyshine exposure rate predictions made in the latter part

of Chapter 4 should be used with caution. The accuracy of these pre-
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dictions (or any other point kernel predictions and some photon trans-
port calculations) becomes suspect with increasing extrapolatiom.
Therefore, other skyshine experiments with different silo collimation
angies, source photon energies, and roof shield thicknesses would

prove useful to confirm these predictioms.
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APPENDIX A

21 Source Collimation

The equivalency of Eq. (3-27) to Kitazume's equation for a
source near an air and ground interface (Eq. 10 in Ref. 13) is presented
in this appendix. Equation (3-27) is rewritten here as

. max H_ _ ( max m _
X =— J g - E I B exp(-pa-iib) J B exp(-uec) dedBdA, (A-1)
0 8 0

min
in which all the constants and functions are defined in Tables 3-1
and 3-2. For open silo skyshine (c¢=0 and B=1), the integral over de can
be simplified to
m _ m/2
J B exp(-uc) de = J de = 7/2
0 0

and Eq. (A-1) becomes

S max M . max
. §_I§.1*T_J 5 len - I 3 exp(-nafib) deds. (4-2)
min

For 27 source collimationm, Bmax and emin are not limited by the silo geo-
= = . i 6
metry therefore smax T and amin 0 Since 6, B, and d must form

a triangle, amax is limited to w-B. Therefore, Eq. (A-2) can be written

as
. SKN T uen A =g .
X="—|¢g—E& B exp(-ua-gb) dedg. (A-3)
4d 0 P 0

If v = 7-8, then Eq. (A-3) becomes

. T W -~ b3 s
X = %Iéﬁ [ 3 —:-9- B J B exp(-pa-ib) dedy. (A-4)
0 0
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Equation (A-4) with the order of integration reversed can be shown

to be

x = SEN J J o =2 & B exp(-ua-fib) d¥ds, (A-5)
4 gy e

in which the limits on ¥ are developed from the fact that B, 6, and d

must form a triangle. Substitution of 8 = 7Y into Egs. 3-12 and 3-13

yields
_ sin® _ . sin®
b=d sin(mr-¥) sin¥ (A~6)
and

= d (cos® + sind cot (v-¥)) = sgnw (cosfsin¥-sinbcos?)

_ dsin(¥~8) | K

sin¥
since a=a for the unshielded case, sin (m1-¥) = sin¥Y and cos (m-Y¥)
= —cos¥. Equations (A-6) and (A-7) substituted into Eq. (A-5) and

the result rearranged yields

w T
. _.2 8in(¥-0) sin
X = ia JO de IB d¥ (S)(K E)(GN) exp(-ud oin? ) exp(-0id <in¥ )

(A-8)

which is exactly equal to Kitazume's equation,13

1 L sin(8-8
D = ZE-JO ds JG dd s (E ) Q(Ez) T(8; El,Ez) exp(—ul —"—gagih

~ sind

x exp (-H,b 51n8) B (A~9)

T
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where
D = X = Exposure rate at the detector

Sp(El) = § = Point isotropic source strength
U

Q(Ez) = K sn ﬁ £ Conversion coefficient from flux to exposure rate
~for scattered Y rays of energy E2
dU(B;El’EZ)

Nc 2 N = Number of electron per unit volume of air

dc(é;El,Ez) i

3 ¢ Z Differential Compton scattering cross section
per electron, dependent on 6.

Ul 2 W = Linear attenuation coefficient for emitted Y rays
of energy El

PZ = {l £ Linear attenuation coefficient for scattered v rays
of energy E2

§°= 8 = The angle as defined in Fig. 3-1

8 = ¥ = Photon scattering angle

b = d = Distance between the detector and the source

BT T B = Scattered leg buildup factor

El-E E = The energy of the emitted photon

E, = E = The energy of the scattered photon.
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APPENDIX B

The Program Sky Used to Evaluate the Point Kernel Model
Developed in this Work

A computer program SKY was written to calculate both unshielded
and shielded skyshine exposure rates. SKY is written in G level
Fortran IV compatible with the Kansas State University's CMS remote
terminals. Input instructions are given at the beginning of the
program.

The program SKY calculates the unshielded skyshine exposure rate
based on Eq. (4-3) while the shielded skyshine exposure rate is calculated
from Eq. (3-35). For the unshielded calculations, only the buildup
in the second leg air is included. For the shielded calculations, the
build;p in air along the second leg and in the concrete roof along the
first leg are used. Photon buildup in air on the first leg (i.e., be-
fore scattering) is not incorporated in either calculation.

SKY uses 11 subroutines, 9 of which are functions. These sub-
routines and their characteristics are listed in Table B-1. Table B-2
lists the mass attenuation coefficients for air and concrete. These
coefficients were used to obtain the linear attenuation coefficients
used in SKY. Table B-3 lists the mass energy absorption coefficients used
in SKY.

The remainder of this appendix is a program listing of SKY and two

typical outputs.
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Table B-2. Values of the Air and Concrete Mass Attenua-
:tion Coefficient p/p, Less Rayleigh (Coherent)
Scattering and the Photonuclear Effect.l9

Photon

Energy A%r Concgete
(MeV) (cm®/g) (cm®/g)
0.01 4.82 26. 5000
0.015 1.45 8.0100
0.02 0.691 3.44
0.03 0.318 1.12
0.04 0.229 0.559
0.05 0.196 0.361
0.06 0.179 0.273
0.08 ' 0.162 0.201
0.10 0.151 ©0.171
0.15 0.134 0.140
0.20 0.123 0.125
0.30 0.106 - 0.107
0.40 0.0954 0.0957
0.50 0.0868 0.0872
0.60 0.0804 0.0806
0.80 0.0706 0.0708
1.00 0.0635 ' 0.0637
1.50 0.0517 0.0519
2.00 0.0444 0.0493
3.00 0.0358 ~ 0.0365
4,00 0.0308 0.0319
5.00 0.0276 0.0290
6.00 0.0252 0.0270

- 8.00 0.0223 0.0245
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Table B-3. Values of the Air Mass Energy
Absorption Coefficient.?

Photon ' .
Energy s
(MeV) (cmzag)
0.15 0.0251
0.20 0.0268
0.30 0.0288
0.40 0.0296
0.50 R 0.0297
0.60 0.0296
0.80 0.0289
1.0 0.0280
1.5 0.0255

2.0 0.0234
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SKY FORTRAN CALCULATES THE EXPOSURE RATE UUE TU A PULOT
ISUTROPIC SNURCE CULLIMATED IMTU A COMICAL RADJATION Bead
UR SHIELOED VERTIUALLY BY A LUNCHETE SLAE.

SKY INTEGRATES THE SINGLY SCAITERED GAMMA FLUXES UVER A TUTAL PATII
LENGTH OF 10 MEAN FREE PATHS. UERGER BUILOUR FACTGRS ARE Uskvu uil
THE CONCRETE KUUF PATHS ANO THE SCATTERED MPHUTUN AIK PATHS Tu LURKsELT
FOR MULTIPLE SCATTERING. SKY USES TRIPLE TRAPEZUICAL LHTESRAIL[UN,

SKY 1S WRITTEN IN G LEVEL FURTRAN COMPATABLE WITH KAMSAS LTATE
UNIVERSITY'S (MS TERMINALS. INPUT DATA IS FLRMATTED As Fulludis:

FIRST CARD - FORMAT 3DlS.0

CONCRETFE DENSITY IN L CM#*x-3
GAMMA PHUTUN ENERGY [N MEV
FRACTION OF PHOTONS EMITTED PER DISINTEGRATIUH

SECOND CARD = FUKMAT 3Dl15.8

CUNCRETE SLAB THICKNESS IN METERS

COLLIMATIUR UUTSIUE RADILS UR
RADIUS DF THE RADIATION ITLLUMINATEO-AREA GN THE
SJURCE SIVE OF THE SLAB IN METERS

COLLIMATOR HEIGHT RELATIVE TO THE SUURCE OGR
DISTANCE FRUM THE SODURCE TO THE SHKEILDING
SLAB I METERS

FOLLOWING CARDS — FORMAT 3015.6

SUURCE TO DETECTUR DISTANCE IN METERS
AIR DENSITY IN MG CM*%-3 )
EXPERIMENTAL EXPUSURE RATE IN UR*M2£2/(H*(CI])

THE LIMITS ON THE S0URCE PHUICN CNERGY ARE Q.5MEV TC 2.04EV +
IF EXPERIMENTAL DATA IS UNAVAILABLE, ENTER l.U0UU.

IMPLICIT REAL*8 (A-H,0-1}
DIMENSION EN(LO}.X(10)
COMMONSSL/TCMUCE/ S2/THS 2D US »CSU/SSAABLWAB2/S3/HE N2
PI=DARCLUSI-1.000)
INDEX=0
NE XP=0
I1X=0
I1SET=19
SUM=0.000
Nl=1u
N2=10
N3=10
INPUT SUURCE PARAMLIERS AND INITIALIZE
READ (5.51 RUEF
5 FUGHMAT (3D15.01}



Qo015
0016
oulL7
0018

0019
0020

au21

0022
0023

0024
0025
0026
Qo027
0028
0029
0030
0031
0032
0033

0034
0035
0036
037
0034

REAU (945) T+ReH
CALL BERCUN (E)
WRITE (6s1U0) RLsTAEF R i
L0 FORMAT (*1°".33X,'SKY = CALLULATED SKYSHINE' «/
2 33X "USING BERGER BULLOUP FACTHRL' s /e /TX 801 "% 1)
e TXe 13 G FLX, "INPUT PARAMMETLRSY 31X " %
o/ TXo V% COMCRETE DENSLITY ='-F£p.51' GAUC' s LUK,
TROOF THICKNESS ="«FLlUOL5," 4 %1,
47X o' %  SUOURCE PHUTUN EMERGY ='sFl045+" MEVt.LLX.
*GAMMA FHRACTIUN =" ,FlD.5%," *x1, ;
JaTX "8 SILU RADIUS =V FlUL5+" M "2 12X
'SILO HEIGHT =V,FLO.5+" M %29 ,/,7X,
801" %),/)
RC=RC*L.0D 06
1S FORMAT (/+.8XeT79("#") ./,

I OoOMmMo OB

140

A B8X."'+ SOUUKCE + + SUURCE=- + CALCULATED +1,

8 ¢ ENERGY + PERLENT ./

C 8X,'+ - T0 + AIR + DETECYOR + AMURMALIZCDL LA

D * COMPENSATED + ERRIIR LANY

E BXe'+ DEIECTOR « DENSLITY + AIR MASS + EXPCSURE RATE +°',

F ' EXPERIMENTAL + +'e /S

G BXe"+ DISTANCE +(MG/CM#%3) + THICKNESS+ [UR¥Me%2/ (HCI)+",

H ' EXPUSURE RATE + +1,/,

I BX.'+ (M} + + (G/CM%%2 )+ (NUTE 1) L

J T{UREME*2 /F(HCI) )+ INOTE 2) +°',/,

K oBXaT T ) 0/ e BXa '+ 030 L0Xe "+ ") 2 2005Xs"#" ), 12Xe"+ 1)

16 FURMAT (/.22X.50('#")./.,

22X.'+ SOURCE + + SOURCE~- 4+ CALLULATED /.
22X+ '+ 10 + AlR + DETECTOR +° NORMALI ZEv AR

TMmoO P

22Xe 500+ 1o /22K ' 4P 30 LUK "4 ) 415K +7)
CMU=CONMU{E+RC)
THS=DATANIH/R)
INPUT DETECTOR PARAMETERS AAD INITIALIZE
20 HEAD (5.5+END=11) D.RAA.XEXP
RA=RAA*]1 .00 03
IF (XEXP.EQ.1.000U) NEXP=L
U=ATTENF(E.RA}
BMAX=P[-THS=DATAN(H/ID=-1R))
EMAX=SCATEN(E.BMAX])
BMN=BMIN(RA)
CON=5.933D 34#V*RA%F
DB=1(BMAX-BMN) /N3
PARTO=0.000
INTEGRATIUN OVER SCATTLCRING ANuLE
DO 30 I=1.N3
AUG=BMAX-]%*DB
EN(I)=SCATENIE,AUG)
ES=EN(I)
CALL BEHAIR (ES)

22Ke'+ DETECTOR + DENSITY + AJIR MASS + EXPUSURE RATE +'./.,
22X+ "+ DISTANCE #(MG/CHM*#3)+ THICKNESS+ (UR®M2®2/(HLI)+"./,
22K+ M) + + [G/CME%2) + (NOTE 1) 03/
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0044
0045
Q046
0047
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0055
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00s7
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0059
0060
0061
0062
0063
0064
0065
0066
0067
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0069
0070
0071
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Q0713

0074
Q075
0Q7e
0oT7
0078
0079
0080
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UEN=ENGABSLES]
US=ATTENF(ES.RA)
SIG=51GMA(E AUL)
THL=PI-THS
IF (THL.GT. (PI=-AUG=DATANIH/ (D=-R1})} THL=PI-AUG=DATAN(H/ (D=R})
PARTN=5 Tu*UEN*ES*TINOG2Z2I THL, AUG)
X{I)=CUN®DBR/Z.UDU*[PARTN+PARTOD)
PARTO=PARTN
30 CONTINUE
XSUM=X{1)
DO 40 I=2.N3
40 XSUM=XS5UuM+X(1)
[F {NEXP.EQ.L1) XEXP=XSUM
INDEX=TNDEX+1
IF (NEXP.NE.L<AND<INDEX.EW.1) WRITE [6.15])
[F (NEXP.EQ.l.AND.INDEX.EQ.1) WRITE (6.161}
IX=1x+1
CE=(XSUM/XEXP-1.0D0}*1.00 02
SUM=S5UM+DABSICE)
DM=D*RA/1 .00 04
auTPuT
IF {IX.NE.ISET) GU TU BS
1X=0
15€ET=22
IF INEXP.NE.l) WRITE (6,701
IF INEXP.EQ.1) WRITE (6.71)
70 FORMAT (BX,79('+'))
71 FORMAT (22X.,50{"+'})
WRITE (6.72)
T2 FORMAT {'1',/./4/)
IF {NEXP.NF.l) WRITE (64,15}
IF (NEXP.EQ.L} WRITE (6,161
B85 IF (NEXP.EQ.l) WRITE 16.91) DJRAA,OM. XSUN
[F {NEXP.NE.1) WRITE (6+90) D+RAALUMs XSUMXEXP.CF
90 FORMAT (8Xe'+ "43(FB.4e' + '} ,2(1X,Fl0.3+" t '),
A LXeFBa3s® #%,/.8Xe "+ 3LL0X " #1),2015X4"4"),12X,"+")

Gl FORMAT (22X %+ " 43(FBa4s® + ")y IXoFl0.3," T
A Je22Xe "+ 31LL0OX "+ ) L5447
60 TU 20

11 VAR=SUM/INDEX
CONE=(PI-2 .0D0*THS ) *1ldu.0NU/PI
IF (T.NE.O.DO] CONE=EPFIPL/2.000}*3,60 02/P1
[F (NEXP.NE.L) WRITE (6.95) VAR,CONE
IF INEXP.EQ.l) WRITE (6+96) CUNE
95 FORMAT (BXoTI9(*"+")o/e/e3XA,"NOVE 1 - EXPOOURE RATES ARE '+
A "NURMALIZFD TU ONE CURIE AND MULTIPLIED BY THE SCUARE
B o'GiF THE',/+7X+'SUURCE TU CETECTOUOR DISTANCE.'./,3X,
C 'MUTE 2 - THESF VALUES ARE THE PERCENT ERRCRS IN VHE LALLJLATLD',
D ' EXPUSUKE RATE BASED UN THE'./, /X« "EXPERIMENTAL LAPUSURE RATEs.!
E +/+3X"AVERAGE OF THF ARSULUTE VALUES OF THE PERCENT LRituks 1o’
F FTa3¢/+sTXe "THE SUURCE SILU CCLLIMATLCI ANGLE [S *oF12.5,
G ' DEGREES')



0081

0082
00A3

0001
Q002
oua3
0004
0005
0006
0007
0008
0009
oolL0
a0L1
oo12
GolL3
0014
0015
0o0lié6
ooLT
aqaLs
a019

AOaOO0

96

142

FORMAT (22K+S500'4% ) ,/4/ 38 "NUTE 1 ~ EXAPUSURE RATES ARL ',

A "NORMALIZED TO ONE CURIE AND MULTIPLIED BY THC SQJARE ¢
B o"OF THE'+/+TX '"SUURCE TD UETECTUR DISTANCE."'+/ 13K,
C *THE SUURCE SILO COLLEMATION ANGLE IS '.FL2.5." WLEGRLE3®)

La

srop
END

FUNCTION TING2 INTEGRATES THE THETA INTEGRAL BY ITHE TRAPEZULD RULL .
THAL = UPPER LIRIT UF INTEGRATICN
8 = THE SCATTERING ANGLE IN RAUITANS

FUNCT ION TINGZ (THAL.B)

IMPLICIT REAL®8 {A-H.0-{} .
COMMUNSS1/TsCHUSE/S2/THAS D USESUSS5/7AB1,AB2/53/H1 W Ne

DTHA= (THAL-THAS ) /N2

AR=0* (DCUS{THAL ) +OSINITHAL) =DCOTANID ) )2y

BR=0*0SINITHAL)} /OSINIR) #US

EP=EPFITHAL)

TINGZ={ L. UO+ABL *8R*DEXP {AB2*BR) ) *FDEXP (~AR=BR) #TINGL (EP. THAL)/Z2.00
N=N2—1

00 10 J=L1.N

A=THAS+J=DTHA

AR=0D* {DCOSTA) +OSIN{A)*UOCUTANIB) }*U

BR=D¥OSINIA}/DSINIB)*US

EP=EPF(A)
TINGZ=TING2+(1.DU+ABL*UR*DEXP (AB2*BR) JSUEXP [-AR-dRI*TINGLIEP A}
CONT I NUE

TING2=TING2*DTHA

RETURN

END
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c
C FUNCTIUN TINGL INTEGRATES THE EPSILUN INIEGRAL BY Tt THAPEZUIU Hlkc.
c EP = UPPER LIMIT OF [NTEGRATION ]
C THA = THETA AS UEFINED BY THE GEOMETRY IN RAUIANS
c

Qaol FUNCTIUN TINGL {EP.THA)

0002 IMPLICIT REAL%8 (A-H.0-2)

Q003 COMMOMN/SL1/T .CMULE/56/A3444/ 53 /N1.N2

0004 IF (EP.EQ.0.000) GU TO 15

Jaos [F (T.NE.0.0DD) GD TOD 35

Q006: TINGL=2 .0LO*FEP

007 RETURN

ogog 5 DEP=EP/NL

0009 AG=T*CMU/DSIN{THA)

0010 TINGL={1.0D0+AG*A3*DEXP [AG* A4 )} *DEXP(-AG)/2.0D0

ooli A=AG/LCOSI(EP)

0012 TINGL=TINGL+{1.00D0+A*AI*QEXP| A®A4) JSDEXP(=-A)/2.000

0013 M=NL-1

0014 DO 10 K=1+M

Dels A=AG/DLOSI K*DEP)

0016 TINGLI=TINGL+{ L. ODO+A*AI*UEXPL{A®AG) 1 ¥DEXP{-A)

ooivz L0 CONTINUE

ogLs TING1=2.000%DEP®*TING1

0019 RETURN

0020 15 TINGL1=0.0D0O

co21 - RETURN

@022 ‘ END
c B
C FUNCTION EPFITHA) CALCULATES THE UPPER LIMIT ON THE EPsILuN IHlkuRAL
C THA = THETA VALUE IN RADIANS t
c FUNCTIUN EPF LIMITS EFP SUCH THAT THE CONCRETE PATH LENGIH <UR= L5
c

oaool FUNCT ION EPF{THA)

0002 IMPLICIT REAL%H (A-H.0-2)

0003 COMMUN/ ST/ To5MULE/S2/THSN U »USES WU

0004 . A=DSTNITHSM) /DS INLTHA)

0005 “IF 1ALGE.L.0DO) GU 10 10

Q006 EP=DARCOS(A)

0007 TEST=T*SMU/UCOS(EPI/OSINITHA)

,oaos : IF (TEST.LE.15.000) GO T LS

0009 - A=TEST*DCOS(EP}/1%.000

o010 IF (A.GE.1.000) GO T 1O

Qoll EP=DaARCOS(A]

aoL2 GD TO 15

0013 10 EP=0.000

00L& 15 EPF=EP

0015 RETURN

0016 _ END
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FUNCTION CONMULE.R) EVALUATES THE CUNCRCETE L INEAR ATTEMUAILUN
CUEFFICIENT IN M-1
E = GAMMA ENERGY IN MgV
R = CONCRETE DENSITY IN LACM¥*%3

FUNCTION CONMUCLEWRI)
IMPLICIT HEAL*8 {A-H,0-1}
DIMENSION EN(G).CL6)
DATA C /.0B720D0,.L8060U0..0/0800,.U063700, .051900..043300/
DATA EN /+.500,.600+.800+1400+1.500.,2.00/
IF {.500.6T.EUR.EaGT2.0U00) WRITE (6410} E
L0 FORMAT {SX+'GAMMA ENERGY GUT UOF CONCRETE ATTENUATIUN FUNLTIUHW *.
A *RANGE. GAMMA ENERGY ='.F 6. 3}
DO 20 [=2.4
IF (ENtIl.GE.E) GU TO 30
20 CONT [NUE
30 N=I-1
CONMU={CINIH{CINI=-CLTD ) SOENTNY=ENLT) PR IE-ENIN) ) )*R*] . UU-0US
RETURN
END

FUNCTION ATTENF{E.R) EVALUATES THF ALIR LINFAR ATTENUATILN
COEFFILIGNT IN M-1 .
E GAMMA ENERGY IN MEV
R ALR DENSITY IN G/CM¥=]3

FUNCTION ATTENFI{E.R)
IMPLICIT REAL*B (A~H.0=1)
DIMENSIDN EN(LO)LTL0)
DATA EN /ol50Us 22000 <3000 2400925005 2 06U0 9800 LDV la500e2.00/
DATA € 7413400512300+ 10600, 0954004 .086800,.C8U4DY, oI TUuUUy
A 0635004051700 .044400/
IF (1500.6GTE.OR.E.GT2.000) WRITE (&, 10) E
LO FORMAT [5X.'GAMMA ENERGY LT OF ALR ATTENUATIOUN FUNLT [UN ',
A TRANGE. GAMMA ENERGLY =',F6.3)
DO 20 1=2.10
IF {EN(I)}.GESE) GU TD 30
20 CUNRTINUE
30 N=[-1
ATTENF={CINI+{CINI=CILL) }ZLENINI=ENIT))®(E-ENIN} 1) *R%] QD=0+
RETURN
END



Q001
Qoo2
Q003
0004
nous

Qonea
aoov

Qgos
0gu9
oolo
vall
Qoi2
ool3
ool 4

Lot
Q002
00a3
2004
. 0oos

Noorn

145

FUNCTIUN ENGABSIE] EVALUATES TFE Al® MASS ENERGY ALSUART Lul
COEFFICIENT IN G/M¥%x2
E = GAMMA ENERGY IN MkvV

FUNCTION ENGABS(ED

IMPLICIT REAL®*8 (A—11.0-1)

DIMENSIUON ENLLOU)SC(L0)

UATA EN 7/« l500+ 2000300 a 500 10 509600 2 dU0 2 LDV L5000 200/
DATA € /.0251DUe «U26800+2028800+.02900U 0025700025600 2026700
A LU28000,.0255D0..023400/

IF (21500 UT EalUReEGTa2.000) WRITE (65100 E

L0 FURMAT (5X+*GAMMA ENERGY OUT NF ENERGY ABSORPTIUN COCFFICIENT '

A *RANGE. GAMMA ENERGY ='.F6.3)
DO 20 [(=2.10
If (ENLT).GE.E) GU TO 30

20 CONTINUE
30 N=[-1

ENGANS=(CINI#(LINI=COII)ZTENINI =ENCL) ) * (E~ENINI D) #1.00=04
RETURN ’
END

FUNCTION SCATEN{E,B) CALLULATES THE SCATTEREU LAMMA CicRuY
IN MEV AFTER A SINGLE SCATTEHR.
E = THE UNSCATTEREU GAMMA ENERGY IN MEV
B = THE SCATTERING ANGLE WITH RESPELT TO THE INLIOEWT
PHUTON DIRECIION IN RADIANS

FUNCTION SCATEN (E.B)

IMPLICIT REAL*8 (A—H,0-2)
SCATEN=E/{1.0DU+E/ .SL1UU* (L. 0D0+DCASIBI)}
RETURN

END
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FUNCTION BHMIN{R) ESTIMATES THE VALUE UF THE SCATTERING ANGLE
WHICH THE TUTAL AIR PATH LENGTH [5 10 MFp
R = AIR DENSITY IN G/ M*=23

FUNCTION BMINIR)

IMPLICIT REAL®*8 {A-H.U-Z}

COMMON/SL/T CMULESS2/THSM D «USES U
PI=0ARCUS {—-1.000}

DB=P1/180.000

B=2.00U0%DB

DO 10 I=1.89

AG=SCATENILE,.B)
TESI=U*(DCH1AN(BI*U+AIIENF(AG.RJ!DSIN(QI)
IF (TEST.LE.LU.DO} GO TO 20

B8=8+08

CUNTINUE

DO 15 [=1.75

AG=SCATENI(E,R)

TEST=D®ATTENF{AG.R}

IF {TEST.LE.LQ.DO) GO TO 20

3=A+08

CONT INUE

WRITE (&6+5) D.E

FURMAT ({S5X+'THE FUNCTIUN TO FIND THE MINIMUM VALJE LF OQETAY,
A ' FAJLED. DETECTUOR - SOURCE DISTANCE [S'.FT.2." SUUKRCE',
B * GAMMA ENERGY 15°.F6.3)

20 BMIN=8-DB

RETURN ’
END ’

FUNCTEUN SIGMA(EB) CALCULATES THE KLEIN=NISHINA CRO3S-
SECTION IN M#*42
E = THE UNSCATTERED GAMMA ENERGY IN MEV
8 = THE SCAITERING ANGLE WITH RESPECT TOG THL IHCIDENT
PHOTON OIRECT LGN IN RADIANS

FUNCTION SIGMA (E.B)

IMPLICIT REAL*B (A-H.0-L11}

AL=.51100/E

P=1.0D0+AL+0UCOS(B)
SIGMA=3.971D=30%AL 2 /P*e2% (AL/P+P/AL-DSINIB)**2]
RETURN

END
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C
C SUBRUUTINE BERAIR PRGUUCES THE COEFFICIENTS FUR THE ALR BLRUGER
c AUILDUP FACTOR
C ES = GAMMA ENERGY IN MEV
C
oont SURROUTINE BERAIRIES)
oaa2 IMPLICIT REAL*8 (A-Ho0-1)
Qao3 DIMENSION EN{9) ., AA(9].ABIY)
0004 COMMON/ 35/ABL.AB2 5
0005 DATA EN/<2D0¢ <300y «4DUe <500 42 0Us 28004100 1.5C02.00/
Q06 DATA AA/3.940043.10U+2.6100+2.2900.
A 2.05006171D0,1.500:1.1600+.5700/
Q007 DATA AB/ <1 13DU. c0940Us - UT900s 06700,
A +0580U4.0450U,+.035004.02100..01300/
coo8 DU 10 i=2.9
oou9 IF {ES.LE.EN{1)) GO TO 15
Q010 10 CONT INUE
colLl 15 N=I-1
oot2 ABL=AAINI+{AAIN}=AALL) ) /UENINI=-EN(T))2LES=ENIN )
0013 ABZ2=ABIN)+{ABRINI=AB( 1)) JCENIN)I=ENC(I) ) R{ES-ENIN))
0014 RETURN
0olL5 END
C
C SUBROUTINE. BERCUN PRUGUCES THE CDEFFICIENTS FUR THE LUNCRETE BLkGeK
C BUILDUP FALTUR
C ES = LAMMA ENEHRGY IN MEV
C
Quol SUBRUUTINE BERCLNILS]
ooa2 EMPLICIT REAL*B {A—H.U-L1)
0003 DIMENSION ENL9) »AA{9) +ABLY)
Q004 CUMMON/ S6/ABLl.AB2
Q00s DATA EN/<2D0s a30U e o%4D0s o500 +.60U, .300,1.00. L.500.2.00/
0006 DATA AA/2.20042.03D0:1.8700.,1.7300.
A 1.60Uel 41002700y 1202000, 8900/
a7 DATA AB/.06500,.06700..U6100..055D0,
A <049D0..0400+.032D005.02100,.0140D0/
ooas 0U 10 I1=2.9
0009 IF [ES.LE.EN(1)) GU TO 15
uoLo 10 CONTINUE
0011 15 N=[-1
0012 ABLI=AAINI+(AAINI-AACL)) FUENINI-ENCTL P HULES-ENIND]
0013 ABZ=ABIN)+{ABINI=-ABLI))/UENINI-ENCIY P ={ ES—ENINI}
Q014 RE TURN

0015 END
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CINCRETE DENSITY

SOURCE PHUTON ENERGY
SILO RADIUS

INPUT PARAMETERS

2.13000 o/CC
1.25000 MEV

1.35400 M

ROUF THICKNESS
GAMMA FRACT iULN

SILf) REIGHT
EER R FIRASRBERAFULPE AR EERAL R ke DRk 2 2R A pfh et bbbt SRS ARG S IR nE pE bk FRFTRAERFE
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+
+

AlIR

DETECTOR + DENSITY

(M

30. 0000

30. 0000

" 30. 0000

50.0000
50. 0000
50. 0000
70.0000
70. 0000

70. 0000

100. 0000

100.0000
100. 0000
100. Couo
100. 0000
100.0000
150. 0000
150. C000

150. 0000

+

LR R R R I T IR IR T T S S A S A

L.1260
1.1143
L.1270
L1220
1.1140
1.1300
L.l1180
1.1390
l.1100
1.1100
l.l180
1.1420
1.1100
1.1180
1.1420
1.1100
1.1180

1.1420

+

+ [GFCHM%E*Z j+

3.3780
3.3420
3.3810
5.4100
5.5700
5.6500
T.8260
T.9730
T.7T00
1t.1000
llltaou
1l.4200
11,1000
11.1800
1l.4200
l6.6500
l6. 7700

L7.1300

CALCULATED ENERGY +  PERLENT
NORMALIZED  + COMPENSATED +  ERRUK

+ ALR MASS + EXPULSURE RATE + EXPERIMENIAL +
(NUTE 1} +4UR*M**21122I§;: INUTE 2)

+ +
210.418  + 323.100 ¢+ =34.675
208.252  + 324,900+ =35.903
210,599+ 320,400 & =do.uss
330,554 P 487.500 ¢+ 3.1l
29.101 ©92.500 +  =33.170
32.790  + 482.500 +  =3l.uzs
olo.200 529.200  +. -20.915
w2z o+ s29.200  + -20.l6u
“l6.405 4 499.800  +  -16.0do
@316 + 01.000 +  -17.835
94561+ 572.000  +° -L3.dod
o225 + 574.000 ¢ -13.201
(wiale - 550.700 ¢+ -léso2
w96l ¢ 554,400 ¢ -1d.72L
ws.225 ¢ 558060 ¢ =Leui
s1r.912 4 582.800 4+  ~ilelsa
170265 5T6e0Us  +  =lu.ly7
5154522 : 7.300  + ~12.222

+

L A I I I I S I R S e E E L E R T X rora

LA R S O BN TR R R CEE N B R EE R T R N R

+
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+
+
+
+
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+
+
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+
+
+
+
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+
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+
+
+
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+
+
+
+
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+
+
+
+
+
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+
+
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D R e ko T o T s c ke R R R e P R R R ey

+ SOURCE + + SUURCE~ + CALGJLATED + CHERGY t FPERCcHT
+ TC + AIR + RETECTUR + WURMALIZED + CLMPENIATED + ERRUR
+ DETECTOR + DENSITY + AIR MASS + EXPUSURE RATE + EAPERIMENTAL +
+ DISTANCE +{MG/UM¥*3 )+ THICKNESS+ (UReMe22/(HCI)+ EXPUSURE RATE +
+ (M) + + (GFCME®Z) + {NUfge 1) +lUREM*: 2/ (HCI )+ (NUTE ¢}
R T R S e e e e e R R L
+ + ) + + + +
S+ 200.0000 + 1.1100 + 22.2000 + 408.340 + 472.0C4 + ~0.7i5
* + + + + +
+ 200.0000 + L1170 + 22.3400 + 46 6. 5817 + 4u.UQU + J.957
+ + + + + +
+ 200.0000 + l.1500 + 23.00U0 + 457,980 + 463,040 + -lealal
+ + + + + +
+ 200.0000 + L.1100 # 22.2000 + 40 84340 + 470.2C0 + -Je 390
+ + + + Ad +
+ 200.0000 + lal170 + 22.34U0 + 466.587 4 462.100 + Va7l
+ + + * + *
+ 200.0000 + 1.1500 + 23.00u00 + 43 T. 980 * 466,900 + =L.210
+ + + + + +
+ 300.0000 + 1.1100 + 33.3000 + 310.734 + 266400 + le.643
+ + + + + +
+ 300.0000 + 1.1210 + 33.6300 + 306.187 + 252.000 + 21l. 503
+ + + + + +
+ 300.0020 + 1.1540 + 34,6200 + 2924580 + 24 5. 700 + 19, Jdy
+ 5 + + + + +
+ 300.0000 + 1.1100 + 33.3000 + 310.738 + 273.200 + 1i. 740
+ + + + + +
+ 3000000 + 1.1210 + 33.63U0 + 396.187 + 298.300 + 18.5%472
+ + + + + +
+ 300.0000 + l«1540 + 34.62u0 + 292.580 + -252.360 + 15.9069
+ + + + + +
+ 400.,0000 + E.1130 + 44.5200 + 177.372 + 154,203 + La.ue?t
B 2 L + + + +
* 400.C000 + 1.121U + 44.8400 + 17 4. 381 + 143.000 + 21945
+ + + + + +
+ 400.C000 + 1.1540 + 486.1600 + 162.289 + 124.300 + 30.56143
+ + + + + +
+ 400.0000 + 1.1130 + 44.5200 + L77.372 + 158.9400 + bleti23
+ + + + + +
+ 400.0000 + 1.1210 + 44.8400 + 174,381 + 147.340 + Ld.38b
+ + + . + + +
+ 400.C000 + 1.1540 + 46<1600 + 162. 289 + 128.100 + 26 <L)
+ + + + + +

+ T+ +

+t 4+ vt e+t

+
Al

THE T T E T E T TRt T Tt

E O L g T T e L AL R R R F SRR E R P TR

NOTE 1 - EXPDSURE RATES ARE NORMALIZED TU UWE CURIE AND MJULTIPLIEU BY THt Swdakk GF THE
SOURCE TO DETECTOR OISTANCE.
NOTE 2 - THESE VALUES ARE THE PERLENT ERRURS IN THE CALCULATED EXPUSURE Rale BAsbu Ul
EXPERI MENTAL EXPUSURE RATES.
AVERAGE OF THE ABSOLUTE VALUES OF THE PERCENI ERRORS> IS5 17.000

THE SOURCE SILU COLLIMATION AHNGLE 15§

138. 86810

DEGREES

THiE
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CONCRETE DE

SOURCE PHUTON ENERGY

SI1LOU RADIUS

NSITY

INPUT

PARAME TERS

2.13000 G/CC
1.25000 MEV

1.85400 M

ROLF ThICKNESS
GAMMA FRACTILN

SILU HEIGHT

i oW

Ua
2 -DUuuL
Ja4d3ug

i

B

*®
*
*®
®

e d s B2 tA R AR st 2 S e e R R R L IR R R R R R R R R R R R P R

R N e Y X T R E R T T Y S Gy A AP PR S

SOURCE
T0

M}

25.0000
37.5000
50.0000
62.5000
75.0000
87.5000
100.0000
ilZ.SUUB
125.0000
137.5000
150.0000
l62.5000
175.0000
187.5000
200.9900
225.0000
250.0000

2750000

LA I I R I A T A O O R R B I R R I N T A

LR s R e L A e e R R R R R R R R R R RS R R R RS R

+
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+
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1.2000
1.2000
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1.2000
1.2000
L.200v
f.2U00
1.2000
L.2000
1.2000
L.2U00

L.2000
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+ AIR MASS + EXPUSURE RATE +

* (G/CMe*2)+

LR R R R K I R S NI T R P I I I SR A R T )

3.0000
4.5000
6.0000
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12 .0000
13.5000
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27.00J0
30 .0000

330000

L R I R I o I I I I e R
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NCRMALIZED

{NUTE 1]

33833.984
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AR Rt R e e R A R e A R S R S e R E R R L A SRR RN

+ SUURCE + + SOURCE- + CALCULATEW +
+ 10 + ALR + DETECTOR + NORMALIZED +
+ DETECTUR + DENSITY + ALR MASS + EXPOSURE RATE +
+ DISTANCE +{MG/CM*%3 )¢ THICKNESS+ (URXM¥*2/{HC]}+
+ M) + + (G/CH%%2 )+ jNQTE L) +
L T R T R
+ + + + +
+ 300.0000 + 1.2000 + 36.0000 + 82799.069 +
+ + + + +
+ 350.0000 + 1,2000 + 42.0000 + 67856.582 +
+ + + * +
+ 400,U0U0 + 1.2000 + 43.0000 + 54345.438 +
¥ + + + +
+ 450.0000 + 1.2000 + 54.0000 + 42747.428 +
+ + + + +
+ 500.0000 + 1.2U00 + 60.0000 + 33116.677 +
+ + + + +
+ 550.00U0 + 1.2000 + 66.0000 + 25468.043 +
+ + + + +
+ 60u.QO0UD + L2000 + 72.0C00 + 193€3. 179 +
+ + + 4+ +
+ 650.0000 ¢+ L.2000 + 78.0000 + 146171.7248 +
+ + + + +
+ T00.0000 + L.2000 + 84,0000 + 1u977.385 +
+ + + + +
(RS E IR S I SRS SR R R SRS R R S R A NS L RS A R RS R LR AR E LR R ]

Nbe 1 - EXPOSURE RATES ARE NUKMALIZED TO UNE CURIE AND MULTIPLIED 8Y THE SWUARL UF THE

| SOURCE T0 DETECTOR DISTANCE. .
THE SOURCE SILU COLLIMATION ANGLE 15 150.5067S DEGREES
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ABSTRACT

A benchmark gamma-ray skyshine experiment‘was performed to obtain
skyshine exposure rate data against which point kernel models and
discrete ordinates transport theory models were compared. Skyshine
radiation fields were measured over radial distances to 700 meters
using 6OCo sources with nominal strengths of 10, 250, and 5000 Ci.
Skyshine exposure rate data was obtained from three source configurations,
a 150° vertically collimated conical radiation field and two collimated
radiation fields shielded vertically by 21 cm and 43 ecm of concrete.

. Total exposure rate measurements were made with a 25 cm spherical
high pressure ionization chamber (HPIC) filled with 2.5 MPs of high.
purity argon. These exposure rate measurements were normalized with
respect to effective source activity and corrected for the energy
gsensitivity of the HPIC. Skyshine exposure rates measured with the
HPIC and independently measured skyshine exposure rates inferred from
a collimated Nal detector agree to within 5-10%.

A point kernel model developed in this work and a point kernel
model based on the G-33 computer code were compared to the skyshine
exposure rates measured with the HPIC and were found to agree within
a factor of two. The point kernel model developed in this work was
the more accurate of the two models.

The skyshine exposure rates measured with the HPIC were also com-
pared to discrete ordinates transport theory calculations (DOT 3.5)
~and the DOT calculations were found to be within 25% of the measured

exposure rates.



Predictions of skyshine exposure rates for different source
photon energies, source collimation angles, and source shield thick-

nesses were also reported.



