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1. Summry

A method is presented for the calcularion of gamma-ray skyshine
radiation dose rates arising from point., monoenergetic, isotropic
sources in two fundamental geometiries. Specifically. the source may be
placed on the axis of a cylindrical sile or behind an obliquely oriented
wall. There may also be a horizontal slab shield above the source. The
method, because of its inherent simplicity. is ideally suited for
implementation on microcomputers.

This skyshine method, termed MicroSkyshine, is based on line—beam
response Ifunctions which were determined by empirical fits o Monte
Carlo =kyshine ecalculations [La79]. These response functions, as
adapted for use in the MicroSkyshine method, cover the EAMMA-TaY Energy
range from 0.1 to 10 MeV. In terms of source-to—detector distances, the
neminal range of validity of the response functions is ¢ to 1500 m.
However, for the high-energy gamma rays from *°N sources, the response
functions may be used for distances as great as 2500 m. Although the
MicroSkyshine method is developed for point monenergetic sources in the
twe fundamental skyshine geometries, it can readily be applied to
polyenergetic source, line and area spurces, and to geometries wit
different source collimations.

To verify the accuracy of the MicroSkyshine method, its results are
compared to many different skyshine results. Results from = benchmerk
siyshine experiment and calecularions for two ANSI-Standard reference
skyshine problems wverify thar the MicroSkyshine method vyields
predictions with precision comparsble to that achieved by other
"standard” methods. The wvalidatien of the MicroSkyshine method is
further supported by comparisons to skyshine czlculations obtzined by
(1} the moments method, (2) the G° point—kernel code, (3) the K-SHINE



point—kernel skyshine code. znd (4) a combinatrion of the ANISN code and
the SKYSHINE-II code.

From these comparisons, it is found that the MicroSkyshine method
procuces results that are, in nearly all cases, conservative and within
50 percent of authoritative reference values. For shielded-source
problems, there are too few reliable reference wvalues to quantify the
accuracy of the MicroSkyshine method over the entire ranges of
permissible source energies, of wvarious source—to—detector distances,
and of possible shield thicknesses. The most authoritative reference
values for 2 shielded geometry are provided by the benchmark skyshine
experiment (®°Co scurce, source—to-—detector distances of O - 700 m. and
2l-cm and <3-cm concrete shields). For the thimmer shield,
MicroSkyshine overestimates the skyshine by zbout 50% for distznces
greater than 300 m, while for the thicker shield MicroSkyshine is in
good agreement with experiment at large distances zalthough somewhat
underpredictive ar smaller source—rto—derector distances.

The MicroSkyshine method is thus shown to be a simple, zccurate,
and robust method for predicting the skyshine radiation doses for many
practical problems. As such, it affords the shieldinr amalyst with an
inexpensive alternative to the many computatiomally intensive mainframe

codes presently used for skyshine anzlyses.



2. Introduction

The term skyshine refers in generzal to radiation originating from a
fixed source and scattering in the atmosphere before reaching a receiver
or detector. It becomes important when sufficient material shielding is
present along the direct path from the source to the receiver so as to
prevent any significant radiation from reaching the receiver through the
shielding material. In such circumstances, the elementary technique of
ray anzlysis and the application of buildup-factor concepts fail. The
shielding designer or znzlyst must resort to m—ore specialized if not
more sopnisticated techniques.

This report describes the evolution of methods of gamma-ray sky-
shine analysis. It describes in detail and supports the verification of
one particular method synthesized from more general methodologies used
in mainframe computer codes. This particular method, called the Nicro-
Skyshine method, has been developed specifically for microcomputer
implementation and is intended to provide the shielding analyst with a
simple, accurate, and inexpensive means of performing gamma skyshine

calculations for elementary problem geometries.

2.1 Methods of Skyshine Analysis

The Monte Carlo method was the first of rthe radiation-transport
methods applied to the anmalysis of gamma-ray skyshine. Lynch, Benoit,
Johnson, and Zerby [Ly58] at Oak Ridge National Laboratory computed the
air dose as a function of distance from point-moncdirectional sources
emitting photons at angles up to 180 degrees from the source—receiver
axis. The resulting "line-beam” response functions were suitahle for

use in skyshine zmalysis. More recencly, Radiation Research Associates




carried out much more extensive Monte Carlo czleulations of line-beam
response functions for use with the SKYSHINE and SKYSHINE-II cedes
[Pr76, La7T9]. These response functions, which are in the public domain,
have been incorporated inte the MicroSkyshine method and are described
in detail in this report.

Availability of Monte Carlo generated line-beam response functioms
stimulated " investigations of the suitabililty of more elementary
"single-scatter” calculations of response functions and the extension of
single-scatter techniques to more comprehensive skyshine analyses.
Trubey [Tr&l], and later Kitazume [KiSS8], made direct comparisons
between Monte Carlo and single-scatter line-beam response functions.
The success of their work has led to the further development of
single—scatter methods to apply to more complicated skyshine geometries.

Both Monte Carlo and single—scatter methods have supported the
evolution of skyshine analysis techniques. The more general-purpose
Monte Carlo codes such as OCEE ,COHORT. =nd MORSE hawve been appliec
directly in skyshine calculations., while codes specifically designed for
skyshine calculations., such as SKYSHINE and SXYSHINE-II, make use of
Monte Carlo generated response functions. Ewolution of the QAD and G°
series of codes exemplify the application of the single-scatter method
to general gamma-ray problems. More specific application of rthe single-
scatter method to skyshine amalysis is exemplified by the work of
Roseberry et al. [Ro80, RoS2] and by Chou et al. [Ch83].

Also finding use in skyshine analysis are transport codes based on
the discrete—ordinates method, such as the DOT and ANISN codes. These
general-purpose transport codes, like the general-purpose Monte Carlo
codes, directly solve the governing transport equation for the radia-
tion, and generally require great computaticnal resources. To reduce
the computational effort, Keck and Herchenroder [KeS2] have combined the
discrete—ordinates and line—beam response—function metheds in skyshine
analysis by using ANISN for instructure radiation transport and then
SKYSHINE-II for atmospheric tramsport of g=mm= rays.
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2.2 Development of the MicroSkyshine Method

Adoption of the personal microcomputer as a tool for engineering
design and analysis has led to the demand for codes which take full
advantage of capabilities of such a tool. This is true for radiatiom-
shielding design and analysis and an important application in this area
is the analysis of gamma-ray skyshine. Infortunately, many of the
mainframe-based methods used for skyshine analysis are far too
computationally intensive for microcomputer execution. Thus, the
MicroSkyshine method was devised to meet the need for a technique which
is not only accurate in prediction of skyshine dose rates for practical

geomecries but also well-suited for implementation on microcomputers.

9.9 1 The Principles of the MicroSkyshine Method

The method developed in this study is directed towards skyshine
gamma radiation arising from isotropic, monocenergetic point sources that
are occluded from the point of interest (detector) by simple structures.
In particular, two simple problem geometries are considered. In the
first, the point source in placed on the axis of a cylindrical silo. In
the second. the source is placed behind a vertical plane wall (which may
be oriented obliquely to the source-detector axis). In both cases,
radiacion may be emitted skyward directly into the air or may first have
to penetrate a horizontal slab of shielding material placed over the
source.

The MicroSkyshine method presented here for these two fundameutal
skyshine geometries makes use of line-beam response functions developed
from Monte Carlo calculations and employed in the Radiation Research
Associates' SKYSHINE II code [La79]. These response functions give the
dose at a specified detector locaticn for a gamme-photon beam of a given
energzy and angular orientation. Thus, to calculate the skyshine dose
resulting from radiation emitted upwards for either of the unshielded
silo or wall geometries considered here, it is only necessary <o inte—
grate these line-beam response functions over all directions zllowed by

the silo or wall collimation.



For cases in which the point source is shielded above by a hori-
zontal slab, the radiation emitted skyward is first attenuated and
corrected for buildup of scattered photons as it passes through the
shield. While this correction for the shield effect is not rigorously
justified, it is found to produce reasonable results for shields typical
of roof structures encountered in many radiation facilities.

Overhead shielding is not accommodated in the SKYSHINE-II code. It
is in the G° code. However, in G°, while photon attenuation is properly
accounted for, no corrections are made for the buildup of photons scat-
tered in the overhead shield. This necessarily leads to underprediction
of skyshine dose rates by the G” code, as is shown in this report.

2.2.2 Extensions of the MicroSkyshine Method

While the MicroSkyshine method presented in this report is
restricted to monoenergetic point sources in the silo or single-wall
geometries, the method can readily be extended to other situations.
First, any source emitting gamma photons of different energies can be
treated easily as a series of monoenergetic problems. The method can
also readily be extended to line and area sources by treating such
sources as a series of point sources. Finally, the problem geometry
defining the degree of upward collimation of the emitted radiation can
be extended to more restrictive situations than the silo or single-wall
cases by using different [and more co=plicated) algebraic expressions to
define the boundaries of the vertically collimated photon beam. For
example, the point source can easily be placed anywhere inside a rec-
tangular building (see Sectiom 5.3.2).

Thus the two specific skyshine problems considered in this report
represent basic or fundamental skyshine problems with which solutions to
more complicated skyshine problems may be obtained.

2.2.3 Limitations of the MicroSkyshine Method

The MicroSkyshine method has several inherent limitations and



restrictions. The method is only as good as the line-beam response
functions upon which it is based. These response functions cover a
wide range of source-to-detector distances and photon energies. Specif-
ically, the calculated skyshine doses are valid for photon energies
between 0.1 and 10 MeV and for source-to-detector distances nominally
from O to 1500 m. However, as is shown in Chapter 6, for the high-
energy gamma rays of '°N sources, results are valid in most cases for
distances to 2500 m. For gamma-ray energies less than about 0.5 MeY,
The MicroSkyshine results may be over-conservative for distances greater
than about 1000 m. Chapter 6 examines the extremes of source-to-detec-
tor distances for which the MicroSkyshine method is applicable and
offers recommendations for extrapolation of MicroSkyshine results bevond
these extremes.

Finally. the MicroSkyshine treatment of the overhead shield is only
approximate, and while it has been verified for shield thiclmesses less
than about six mean-free-path lengths {or attenuation factors ¢ 400) the
shield correction must be used with caution for thicker shields. The
following table summarizes shield thicknesses corresponding ‘to six =ean

free paths.
Equivalent thickness (cm) for 6 mean free paths

Photon
Energy Water Concrete Iron Lead
{MeV) {1 g/em”) (2.35 g/fem”) (7.856 g/cm”) (11.3 g/em”)

1 85 40 13 =

2 122 o7 18 12

5 158 88 24 13

10 270 111 26 11

Despite these limitations, the MicroSkyshine method, when applied
to shielded sources, is no doubt more precise than other codes such as
G® which are routinely applied to skyshine analyses.



2.3 VYalidation of the MicroSkyshine Method

Of prime importance in the develop=ent of a new analysis method is
the determination of its accuracy. Such verification or wvalidation is
generally very difficult when, as in the skyshine problem, there are no
known “exact” results against which the method may be compared. In lieu
of such exact standards, one must compare against, (1) results of
experiments which usually have inherent features which are difficult to
model exactly, (2) reference calculations for standard benchmark
problems which seldom are in complete agreement with each other, and (3)
values ogbtained by independent calculational methods which have unknown
limitations for the class of problems being considered. In this study
all three wvalidation comparisons are used to test the MicroSkyshine
=methed.

2.3.1 Skyshine Benchmark Experiments

To the authors' knowledge, only one series of experiments has been
widely documented. That is the series conducted at the Kansas State
University Nuclear Engineering Shielding Facility, under the auspices of
Radiation Research Associates and the Japanese Nuclear Safety Research
Association. That work, based entirely on ®°Co sources, is described in
detail in this report and provides an important set of benchmarks for
verification of the MicroSkyshine method.

2.3.2 Skyshine Benchmark Calculations

ANSI/ANS-6.6.1-1979, the "American MNational Standard for Calcula-
tion and Heasurement of Direct and Scattered Gamma Rays from L¥R Nuclear

T

Power FPlants,"” contains results of 2 number of reference skyshine calcu-
lations for ®N sources. BResults 0f those calculations are described in
this report and further support the verification of the HicroSkyshine

=ethod.



2.3.3 Skyshine Calculations By Other Methods

The above benchmark experimental results and reference problem
calculations are for very specific skyshine problems. To test the
MicroSkyshine method for for different problem parameters (e.g..
different source energies, different overhead shielding, different
degrees of vertical collimation, etc.) it is necessary to compare
MicroSkyshine results against wvalues obtained with methods which have
previously been found useful for skyshine calculations. In this s tudy
four different calculational codes are used to obtain results for the
two skyshine geometries considered and against which the MicroSkyshine
results are compared. Included as comparison methods are (1) cthe
moments method [Ch80], (2) the G° point-kernel code [Ma73], (3) the
K-SHINE point-kernel skyshine code [GeS87], and (2) a hybrid method which
combines the ANISN and SKYSHINE-II codes [KeS2].

2.4 Objective and Scope of Report

This report has two main cbjectives. The first is to provide doc-
umentation for the analysis techniques and the data used in the Micro-
Skyshine method for calculation of gamma-ray skyshine dose. The second
is to provide documentation supporting the verification of suitability
of the MicroSkyshine method for general purpose gamma-ray skyshine dose
calculations.

Chapters 3 and 4 respectively describe benchmark skyshine experi-
ments and caleulations. Chapter 5 describes the MicroSkyshine method
and examines in detail the line-beam response functions used in Micro-
Skyshine computations. Chapter 6 deals with verification, comparing
skyshine doses calculated by the NicroSkyshine code with results of
- benchmark experiments and calculations. For shielding conditions for
which no benchmarks are available, new verification calculations are
described and documented. Chapter 7 and Appendix B provide full docu-
mentation of the data employed in the shielding calculations performed
using the MicroSkyshine code. Other appendices provide documentation of
the results of all verification calculations.




3. Skyshine Benchmark Experiments
3.1 Description of Experiments

There are few experimental skyshine measurements which can serve as
benchmarks for the skyshine problem. Most measurements have been taken
relatively near the source [ { 1 mean free path in air) or involve geo-
metric configurations which are too difficult to model accurately. To
alleviate this deficiency. several years ago a major experimental pro-
gram, designed for ease of similation, was performed to measure the
skyshine radiation over a source-to—detector baseline from 30 to 700 m
[Na81]. Data from this experiment serve as standards against which
calculacicnal models can be tested. In this chapter, this benchmark
experiment is reviewed, and pertinent results tabulated.

The benchmark experiment described here was performed atr the Kansas
State University Nuclear Engineering Shielding Facility as part of a
project managed by Radiation Research Associates under support and
guidance of the Japanese HNuclear Safety Research Association Study
Committee on Air-Scattered CGamma Rays in Nuclear Facilities. Compact
cobalt-60 sources with activities up to 140 GBq (5200 curies) were pos—
itioned on the axis of an annular concrete silo with walls sufficiently
thick to preclude significant radial penetration of radiation. Two
basic experimental geometries were used. In the "unshielded" geometry,
wedge-shaped collimator concrete blocks were placed around the top edge
of the silo wall so as to define an open conical aperture with a
full-angle of 150.5 degrees and with the source at the apex. In the
“"shielded” geometry, concrete shielding slabs of two thicknesses (21 or
43 cm) and of density 2.13 g/cm” were placed atop the silo.

¥ith the above source geometries, two types of skyshine measure-
ments were made. With a well-collimated and shielded Nal detector.
energy spectral measurements of the skyshine 2.2 m zabove grade were

10
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cbtained radially outwards in 100-m increments out to 700 m from the
source. In a second set of measurements, which are of more interest to
the present study, a high-pressure ionization chamber was used to meas-
ure directly the 4w-skyshine-exposure rate 1 m above grade at distances
from 30 m out to 700 m from the silo axis.

3.2 Experimental Results

Several corrections were made to the raw experimental data,
Although the energy sensitivity of the high pressure ionization chasber
was relatively flat for high gamma-ray energies (> 300 keV), it wvaried
significantly for lower energies (where the measured skyshine spectra
was found to peak). Using the measured skyshine energy spectra, a
correction factor to account for the non-uniform energy response of the
detector was calculated. Typically., less than a 10% correction was
needed to obtain the true skyshine exposure rate.

It was also possible to infer exposure rates from the Nal spectral
measurements. Using measured energy response functions based on NBS
calibration sources, the Nal spectra were unfolded. The unfolded
spectra were then integrated over energy to give exposure rates and then
further corrected for the Mal collimation. These secondary or derived
skyshine exposure rates were found to be in excellent agree=ent with

those obtained with the high-pressure ionization chamber.

3.2.1 Results From The Unshielded Silo Benchmark Experiment

The skyshine exposure rates for the unshielded-silo geometry, as
measured by the high-pressure ionization chamber, are listed in Table
3.1. In Table 3.2, the NMal-derived exposure rates are tabulated. In
order to facilitate intercomparison of experimental data, comparison of
experimental data with calculations, and extrapolation of results to
situations other than those investigzted experimentally, the raw

experimental data have been multiplied by the square of the source-to-
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detector distance, divided by the solid angle of collimation, and
normalized by dividing by the source strength. Multiplication bv the
square of the distance recognizes the strong influence of the inverse-
square law on radiation dose, even in the geometries associated with
skyshine. IMvision by the solid angle recognizes that skyshine dose
from 2 point source in 2 silo varies approximately in proportion to the
solid angle of collimation. Indeed, as the solid angle approaches zero,
a linear relationship becomes more and more exact. Finally, the source-
to—detector distance r is multiplied by the air demsity (i.e., T x Pogpt
the product being called the aerial density) This reexpression of the
experimental exposure rates permits intercomparison of data taken under
conditions of day-to-day air-demsity wvariations. and is used only as a
convenience in the presentation of results. Such a renorsalization
procedure is not part of the MicroSkyshine method; however, it is some-—
times applied to MicroSkyshine results in this report when they are

compared directly to experimental results.

3.2.2 Results of The Shielded Silo Benchmark Experiment

Two thicknesses of concrete shielding zabove the source (21.0 and
42.8 cm) were used in the KSU benchmark skyshine experiment. Exposure
rates (normalized as above for the unshielded results) are presented in
Table 3.3 for the high pressure icniz=tion—chamber measurements, and in
Table 3.4 for the normalized Nal-inferred exposure rates.

The exposure rate measurements are generally accurate to within a
few percent except for the largest source—to—detector distances where
the skyshine signal was the weakest. The unnormalized rasults for the
the shielded and unshielded case and the associated errors can be found
in Ref. [NaSl1].

3.2.3 Calculations for Benchmark Experimentzal Conditions
Besides the experimental phase of the skyshine experiment, the

skyshine energy spectrza and exposure rates for the unshielded case were

caleulated ar two different levels of detail by the discrete—ordinates
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code DOT 3.5 [Rh73]. The first, and most elaborate of these calcula-
tions, used 39 energy groups, P-5 cross-section expansions, and an S-16
(160 angles) angular quadrature set. The second calculation used only
10 energy groups, P-3 expansions, and S-12 (96 angles) quadrature. The
generation of group cross sections for these calcularions is described
by Nason [NaS1].

For these DOT calculations, cylindrical r-z geometry was used (r =
0 being the silo axis). VYacuum boundary conditions were used except at
r = 0 where a reflecting boundary was emploved. For the 38-group calcu-
lation, a 0.2-m—thick ground interface (z = 0) was used. while for the
10—group caleculation, the ground was replaced by an absorbing boundary.

For the shielded geometry case, only the 10-group DOT model was
used. First the ANISN-ORNL one-dimensional discrete ordinates code
(RSIC code package OOC-254) was used to calculate the energy spectrum of
the radiation penetrating the roof shield. This penetrating radiation
was then used as a source for the DOT calculations.

Detailed comparisons of these DOT calculations with the measured
energy spectrum of the skyshine radiation are found in Ref. [NaSl1]. Of
concern in this study are the 4w-skyshine exposure rates. The measured
values and the DOT calculated values are shown in Fig. 3.1. It is seen
that the 3S-—group DOT calculations are in excellent agreement with the
unshielded experiment for distances > 200 m (areal density > 25 g/cm”),
while closer to the source the experiment gives slightly greater values
as a result of radiation which first interacts in the silo wall and then
reaches the detector. This in-silo photon scattering was neglected by
the DOT calculations. The 10-group DOT calculations are about 10X lower
than the 39-group values —— a result of the simplistic treatment given
to the air-ground interface in the 10-group calculations. For the
shielded case, the IOT calculations again underpredict the experimental
results. This underprediction was a result of using a perfect absorber
in place of a proper air-ground interface.
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Table 3.1. Normalized skyshine exposures measured by a high-pressure
ionization chamber 1 m above grade for the unshielded
(open silo) experiment. Deta from Ref. [MaSl] have been
normalized to indicated units.

Areal Normalized Areal Normalized Arezl Normalized
Densicy Exgnsure Density osSure Density [Exposure
(e/em™) (m“R/sr) (e/cm®) (m“Rssr) (g/em”) (m“R/sT)

S5.72 4.78E-17 22.88 T.83E-17 o7.20 2.0BE-17
5.48 <_86E-17 21.92 1. TIE=17 54.80 2.34E-17
11.58 T.44E-17 34.32 0.07E-1T 67.44 1.38E=-1T7
11.44 T.45E-17 34.32 o.2GE-17 67.44 1.46GE-1
11.19 T.98E-17 32.88 5.35E-1T7 65.76 1_5B6E-17
10.56 T.T4E-17 32.86 °.48E-1T Ti.7T7T 9.62E-18
10.89 T.40E-17 4b.T6 3.52E-17 16.72 9.54E-18
10.89 T.31E-17 43 .84 3.97E-15%

Table 3.2, Normalized skyshine exposures derived from Nal spectral
measurements 2.2 m above grade for the unshielded (open
silo) experiment. Data from Ref. [NaS1] have been
normalized to the indicated units.

Areal Norm=zlized Areal Normalized Areal Normalized
Density Expasure Density Exposure Densicy Exgqsure
(gfcm®) (m°R/sr) (z/cm®) [m?Efar} (g/em”) (m°R/st)

11.38 8.175E-17 33.74 6.043E-17 67.21 1.627E-17
11.34 T.903E-17 46.22  3.903E-17 70.89 1.106E-17
22.00 8.416E-17 98.TT 2.236E-17
33.75 6.156E-17 67.62 1.515E-17




Table 3.3. Normalized skyshine exposures measured by a high-pressure
ionization chamber 1 m above grade for shielded geometry
in which concrete slabs of two different thicknesses were
placed atop the silo. Data from Ref. [§a81] have been
normalized to the indicated units.

Areal Normalized Areal Normalized Areal Normalized
Density Exposure Density Exposure Density sure
(e/em®)  (m R/sr) (gfem®) (m"R/sr) (g/em®)  (m°R/sr)

A. 21.0 cm Concrete Slab

3.628 3.238E-18 11.62 5.562E-18 47.64 1.593E-18
3.499 3.024E-18 11.08 5.442E-18 46.08 1.611E-18
3.380 2.9S%0E-18 17.94 5.385E-18 44 84  1.S850F-18
6.025 4.649E-18 1T.42 5_434E-18 59.31 7.8T0E-19
5.831 4.657E-18 16.86 5.425E-18 57.20 S.418E-19
5.581 4. 280FE-18 23.92 4 617E-18 55.63 9.217E-19
8.404 5.394E-18 23.14 4,641E-18 T1.12  4.144E-19
S.404 5.082E-18 22.24 4 657E-18 69.15 4.304E-19
8.103 5.009E-18 35.74 2.740F-18 66.51 4.801E-19
T.786 4.793E-18 35.74 2.829F-18 80.35 2.501E-19
12.13 6.131E-18 34.5T 2.550FE-18 T8.14 2,493E-19
12.13 5.815E-18 33.49 2.G817E-18

B. 42.8-cm Concrete Slab

3.380 2.581E-19 T.7T72 3.S11E-19 22.35 3.TlIE-19
3.378 2_533F-19 11.42 < _480F-19 22.19 3.T75E-1%9
3.343 2.541E-19 11.18 4.448E-19 32.61 2.020E-19
9.653 3.T51E-19 11.10 4.657E-19 33.64 2.06BE-19
2.611 3.7T99E-19 17.20 4.617E-19 33.20 2.196E-19
2.972 3.823E-19 16.76 4.536E-19 46.15 1.026E-19
7.791 <4.120E-19 16.65 4.5T7E-19 44.83 1.178E-1%
7.828 4 _152F-19 23.01 3.743F-19 44.52 1.274F-1S
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Table 3.4. Normalized skyshine exposures derived from Mal spectral
measurements 2.2 m above grade for shielded geometry in
which concrete slabs of two thicknesses were placed atop
the silo. Data from Ref. [Na8l1] have been normalized to
the indicated units.

Areal Normalized Areal Normalized Areal Normalized
Density [Exposure Density osure Density sure
(g/em®)  (m"Rfsrt) (z/em®)  (m*R/sr) (g/em®)  (m*R/sr)

A. 21.0-cm Concrete Slab

11.46 6.348E-18
11.57 6.612E-18
11.68 6.172E-18
23.71 4.81T7E-18

-990E-18 or.67 1.010E-18
- 19TE-18 68.68 5.602E-19
. S56E-18 §8.60 G6.083E-1S
. 147E-18 78.59 3.7T83E-19

588 6
B8
e

B. 42 _8-cm Concrete Slab

10.959 S5.T23E-19 23.67 3.823E-19 25.7T4 6.260E-20
11.95 5.073E-19 35.09 2.396E-19 S56.7T1 6.17T2E-20
11.96 S5.554E-19 38.83 2.260E-19 of.21 6.212E-20
11.06 S5.1T0OE-19 £6.34 1.287E-19
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Fig. 3.1 Measurements and DOT calculations for the KSU benchmark
skyshine experiments.




4. Skyshine Benchmark Calculations

4.1 ANSI/ANS65.6.1 Reference Problems

In 1272 Working Group 5.5 was formed under the zegis of the Standards
Committee 0f the American Nuclear Society to define standards for gzamma
skyshine radiation arising from L¥R nuclear power plants. The resulting
standard, currencly under revision, is known as ANSIVANS6.6.1 [ANTS].
In this standard, the Working Group provided four reference problems
with results calculated by several computer programs. These reference
problems are intentionally simplistic so as to facilitate the compariscon
of different calculational methods. The calculations presented in this
standard are intended to provide some assurance that alternmative methods
used by a shielding analyst are in reasonable agreement with the refer-
ence calculational methods.

Althouzh the skyshine radiarion considered in the ANSI/ANS-5.5.1
Standard is exclusively devoted to 6.2 MeV gamm= photons emitted by *°N
and oriented to LWR nuclear power plants, two of the reference problems,
I.1 and 1.2, are particularly well-suited for assessing general skyshine
calculational techniques. In this Chapter, these two problems and their
reference calculations are summarized. Then in Chapter 6, MicroSkyshine
results for these two problems will be presented =nd compzred to the

reference calecularions.

4.1.1 ANSI/ANS5.6.1 Reference Problem 1.1
The first Reference Problem I.1 is for a bare, point, isotropic

18
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source of '°N gamma photons with energies of 5.2 MeV. The source, which
has a strength of 1 photon per second. is positioned 60 ft {18.3 m} in
air above a horizontal air—-ground interface. Detectors are placed at
distances from 200 ft (61 m) to S000 ft (1.500 m) from the normal
through the source to the ground-interface and at a height of 3 ft (0.91
m) above grade. The problem geometry is shown in Fig. 4.1. The detec-
tor Tesponse is to be calculated for the total dose rate (in umits of

rads(air)/yr) as well as for the skyshine component alone.

4.1.2 ANSI/ARS-6.6.1 Reference Problem 1.2

The second Reference Problem places the source of FProblem I.1 on
the vertical axis of a rectangular roofless building having 4 ft (1.22
m) thick concrete walls on all four sides. The source is G0 ft (18.3 m)
above grade znd the building sides at 62 fr (i8.9 m) high. The detec—
tors are located as in Problem I.1. The inside dimensions of the
enclosure are 100 ft (30.5 m) by 130 ft (45.7 m) and the building is
oriented so that the long walls are perpendicular to the line of detec-
tors. The geometry for this problem is shown in Fig. 4.2. Again the
detector response is to be czlculated for the total dose rate (in rads

(air) per year)} and for only the skyshine component.

4. 1.3 Material Compositions for Reference Problems

In all the referemce calculations the air density is to be taken as
1.22 mgfca” with = number density of 1.07x10'® atoms/cm” of oxyzen and
4.02x10*® atoms/cm” of nitrogen. The density of concrete is to be taken

as 2.34 g/em” with the following composition:
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Concrete Composition

Element Atoms/cm® Element Atoms/cm Element Atoms/cm-
H 7.86x10%1 Mz 1. 40x10>° K 6.90x10%°
0 4.38x10%2 Al 2_30x10*° Ca 2. 99%10>?
la 1.05x10%* Si 1.58x10%2 Fe 3. 10x10%°

If the ground can be treated by the analysis code, the soil densicy

is to be taken as 1.7 g/em” with the following composition:

Cround siti
Element Atoms/cm” Element Atoms/cm”
H 0. Tix10*" Al 4. 88x10°*°
0 3. 48x10°° Si 1.16x10°%

4.2 Methods Used for Reference Calculations

The ANSI/ANS-6.6.1 Reference Problems were solved by several codes
using a variety of radiation transport techniques. Specifically, the
following codes were used:

(a) DOT II [My73]: This a two—dimensional, discrete ordinates,
general-purpose transport code that uses an energy multigroup
approximation and allows for anisotropic scattering.

(b) OGRE [PeS5]: This is a Monte Carlo code specifically designed
for gamma transport problems.

(c)] COHORT II [So75]: This is a specialized Monte Carlo code
designed for shielding calculations.

(d) QADMOD [Pr74]: This is a three-dimensional point-kernel code
based on the single scatter approxisacion.

(e) SHEEEN [Ro73]: This is a point-kernel shielding code.

(f) G° [Ma73]: This a three-dimensional, single-scatter (point
kernel) code especially suitable for photon skyshine

calculations.
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{g) SKYSHINE [Pr76]: This code numerically integrates empirically

derived beam response functions (based on Monte Carlo results)

to find skyshine dose rates.

The results obtained with these codes were based on a variety of
different assumptions and simplifications to the reference problems.
For example, several calculations ignored the presence of the ground by
simply replacing it by an infinite air medium. Moreover, different
energy—group structures and different cross—-section libraries were used.
Yet despite these differences and approximations. the reported results
are all in reasonable agreement and serve as excellent standards against
which to compare other calculational schemes. (The ANSI/ANS Reference
Calculations are shown later in Figs. 6.6 and 6.7. along with the Micro-

Skyshine results.)
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Fig. 4.1. Geometry for ANSI/ANS-G5.5.1 Reference Problem I.1.
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5. The MicroSkyshine Method

2.1 Atmospheric Transport of Camma Rays from Point Monodirectional
Sgurces

5.1.1 The Atmospheric Scattering Data Base

The SKYSHINE-II program of Radiation Research Associates [La79]
makes use of data generated by Monte Carlo calculations of gamma ray
transport in the atmosphere. The FRIGAM data base of that program has
been incorporated in total inte the MicroSkyshine code. Data are used
to generate line-beam response functions in the form #(E,$,x) defined as
the absorbed dose (rad) per photon of energy E (Me¥) emitted from a
point monodirectional scurce at distance x (m) from a receiver (detec-
tor) and at angle ¢ (degrees) from the source-receiver axis. The data
base provides three constants 8y bij' and c”. used as follows:
%(E.$.x) = E F(E,¢.x). (5.1)

where

b
3(E.9.%) = k(p/p ) [x(pp)] Hexpla, o, x(o/p)].  (5.2)
in which the conversion factor k is 1 EWE:chqH m°rad/MeV and p is the
air density in the same units as the reference density Py = 0.001225
g/cm”. Indices for the constants are determined by Ei+1 4 E { E and
¢ < ¢ < ¢J+1 As described in Tables 5.1 and 5.2, E varies frnm 0.01
:u 10 MeV in 12 intervals (energy groups) and ¢ varies from O to 180
degrees in 19 intervals (angle groups).
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3.1.2 Response Function Variation with Energy

In the SKYSHINE-II code, a strict multi-group approach for both
energy and angle is used to evaluate response functions. However, in
the MicroSkyshine code, an interpolation procedure is used to render the
response function contimuously variable in energy. Let median ETOup
energies be symbolized by E;> = {Ei+Ei+1}J"E (1 =1.2,...,12), and the
tabulated response functions at these median energies, EFI:{Ei},#.x]. by
Ei[qﬁ».x]. Then, HicroSkyshine caleulates the response functions as

F(E.¢.x) = % (¢.x)(E-8.5) + F,(¢.x)(8.5-E), 9.5 <E < 10 MeV, (5.3)

F(E.9.x) = 5’12{-#.::}. 0.01 € E ¢ 0.055 MeV, (5.4)
and, for 0.055 £ {EH_I} LGl oyl {Ei} < 9.5 MeY.
{Ei} -k b {EHI}
F(E.$.x) = 5, ($.%) + 5 (8.x) ; (5.5)
{‘Ei}—r{EHl} {"Ei}H{EHl}
5.1.3 Representative Results

Figure 5.1 illustrates the wvariation of H(E.9$.x) with angle of
photon emission ¢ at fixed source-detector distance x for three photen
energies. At emission angles greater than 90 degrees, the response
function varies only slightly with angle. In the MicroSkyshine method-
ology, which treats only isotropic sources, integrations are performed
over the permissible range of emission angles. For this reason, no
attempt has been made to smooth or otherwise modify the angular depen-
dence of the response function.

Figure 5.2 illustrates the variation of A(E.¢,x) with energy E at
fixed ¢ for several wvalues of x. The MicroSkyshine calculations deal
most generally with sources emitting photons with one or more discrete



energies. For this reason, the interpolation technique described above

has been used to smooth the energy dependence of the response function.
5.1.4 Comparison with Other Calculations

Response functions for point monodirectionz]l scurces have been com—
puted by Lynch et al. [Ly58] use Monte Carlo methods. Results are in
terms of tissue dose rather than air dose and are limited to source-
detector distances from S to 100 ft (1.52 to 20.5 m} in air of density
0.001225 g/c=". Results are also for discrete energies between 0.6 and
12 Me¥ and discrete emission angles between 1 and 180 degrees. Trubey
[Tr&0] ecalculated approximate response functions for the same cases
examined by Lynch et al., but included in the response only singly scat-
tered photons with no allowance for attenuation or buildup of multiply
scattered photons. Trubey's calculations confirmed that, for the cases
considered, singly scattered photons are the dominant contributors to
the response. Kitazume [KiB8] extended Trubev's calculations to include
attenuation and buildup and found closer agreement with the results of
Lynch et al. Kitazume observed that agreement was better for smaller
angles of emission and source-detector distances and that, for the
entire scope of calculations, agreement was within + 20 percent.

Comparison of response functions caleulated by Lynch et al. with
those based on the FRIGAM data is not as straightforward as would be
desired. The responses are different — air dose wvs. tissue dose — and
the PRIGAM data are for energy and angle groups rather than at discrete
energies and angles. Tissue dose exceeds air dose by about 10 percent
for photons with energies between 0.1 and 10 MeV. Also, the angles at
which Lynch et al. calculated response functions generﬁll:.r fall at the
break points within the PRIGAM angle-group structure. Reference to Fig.
5.1 suggests that in such circumstance the logarithmic average of the
response functions for adjeining angular groups would best represent the
response function at the break point. Furthermore, the response func-
tion for the 0-1 degree PRIGAM angular group is heavily biased by the
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=uch greater response due to photons emitted a2lmost directly towards the
detector. For this reason, the Lynch et al. response function for emis-
sion angle of 1 degree would no doubt agree more closely with the PRIGAM
response function for the 1-2 degree angular group than with that for
the 0-1 degree group. Likewise, it is not reasonable to compare the
Lynch et al. response function for a single angle of emission of 180
degrees with the PRIGAM response function for the entire 160-180 degree
angular group. At any rate, in the MicroSkyshine caleulations, emission
angles near 180 degrees are of negligible significance and those near 0
degrees are largely precluded either because of the presence of a direcr
line-of-sight response component or because of structure-imposed
collimation. Table 5.3 and the accompanying Fig. 5.3 cosmpare the lynch
et al. response functions with PRIGAM generated response functions as =
function of source-detector distance at a fixed energy of 2 MeV and at
selected angles of emission. This comparison was chosen to illustrate
angle and distance effects and i{s representative of similar compar isons

at other source energies.
5.2 The Point Source in a Cylindrical Silo
5.2.1 Formilation of the Problem

The geometry for this problem is illustrated in Fig. 5.4. A point
monoenergetic source 1isotropically emitting photons of energy E is
located on the vertical axis of a cylindrical-shell shield (silo) of
inner radius r. The source is distance y below the horizontal top of
the silo which collimates the emergent radiation into 2 cone with a
polar angle %mn: measured from the vertical axis and definedlhy

1/2 | 4
mﬂ = cﬂsﬁmax = {l+r2352} - o ;,rhut {3-5}

A detector (receiver or dose point) is located in air of density p at
radial distance x from the silo axis and at distance h below the hori-



zontal plane of the sile top. If either y or h is above the plane, the
distance is taken to be negative in sign. Above the source, and gener-
ally within the confines of or atop the silo, shielding i1s permitted in
the form of a horizontal slab of material with thickness equivalent to A
mean free paths at photen energy E. The distance from the source to the

detector is

d = [x%+(y-h)2]1/2 (5.7)

and the angle o between the horizontzal aznd the source detector axis is

a= cns_l(xfd}, (5.8)

Consider a ray from the source at polar angle 8 (measured from the
silo axis) and at azimuthal angle Y (measured from the vertiecal plane
through the source and detector). The cosine of the angle of emission ¢
between the photon direction and the source—detector axis is the dot
product of the (unit) vector in the emission direction and a unit vector
along the source-detector axis, namely,

-

cos¢ = sinBeosycosa — cosBsina. (5.9)
Two cases are now considered in evaluation of the detector response.
2.2.2 The Open-Silo Case
In this case, the PRICAM point-monodirectional response functions
may be integrated directly over all angles of photon emission permitted

by the collimation to obtain the detector response. That response, in
units of rad (air) per photon emitted (isotropically), is given by

B é— f”cua ng dé sind %(E,$,d), (5.10)
T Jo 0
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where & is a function of E, r, %, v. and h, and the functional depend-
encies of 8 . ¢, and d are as given in Egs. (5.6)-(5.9). In the
MicroSkyshine calculations, advantage is taken of the symmetry about the
azimuthal reference plane, and the 8 variable of integration is changed
to © = cosB, with the result that

1
R = EJ: dip r duw K(E,¢.d). (5.11)

W
Q

The above result is evaluated in the MicroSkyshine code by using double
Gaussian quadrature (see Section 5.5). The user has the choice of order
€, B, 16, or 32, with the 8th order being the recommended choice for
routine calculations.

Inherent in this approach to estimation of the detector response
are minor approximations which are common with those of the SKYSHINE-II
approach. The silo defines the angle of source collimation but does not
otherwise influence the dose estimate. The response is thus under-
estimated because of the neglect of contributions from photons which
suffer their first scatter with the silo wall before escaping the
confines of the sile. These photons would have to scatter at least one
additional time in the atmosphere before reaching the detector. This
under-estimate is more than balanced by the neglect of the shielding
provided by the silo walls against photons which have scattered in air
within the confines of the silo before procesding in a direction toward
the detector. Thus, in order that estimates of detector response not be
unduly conservative, it is recommended that the MicroSkyshine method be
applied to cases for which r and y are both substantially less than the
mean-free-path length (in air) for the source photon. A very rough
estimate has been made of the degree to which skyshine dose rates may be
over-estimated if these conditions on r and ¥ cannot be met. Consider a
ray from the source on the azimuth toward the detector, but just clear-
ing the top of the shield wall. Let B be the angle from the vertical to




this ray and d be the (inside-leg) distance from the source to the top
of the wall along the ray. Now let d and the source-to—detecror dist-
ance x be measured in mean-free-path lengths as given in the following
table for air of density 0.00123 g/em”.

FPhoton Energy (HeV) Mean-Free-Path Length (m)

55
T
S4
115
128
228
206
401

OCnw—~oooOo
OO0 ®mU W™

'_I

Two cases for B8 are examined, 45 and 67.5 degrees. The following table
gives maximum values of d for which the skyshine dose rate is likely to
be over-estimated by less than 10 percent and by less than 50 percent.

‘_—_._"'=_...__—-—-—-—________
Maximum Value of Inside-Leg Distance d (mfp)

Source—-to—

Detector For Over-Escimate < 10% For Over-Estimate <50%
Distance
(mfp) 8 =4" 8=57.5° 8 =45" 8 =67.57
1 0.14 0.31 0.59 0.82
2 0.20 0.51 0.82 1.4
3 0.24 0.65 1.2 2.0
5 0.28 0.84 1S 2.9
8 0.30 0.59 1.7 3.9
10 0.32 1.1 1.9 4.9

For example, for 5-MeV photons, a source-detector distance of 592 m (2
mfp), and 6 = 45°, the distance from the source to the top of the shield
wall should be less than 0.2 mfp (59 m) to assure that the skyshine dose
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rate is not over-estimated by more than 10 percent. For O.1-MeV
photons, an inside leg distance of 7.7 m (0.14 wfp). and & = 45°,
skyshine dose rate may be over—estimated by more than 10 percent for

source—detector distances less than 1 mfp (55 m).

5.2.3 The Shielded-Silo Case

One major approximation is made in the treatment of this case. The
verification of the suitability of this approximation is a major theme
of this report. It is assumed that the effect of overhead shielding in
the viecinity of the source may be accounted for by modifying the re—
sponse functions to account for both exponential atremmation and buildup
of secondary photons along the slant path through the shieldins.

If t (em) is the thickness of a horizontal shielding slab, o
(g/em”) is its density, and wp (cm®/g) is the total mass incteraction
ceefficient in the shield material for photons of enmergy E, then the

slab thickness in units of mean free paths is given by
A=t PE {MP]. [5.12}

For a ray at polar angle 8, the slant path chrough the shield. in units
of mean free paths is given by AsecHd = No.

In the MicroSkyshine program, m=ss interaction coefficients are
determined from data given by Storm and Israel [St67] for air, water,
concrete, iron, lead, zirconium, and uranium dioxide. Interpolation in
the data is logarithmic for both E and w/p. For laminate shields, the
number of mean free path lencths is cumlative. For mixrures of mate—

rials identified by subscript i, the number of mesn free paths is given

by

A=t E pi (WF}i- {5* 13:’
i

in which Py is the partial density of material 1.
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Buildup in the shielding slab is accounted for by application of
the air-kerma (absorbed-dose) buildup factor calculated using the Berger

approXimation, namely,

B=1+a (M) e ™" (5.14)

in which the parameters a and b depend on the nature of the shield and
the photon energy. In the MicroSkyshine code, the parameters are deter-
mined from data of Chilton, Eisenhauer and Simmons [Ch84] and users may
select from among water, concrete, iron, and lead to best represent the
shielding material. If air is chosen as the shield material, the build-
up factor is taken as unity since air buildup is already included in the
line-beam response functions. The buildup factors so determined are
applicable for energies from 0.015 to 15 MeV and for up to 40 mean free
paths of shielding material. Interpolation is linear in a or b and
logarithmic in E.

For the shielded-silo case, the total detector response
(rad/photon) is given by

1

1
R = 2—“r d¢J do K(E,¢,d) e ° [1+a (Ww) PV, (5.15)
0 o

o

where R now depends on the nature and thickness of the overhead
shielding material as well as E, r, x, v. and h.

5.3 The Point Source Behind an Infinite Wall
5.3.1 Formulation of the Problem

The geometry for this problem is illustrated in Fig. 5.5. A point
monoenergetic source isotropically emitting photons of energy E is
located perpendicular distance r from a vertical shield wall. The

source is distance y beneath the horizontal plane through the top of the
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wall. A detector (receiver or dose point) is located in air of densicy
p at coordinates x and z in a horizontal plane, with x measured from the
source along a normal to the wall and z offset from the normel. The
detector is at distance h beneath the horizontal plane through the tep
of the wall. If either source or detector are zbove the plane, h or ¥
are taken to be negative in sign. Above the source and generally within
the confines of or atop the wall is permitted a horizontzl slab of
shielding material of thickness equivalent to X mean free paths at the
source-photon energy.

Consider now a photon razy from the source emitted at polar angle 8
=easured from a vertical line through the source and at azimuthal angle °
¥ measured from a vertical reference plane through the sgurce and detec—

tor. The angle § between the wall and the reference plane is given by

F = tan l(z/x), (5.186)
and the distance along the source-detector axis is given by

d = [x* + 2° + (y-n)371/2, (5.17)

The angle o between the horizontal and the source—detector axis is given
by

1/2

a = cos 1[(x2 + 22) 241, (5.18)

and the angle ¢ between the direction of emission and the

source—detector axis is given by Eq. (5.9).

Two cases are now considered in estimating the detector response,
5.3.2 Source Behind a Wall Without Overhead Shielding

application of the PRIGAM response functions in this case is more
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complicated that it is for the point source in a silo. Now the maximum
polar angle Elm (or the minimum uu] limits photon rays which clear the
shield wall depends on the azimuthal angle ¥. The detector response, in
units of rad per photon, is given by

1
1
R =— dp duw R(E,¢.d), (5.19
L \D Lm (E.$.d) )

o

in which uﬂ[rp] = :ns[ﬂm[ﬂ]. and

() = tan ! [o I ], 0<w < w/2E,  (5.20)

Taad

= w/2, w2+ £ ¢ £ 3w/2+F,

| [ P
= tan [v cus[q:r-f}]' In/24F £ ¥ £ 2w.
5.3.3 Source Behind a Wall With Overhead Shielding

Treatment of overhead shielding in this case is identical with that
for the shielded-silo case. The detector response, in units of rad per

photon is given by

1. (5.21)

= |,

: rdx.-.rj\l do %(E.$.d) e V° [1sa(Mu)e
u_(¥)

in which R now depends on the mnature and thickness of the overhead

shield as well as the parameters E, r, x, v, z, and h.




2.4 Representative Results
5-4.1 The Silo—Geometry Case

Effects of collimation angle, source energy, and overhead shieldin
on the skyshine dose are illustrated in a series of tables and corre-
sponding figures presented in this section.

Table 5.4 and Fig. 5.6 illustrate the effect of collimation angle
for two photon energies and selected source-detector distznces. The
independent variable is @ = tﬂsﬁmax. as illustrated in Fig. 5.4. The
limiting case of "2v geometry.” i.e., ¥y = h = 0, corresponds to E:ax =
20 degrees or o = 0.

Eifects of source enerzy are illustrated in Table 5.5 and Figs.
3.72-5.Tc for selected source—detector distances a=nd zngles of collima—
tion. The source and detector depths, ¥ and h, are equzl for the cases
presented. The MicroSkyshine results are shown as data points in the
figures. For comparison purposes, and shown as solid lines, are results
of K-Shine caleulations as discussed in § 6.4.2,

Table 5.6 and Figs. 5.8a and 5.8b illustrate the effects of con—
crete overhezad-shield thickness at selected energies, source—detector
distances, and angles of collimation. The source and detector depths, ¥
and h, are again equal for the cases presented. The dotted lines in the

figures are the results of K-Shine calculations.
5.4.2 The Wall-Geometry Case

Effects of source energy, source—detector lateral displacement, and
overhead shielding on the skyshine dose are illustrated in a series of
tables and figures presented in this section.

Table 5.7 and Fig. 5.9 illustrate the effects of source energy at
selected source—detector distances (x) for the case of y = h=r = 3 m,
and z = 0.

Effects of lareral displacement are illustrated in Table 5.8 for

selected phoron energies. EHere, v, r, and h are fixed at 3 m. Lareral




displacement z varies from 0 to 275 m while x is adjusted so the true
(direct) source-detector distance remains fixed at 300 merers.

Overhead shielding effects are illustrated in Table 5.9 and Figs
5.10a and 5.10b for selected energies and source-detector distances. In
these results, v. r, and h are fixed at 3 = and z is fixed at 0.

5.5 Numeriecal Integration and Gauss Quadrature

The ewvaluation of the skyshine dose from Egs. (5.11)., (5.15),
(5.19) or (5.21) requires the numerical evaluation of a double integral

of the form
R = r Jd f(x.y) dy dx . (5.22)
a G

Such a double integral can be approximated using numerical gquadrature of

order N as

] 2

N
R =~ zwi ", £0x;.¥,) (5.23)
B

where the Xy and Fj are the quadrature ordinates and ws and wj are the
corresponding weights for the integration ramges (a,b) and (e,d),
respectively. Many possible choices for the quadrature ordinates and
weights can be made. However, unless there are special properties of
the integrands (e.g., known singularities), Gauss gquadrature is usually
selected since this quadrature set, for order N, camn integrate exactly
an arbitrary polynomial of degree (2N-1). a higher degree than can be
integrated ex=actly by any other quadrature set of the same order.

The ordinates and weights of the Gaussian quadrature set for the

x—integral in Eq. (5.22) are given by

x, = -{%}-zi : %l (5.24)
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= Lgiﬂl'”i (>25)
where z, are the zeros of the Legendre polyno=mial Ph+l{z] and w, are

given by

zfl-ﬁf]
0, = (5.26)

bae)®e, (2]

The y-integral in Egq. (5.22) can be treated similarly (although with the
appropriatce ¥ and wj constructed for the integration range (c.d)).
Gauss quadrature ordinates and weights {zi,ui} are provided in the Micro
Skyshine code for orders 4, 8, 16, and 32. Results given in this report

were calulated using 16th order quadrarture.




Table 5.1 Table 5.2
Energy group structure used in Angle group structure used in
the definition of the line-beam the definition of the line-beam
response functions. Tesponse functions.
i E, (NeV) I #; ()
1 10.0 1 O
2 5.0 2 1
3 8.0 3 2
< 7.0 4 3!
5 G.0 5 5
G 2.0 6 T
T 4.0 (i 10
8 < 1) g8 15
=) 2.00 o 20
10 1.00 10 30
11 0.50 1 40
12 0.10 12 S0
13 0.01 13 &0
14 T0
— == 15 80
16 o0
17 100
1 120
19 140
20 160
21 180
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Table 5.3. Comparison of R(E.¢.x) based on PRICAM data with results
of Lynch et al.{'ﬂ'] for 2 MeV photons. See Fig. 5.3.

X(E.¢.x) {rad/photon)

o (deg) x (fr) PrIGAN (D) Lynch et al.{®)

1 5 3.2726-14(9) 9.6E-15
10 1.067E-14 2. 4E-15

20 3.463E-15 1.9E-15

40 1.112E-15 5.3E-16

65 4. S60E-16 3_.1E-16

100 2.387E-16 1.9F-18

15 5 9.8928-17 1.6E-16
10 5.199E-17 8.1E-17

0 2. 729E-17 3.6E-17

10 1.421E-17 2.0E-17

&5 S.803E-18 1.9E-17

100 5.770E-18 7.1E-18

30 5 3.024E-17 3.56-17
10 2_006E-17 1.9E-17

20 1.019E-17 9.25-18

40 5.102E-18 4.3E-18

&5 3.089E-18 2.3E-18

100 1.030E-18 1.7E-18

50 5 4.408E-18 §.SE-18
10 9. 404F 18 3.5E-18

20 1.429E-18 1.8E-18

40 §.121E-19 8.5E-19

65 5.421E-12 5.8E-19

100 3.709E-19 3.8E-19

%0 5 3. 296E-18 2.9E-18
10 1.24GF-18 1.6E-18

20 7.018E-19 7.8E-19

40 3.900E-10 3.7E-19

&5 2.534E-19 2.5E-19

100 1.682E-19 1.6E-19
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Table 5.3. (continued}.
R(E.¢.x) (rad/photon)
¢ [(deg) x (ft) PRIGAH{D} Lynch et al.{c]

135 o 1.852E-18 1.8E-18

10 S.084E-19 8.5E-19

20 4.561E-19 3.5E-195

40 2.31SE-19 2.4E-12

55 1.432F-19 1.2E-1%2

100 9. 120E-20 8.1E-20

{a) Source:

(b) Units:
(c] Units:

(d) FPRIGAM data for 1-2 degree subinterval.

Reference Ly(58). Data scaled from graph.

rad {air)
rad (tissue)
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Table 5.4. Effect of collimation angle on results of MicroSkyshine
calculations for a point source in a silo without overhead
shielding. Air density 0.001225 g/cm”. Quadrature order 16.

See Fig. 5.6.
Absorbed Dose in Air (rad) per phoron
Source—Detector Distance (m) 30 100 300 1000
E (MeV) cosB
max
1.25 0.05 2.7T2TE-19 6.297TE-20 6.021E-21 2. 063E-23
0.1 2.1TEE-19 2.311E-20 5.159E-21 1.651E-23
0.2 1.655E-19 4.081E-20 3.87T6E-21 1.083E-23
0.3 1.2756-19 3.116E-20 2.81GE-21 6.624FE—24
0.4 1.001E-19 2.388E-20 2.035E-21 4 _032E-24
0.5 7.553E-20 1.780E-20 1.444E-2] 2.354E-24
0.6 5.430E-20 1._275E-20 9_999F-22 1.37T9E-24
0.7 3.64TE-20 8.760E-21 6.669E-22 T.-292E-25
0.8 2.219E-20 o.427E-21 4.030E-22 3.404E-25,
0.9 1.055E-20 2.451E-2]1 1_T34E-22 1.526E-25
0.95 5. 152E-21 1.152E-21 1.961E-23 T.TI2ZE-26
6.13 0.05 2.826E-19 5.T51E-20 8.803E-21 2_910E-22
0.1 1.945Ek-19 4 329E-20 6.T23E-21 1.866E-22
0.2 1.384E-19 3.025E-20 4.159E-21 9. 449F 33
0.3 9.682E-20 2.116E-20 2.T02E-21 4. 500E-23
0.4 T.095E-20 1.52GE-20 1.806E-21 2.315E-23
0.5 9. 122E-20 1.089E-20 1.1S8E-21 1.080E-23
0.6 3.650E-20 7.677E-21 T.922E-20 5.0T0E-24
0.7 2.468E-20 5.216E-21 2.0T6E-22 2.221E-24
0.8 1.460E-20 3.2068E-21 3.C008E-22 8.504E-25
0.9 6.125E-21 1.449F-2] 1.336E-22 2.550E-25
0.95 2.803E-21 0.806E-22 6.204E-23 1.063E-25
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lable Effect of source energy on results of MicroSkyshine calculations
for the point source in a2 silo without overhead shielding. Air
density 0.001225 g/cm”. Quadrature order 15. See Figs. 5.7a

through 5.7c.

Absorbed Dose in Air (rad) per photon

Source-Detector Distance (m) 30 100 300 1000
En:a}: (deg) E (MeV)

30 0.100 2.132E-20 1.457E=-21 1.T19E-23 1.163E-2T
0.215 2.T18E-20 2_666E-21 6.906E-23 8_262FE-27
0.46< 2.181E-20 3.9683E-21 1.763E-22 3.213E-26
1.000 1.450E-20 3.607E-21 2.417E=-22 1.244E-25
2.15 1.212F-20 2.T56E-21 2_225F-22 2_9T7E-25
4.64 5.454FE-21 1.847E-21 1.967E-22 4.006E-25

10.0 1.37V5E—20 2.614E-21 2.1TTE22 3.737E-25

60 0.100 9.171E=-20 6.426E-21 5.562E-23 4 TEAE-2T
0.215 1.197E-19 1.241E20 3.405E-22 3.345E26
0.464 1.029F-19 1.951E-20 9.053E-22 2.509E-25
1.000 T.521E-20 1.842F-20 1.403E-21 1.4r89E-24
2.15 6. T34E—20 1.502E-20 1_434F-21 5.TTIE-24
.64 4.025E-20 1.043E-20 1.204E-2] 9.683E-24

10.0 T.TITE-20 1.318E-20 1.200E-21 8.4TSE-24

=0 0.100 2.T20E-19 1.806E-20 2.524E-22 2.082E-26
0.215 3.696E-19 3.972ZE=-20 1.018E-21 1.849E-25

0.454 3.547E-19 5.002E-20 3.070E-21 1.508E-24

1.000 3.338E-19 T.206E-20 6.382E-21 1.355E-23

215 4.230E-19 5.221E-20 9.463E-21 9. 303E-23

4.64 3.451E-19 7.693E-20 1.260E-20 3.213E-22

10.0 4.T17E-19 S.602E-20 1.340E=-20 6.37TOE-22
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Quadrature order 16,
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See Figs.
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Table S5.7.

Effect of source energy on resulis of MicroSkyshine

calculations for the point source behind a wall.

Air density 0.0012 g/cm”.
See Fig. 5.9.

vy=—h=r=3m.

Quadracure order 15.

Absorbed Dose in Air (rad) per FPhoton

Source-Detector Distance (m) 30 100 300 1000

E (MeV)

0.12 1.247E-19 &,.907TE-21 1.260E-22 1.117TE-26
0.25 1.328E-1S 1.522F-20 4.T46E-22 6.794FE-26
0.50 1.153E-19 2.074E-20 9.4098E-22 2 _360E-25
1.0 T.S36E-20 1.87BE-20 1.245E-21 8.464E-25
2.5 2.426F-20 1.288E-20 1.052E-21 2_390E-24
5.0 3.358E-20 9.680E-21 1.038E-21 3.304E-24
3.0 3.928E-20 9.922FE-21 1.015E-21 3.431E-24




Table 5.8. Effect of lateral displacement (z) on results of
MicroSkyshine calculations for the point seource behind
a wall. Air densicy 0.0012 z/em”. Quadrasure order 16.
F=h=r=3m. True source-detector distance = 3200 m.
E (MeV) z (m) x (m) Air Dose (rad) per Photon
1.25 D 300.0 1.244F-2]
50 205.8 1.287E-21
100 282.8 1.368E-21
150 259.8 1.483E-21
200 223.6 1.7T40E-21
250 165.8 2_284F-21
275 119.5 2.905E-21
513 a 300.0 9.5T3E-22
30 255.8 9.902E-22
100 252.8 1.056E-21
150 258 .8 1_1T6E-21
200 223.6 1.429F-21
250 165.8 2.035E-21
275 119.9 2.811E-21




lable 5.9. Effect of overhead concrete thickness on results of

MicroSkyshine calcularions for the peoint source behind

a wall. Air density 0.0012 g/cm”. y =h =3 m., z = 0.

Quadrature order 16. Concrete density 2.35 g/em.

See Figs. 5.10a and 5. 10b.

Absorbed Dose in Air (rad) per Photon
Source-Detector Distance (m) 30 100 200 1000
E (MeV) t (m)
1.25 0.0 T.5891E-20 1.738E-20 1.244F-21 1.321E-24
0.1 3.024E-20 T.155E-21 5.402E-22 6.163E-25
0.2 9.007E-21 2.151E-21 1.C38E-22  1.838E-25
0.4 6.8/1E-22 1.646E-22 1_245FE-23 1.317E-26
0.8 3.668E-24 B.675E-25 G6.400E-26 6.358E-25
1.0 2.68TE-25 6.308E-26 4.608E-27 4.550E-30
6.13 0.0 4.478E-20 1.009E-20 9.573E-22 3.509E-24

0.1 2.256E-20 4.974E-21 4.826E-22 9 1.966E-24
0.2 1.191E-20 2 .607TE-21 2.553E-22 1.060FE-24
0.4 3.281E-21 7.190E-22 7.074E-23 2.856E-25
0.8 2.433E-22 5.437E-23 5.319E-24 1.S8T73E-26
1543 6.634E-23 1.489F-23 1.460F-24 4 TB4F-27
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©. VYalidation of the MicroSkyshine Method
6.1 Comparison with Moments—Method Calculations

A collimation angle of 90 degrees for the point source in a silo
represents the limiting case of 2y geomecry. For this limiting case, so
long as ¥y = h, the detector response from skyshine at =z given value of x
is equal to half the response at the same source-derector distance
resulting from photons originating from a bare point source and subse—
quently scattering in the atmosphere. It is thus possible to compare
results of MicroSkyshine calculations, for this limiting case. with
resulcs of moments—method calculations for a point isotropic source in
an infinite air medium.

MicroSkyshine calculations for the comparison were performed for ¥
=h=0, 17=1m x ranging from 25 to 2500 m, E renging from 0.1 to 10
MeV, and an air density of 1.25 mg/cm”. Infinite medium exposures due
to scattered photons were deduced from air-kerma buildup factors com—
puted using the method of moments by Chilton, Eisenhauer, and Sirmons
(Ch80]. If R(E) is the exposure-rate response function (R m®). B(E.x)
is the buildup factor for photons of energy E at distance x in air of
prescribed density, amnd u(E) is the total interaction coefficient for
photons of energy E in air of prescribed density, then the response, in

units of R/photon, is given by

R

_R(E) e *EX g 3 -13
" [ |

Srx

(6-.1)

The comparison is illustrated in Fig. 6.la for energies 1 MeV and less
and distances to 1500 m and in Fig. 6.1b for energies 1 MeV and greater
and distances to 2500 m. The solid lines are results of MicroSkyshine

calculations and the individual data points are results of the moments-
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method calculations. The MicroSkyshine results are listed in Appendix
A, Table AG6.1. It is apparent from this comparison that, for solid
angles of collimation approaching 2w steradians, the MicroSkyshine
method m=y in some cases be used for source—detector distances well
bevond the nominal 1500-m limit for the PRIGAM response functions. For
gamma-Tay energies from S to 10 MeV., for example. a 2500-m limit is
realistic. As the source energy decreases, however, the maximum dis-
tance for which the MicroSkyshine method should be applied directly also
decreases. Furthermore, as the solid angle of collimation decreases, it
may be expected that, for a given energy, the maximum distance also
decreases. The authors recommend that, in either the silo or wall-
shield geometries, if the dimensiom ¥y exceeds the dimension r, then the
m=ximum distances should be further restricted. For gamma-ray energies
from 5 to 10 MeV, the recommended limit is 1500 m. For lower energies,

lesser distances apply. as is illustrated in the figure.
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If skyshine dose rates are required at distances exceeding these limits,
then the following graphical extrapolation procedure is recommended.
Caleculate the dose rate for several distances less than the limit. Plot
the legzarithm of the dose rate versus the distance. On the graph, use
straight-line extrapolation to determine the dose rate at the desired

distance.
5.2 Comparison with Benchmark Experimental Results

The skyshine experiments described in Chapter 3 serve as benchmarks
against which to test the results of MicroSkyshine calculations as well
as the results of calculations performed using other codes.

To facilitate the comparison, the results of the MicroSkyshine cal-
culations have been expressed in the same format as those of the experi-
mental data. The independent variable is the areal density separating
source and detector, i.e., the product of the air density and the source
detector distance. Use of the areal density minimizes effects of day-to
day variations in air density experienced during the course of the exper
iments. The dependent variable is the exposure per photon multiplied by
the square of the source—detector distance and divided by the solid
angle of collimation, namely 4.683 sr. In this form., the strong effect
of sgurce-detector distance on detector response, through the inverse-
square law, is suppressed.

The MicroSkyshine calculations were performed for y = h =0.31l m, r
= 1.18 m, Pagr = 0.00125 g/em®, and x in multiples of 32 m to 540 m.
For the shielded-silo cases, t = 0.21 or 0.428 m of concrete of densitcy
2.32 g/cm”. A comparison of MicroSkyshine results with experimental
data is shown in Fig. 6.2, a composite figure illustrating both the
unshielded and the shielded silo cases. A more detailed comparison is
shown in Figs. 6.3 - 6.5. The solid lines are results of MicroSkyshine
calculations. The broken lines are results of G° calculations (36.4.1):
the dotted lines are results of K-Shine calculations (§5.4.2): and the
dashed lines are results of calculations performed using the DOT

discrete ordinates transport code. MicroSkyshine results are listed in
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Appendix A, Table A6.2. K-Shine results are listed in Appendix D, Table
D5.1. G¥ results are susmarized in 56.4.1 and putput listings are pro-
vided in Appendix E.

6.3 Comparison with Benchmark Calculations

The two ANSI/ANS-6.6.1 reference skyshine problems described in
Chapter 4 serve as well-studied benchmarks against which MicroSkyshine
results can be compared to determine the validity of the MicroSkyshine

method. In this section such comparisons are presented.
6.3.1 Unshielded Point Source — Problem I.1

The geometry for ANSI/ANS-6.56.1 Reference Problem I.1 is shown in
Fig. 4.1. To adapt MicroSkyshine to this problem, the point N-16 source
(E = 6.12 HeV) was placed on the axis of an open silo of 1 m inner rad-
ius and with walls 60 ft (18.3 m) high. The source and detector were
placed 0.0C00001 m below this elevation so as to eliminate any direct:
(unscattered) component. The source-to-detector distance in this Micro-
Skyshine calculation was then interpreted as the slant distance x
between the source and detector in the reference problem. The hori-
zontal range r in the reference problem is related to this slant

distance by

r = [:.'-:2 — (42)> IHE (6.2)

where Az is the difference in elevation between source and detector in
the reference problem (17.4 m).

In Fig. 5.6 the MicroSkyshine results are plotted as a solid line
and the results of seven other calculations reported in the ANSI stan—
dard are shown as discrete points. (To maintain consistency between
this comparison and other results in this report, the scales of the
figure have been changed from those in ANSI Standard 6.6.1 so that range
is in meters and dose iIn rad/vr.) It is seen from Fig. 5.6 that the
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Microskyshine results are in excellent agreement with the earlier calcu-
lations and agree most closely with those produced from SKVSHINRE II -- a
result to be expected since SKYSHINE II uses the same PRIGAM response

functions as MicroSkyshine.
6.3.2 Rectangularly Collimated Point Source — Problem 1.2

ANSI/ANS-6.6.1 Reference Problem 1.2 collimates a point isotropic
source (E = 6.12 MeV) by an open rectangular building. The geometry is
shown in Fig. 4.2. To apply MicroSkyshine to this problem, it was first
necessary to modify slightly the treatment of the infinite wall geometry
so that rays from the source would be limited not only by the front wall
(i.e.. wall closest to the detectors) but also by the side and rear
walls. This additional collimation is readily incorporated into the
code by replacing the expression for the maximum polar angle Em(«}-]
given by Egq. (5.20) by a somewhat more complicated expression which
includes the limiting cases resulting from the side and rear walls.

The results of this calculation are shown in Fig. 5.7 along with
the four results reported by the ANSI 6.5.1 Standard. In addition,
results obtained with SKYSHINE II are also shown [La79], and agmin it is
not surprising that the MicroSkyshine results agree very closely with
these results since both codes use the same PRIGAM response functions
(although they differ in how the integrals of Eq. (5.19) or (5.21) are
evaluated).

Finally, it should be noted that for this reference problem the
side and back walls limit the dose almost negligibly. If the problem is
approximated by replacing the front wall by an infinitely long wall and
ignoring the side and rear walls, the resulting doses at distances
greater than 200 m are at most only 2% higher. By contrast, approxi-
mating the rectangular structure by a cylindrical sileo with equal solid
angle of collimation yields doses which are over a factor of two higher
at distances greater than 4000 m. This demonstrates the importance of
having, with the MicroSkyshine code, the option of analvzing the case of

a point source behind a wall shield.
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6.4 Comparison with Results of Single-Scatter Calculations

One of the most widely used techniques for calculatins ga=ma doses
for fixed source problems is the use of the single-scattering technique.
In this method the spatial variation of where source photons make their
first scatter is determined and then approximate buildup factors zare
incorporated to account for the subsequent scattering of photons into
the detector. Many codes are based on this technique. Here resulrs
trom two such codes, which are well-suited to the skyshine problem, are
compared to MicroSkyshine caleulations. The firsct code, G, is a
general-geometry, single-scarter code which has often been used for
skyshine calculations. The second code, K-SHINE, is especially designed

for the skyshine problems considered in this reporc.
6.4.1 = G Results

The IBM version of the G° program [Ma73] was obtained from the
Fadiation Shielding Information Center (RSIC) and compiled under the
FORTRAN-S66 option of the FORTVS operating svstem. G? is a general
purpose point-kernel shielding code which has been used widely for
skyshine caleulations [An79].

In order to assure satisfactory operation of the program, two
sample problems provided in the RSIC code package [RsT5] were run and
yielded results identical to the sample solutions also provided in the
code package. Problem 1 deals with air scattering into = collimated
detector. Problem 2 deals with air scattering of photons from a colli-
mated source. For details of the sample calculations, the reader is
referred to the code description [Ma73,Rs75]. Data input and results
are listed in Appendix E, Tables EG.1 through E5.4.

Results from G° calculations were zlso compared with MicroSkyshine
results for the point source in a2 cylindrical silo and the point source
behind =z shield wall. As described below, G° 1in both cases
substantially underpredicts skyshine dose rates when the source has
overhead shielding.
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G” Calculations for the Point Source in a Cylindrical Silo

The G° code was run for the conditions of the KSU benchmark
skyshine experiments (see 33.1 and §6.2). Figure 6.8 is a wvertical
section through the source and detector for the point source within a
silo shield. Shield regions are denoted by circles, shield boundaries
by triangles. Regions 1, 4, and 5 are-air with density 0.00125 g/cm”.
Region 2 is concrete of density 2.32 g/em”. Region 3 is air for the
open-silo case and concrete for the shielded-silo cases. The source
location S is the origin of coordinates, and detector locations D are at
the same elevation as the source and at radial distance x. Boundaries 1
and 2 are cylinders of radii 1.18 and 2.11 =. Boundaries 3 and 4 are
horizontal planes, the former 0.321 m above the source and the latter
either 0.52 m for the open-silo and 21-cm shield cases or 0.738 m above
the source for the 42.8-cm shield case. Assumed concrete composition,
by weight fraction, is as follows: H, 0.0056; 0, 0.4983: Na. 0.0171:
Mg, 0.0024 (as Al); Al, 0.0456: Si, 0.3158; S. 0.0012 (as Si): KX,
0.0182; Ca, 0.0826; and Fe, 0.0122. The scattering geometry is based on
a spherical polar coordinate system. Radii are measured from the source
location. Polar angles are measured from the wvertical axis and are
Limited to 75.25 degrees (1.3134 radians), consistent with the 150.5-
degree full angle of collimation used in the benchmark experiments.
Azimuthal angles are measured from the vertical plane through the source
and detector. Because of symmetry, the maximum azimithal angle need be
only 180 degrees (v radians).

In order to test comvergence, two calcularions were performed for
the open-silo case. The first calculation, identified as Problem
GGGO03, treated the ®%Co source as emitting both 1.17 and 1.33 MeV
photons, with the results averaged for the two. For that caleulation,
the photon-scattering volumes were defined by the following grid:

GGGO03 Azimuthal-Ancle Grid (radians)

0.00 0.10 0.20 0.30 0.05 0.70 1.00
1.50 2.00 2.50 3.1416
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GEGO03 Polar— le Grid {radians

0.00 0.25 0.50 0.60 0.70 0.80 0.90
1.20 1.25 1.30 1.2134

0.75 1.00 1.530 2.00 2.50 3.00 3.50 4.00 4.50 5.00 6.00
7.00 8.00 9.00 10.0 12.0 14.0 16.0 18.0 20.0 25.0 320.0
J>.0 40.0 45.0 50.0 60.0 70.0 80.0 90.0 100. 150. 200.
250. 300. 400. 500. 600. TOD. S00. S00. 1000

The GGECO3 grid had relatively coarse azimuthal and polar angle-spacing
but relatively fine radial spacing (requiring two—pass computation].
The second G” calculation, identified as Problem GGG005, had by contrast
relacively finer angle spacing and relatively coarser radial spacing,
the latter approximating equal logarithmic spacing radially. Further-
more, "°Co was approximated as emitting only 1.25-MeV photons. For rthe

second calculation, the coordinate spacings were as follows:

GGEO06 Azimuthal- le ci radians

0.000 0.025 ©0.050 0.075 0.100 0.150 0.200
0.250 0.300 0.400 0.500 0.600 0.800 1.000
1.200 1.400 1.600 1.800 2.000 2.400 3.1416

GEGE005 Polar—-Angle Spacing [radians)

0.000 0.100 0.200 0.300 0.400 0.500 0.800
0.700 0.750 0.800 0.850 0.500 0.550 1.000
1.050 1.100 1.125 1.250 1.275 1.300 1.314

GCEO0S Radial Spacing {m)

0.550 0.900 1.250 1.500 2.100 3.150 4.650
65.800 10.00 14.70 21.55 31.60 46.40 68.10
100.0 147.6 215.5 316.6 464.0 681.3 1000.

The results of these two calculations are summarized in Tzble 6.1 and
listed in Appendix E, Tables ES.5-F6.8. For reasons explained in §6.2,
the results are translated into units of m°R/sr. Agreement between the
two cases is within 4 percent: thus, the scattering-volume grid of

Problem GGEO06 was used in calculations for the point source in a silo
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with 21 em of overhead concrete shielding (Problem GGGO0T) and with 42.8
cm of overhead shielding (Problem GGGOUS). Results of the ecalculations
for the shielded-silo cases are summarized in Table 6.2,

A comparison between G- results, experimental data. and results of
other calculations is given in Figs. 5.3-5.5. Dertailed results are
listed in Appendix E, Tables E6.9-E6.12. It will be noted that. while
the G results agree reasonable well with other results for the open-
silo case., they very substantially underpredict detector response for
the shielded-silo cases. This is to be expected because the G” program,
although accounting for attenuation in overhead shielding, does not
account for buildup of secondary photons arising from scattering inter-
actions taking place in the overhead shielding.

G” Calculations for the Point Source Behind an Infinite Wall

Two G” test problems were run for the wall-shield geometry. The
problems differed only in the presence or absence of overhead concrete
shielding. Geometry for the problems is illustrated in Fig. 6.5 which
is a sectional view in the vertical plane containing the source-detector
axis, which axis is perpendicular to the shield wall. Shield regions
are indicated by circles, boundaries by triangles. Regions 1-3 are air
of density 0.00125 g/cm”. Region 4 is of effectively infinite density.
Region 5 is either air or, in the case of overhead shielding, 30-cm
thick concrete of density 2.13 g/ca”. The location of source S is the
origin of coordinates. Boundary 1 is a sphere of radius 1.414 m, while
boundaries 2 and 3 are wvertical planes 1.0 and 1.1 m from rhe source.
Boundaries 4 and 5 are horizontal planes 0.7 and 1.0 m ahove the source.
The scattering geometry is cylindrical. Azimuthal angles are measured
from the vertical plane containing the source-detector axis. Radial
distances are measured horizontally from the source. Axial distances
are measured vertically upward from the source. Source energy is 6.13
MeV, corresponding to the predominant photon enerzy in the decay of *®N.
The photon scattering volumes were defined by the following grid:
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Azimuthal-Angle Grid (radians}

0.000 0.025 0.050 0.07S 0O 0.150 0.200
0.250 0.300 0.400 0.500 0.G00 0.800 1.000
1.200 1.400 1.600 1.800 2.000 2.£200 3.1416

Badial Grid (m)

0.000 0.500 1.000 1.550 2.100 3.150 4.650
6.800 10.00 14.70 21.55 31.60 46.40 68.10
100.0 126.7 215.5 316.6 464.1 6€81.3 1000.

Axizl Grid (m)

1.000 1.400 2.000 2.800 4.000 5.600 8.000
11.10 16.00 2200 32.00 <45.00 63.00 T9.00
125.0 178.0 251.0 355.0 501.0 T708.0 1000.

Results of the two G° calculations, Problem GGG104 for the wall-shield
case without overhead shielding, and Problem GGGL03 for the case with 30
cm of overhead concrete shielding are summarized in Table 6.3 along with
results of MicroSkyshine results for the same cases. Detailed results
of the G” calculations are listed in Appendix E, Tables ES.13-E6.16. As
in the case of the point source in a sileo shield, in comparison to
MicroSkyshine results, and as expected, the G° program substantizlly
underpredicts detector response in the presence of overhead shielding.

6.4.2 K-SHINE Results
Description of K—Shine Algorithm

E-SHINE is =z single-scatrer code especially designed for the
skkyshine problem. Specifically, it is designed for a point.
moneenergetic, isotropically emitting source placed on a silo axis or
behind a wall, with or without a shielding slab over the source. Since
K-SHINE is a recently developed code =and not widely known, the
silopeometry case will be briefly reviewed here. The extension to the
wall-geometry case is described by George [GeST].

The K-SHINE code is based on = single-scatter code developed by
Roseberty and Shultis [Ro81, Ro82] which in turn is an extension of the



Tl

work by Kitazume [KiS8]. Consider gamma radiation from a monoenergetic,
isotropic point source (of strength S) that, after streaming a distance
¢ through a slab shield and a distance o through air, scatters in a
volume element dV through an angle (v - B) and then travels a distance b
to 2 detector without subsequent air interactions (see Fig. 8.10). The
detector response R from these single-scattered photons is

S K
R = (e /P)NcE" exp(-pa - u'b - p_c) dV  (6.3)
L ar(arc)B? o 7

where the volume V is that portion of the air hemisphere within which
photons can be scattered into the detector. In this expression E' is
the photon energy after scattering through an angle (v—8), N is the
electron density in the air, and X is the energy flux density to
response conversion factor. The total attenuation coefficients for
photons of energy E in air and the slab material are denoted by pn amd
it . respectively, while for photons of energy E' im air, p° is used.
The energy of the scattered photon, E', is calculated from the Compton
formula, and the differential scattering cross section o is approximared
by the free-electron Klein-Nishina resulr.

To obtain an explicit expression needed for the mmerical evalu-
ation of Egq. (6.3), 2 specific coordinate system must be chosen. Many
choices are possible, but that defined by &, 9, and § in Fig. 6.11 has
been found to have several advantages [Ro82]. With this system, it is
found that

b = d sinfB cscf , (6.4)

C = t sece csch , (6.5)

a = d{cosB + sinf cotf) - c , {6.5)
and

dy = [aﬂ‘:]l2 d si:nEE csc‘?ﬁ dS do de . (6.7)

The above expression for the detector response can be modified to
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account approximately for the multiple scattering of photons by using
appropriate buildup factors. First, an infinitemedium buildup factor
B® is used to correct for multiple scattering in the second air leg (b
in Fig. 6.10). For the bare collimated source, nesglect of buildup in
the first air leg is justified since, by the problem formulation,
photons make their first scatter in dV. Although buildup in the first
air leg is properly omitted, the effect of a slab shield over the source
cannot be be disposed of so cawvalierly. Attenuation of source photons
in the shield is accompanied by the buildup of scattered photons. Those
photons emerging from a thick slab shield over the source are effective-
lv collimated into an upward beam and consist primarily of uncollided
photons or those that have made only small-angle scatters and, hence,
retain most of their original energy. Those escaping photons that have
suffered =z significant energy loss are preferentially attenuated
(compared to source—energy photons) while traveling to the detector and
can therefore be ignored. Thus, to account for the overhead shield, an
infinite medium buildup factor B is used, and photons emerging from the
shield are assumed to retain their source energy.

With these modifications, the detector response to skyshine
radiation, corrected for multiple scattering and expressed in the
coordinate system of Fig. 6.11, becomes

sk | m=x max
Srd dp WoE' (1 _/P) d8 B® exp(-pa - u'b)

0 Em in

s =

B
“ de B exp(-p_c} . (6.8)
0

For the case of no overhead shield, ¢ = 0 and B = 1 so that the
e—integral can be performed amalytically. The minimm wvalue of 8 for
this unshielded case is defined by the ray from the source that just
grazes the silo wall, namely Emin = arctan{h/r). For the shielded case,
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there is no well-defined mininmum value of 8 below which a sharp cutoff
of the radiation occurs. Nevertheless, an effective Emin can be defined
corresponding to the longest photon path through the shield that
significantly contributes to the radiation field at the detector. The
upper limit of the B-integral must be chosen such that 8, B, and d in
Fig. 6.11 form a closed triangle, i.e., 8 = v —= B - arctan[h/(d-r)}], and
such that @ is not greater than that allowed by the silo collimzcion.
f.e.. B £ (x - Emin}b Thus

Emﬂx = min{(7 - Emin]' w — B — arctan[h/({d-r)]} . (5.9)

The maximum & corresponds to the minimum & (see Fig. 6.11) so that

€ oy = arccusfsinﬂml csch). (6.10)

n
Finally, the angle f is limited by the outer lip of the source collima-
tion (or effective collimation for the shielded-source case) to

ﬂm = (w - Emln} = arctan[h/{d-c]]. (6.11)

The mumerical evaluation of Eq. (6.8) is accomplished by use of
numerical quadrature for each integral. In K-SHINE, adaptive Gaussian
quadrature is used wherein the integration interval is automatically
subdivided to achieve a specified accuracy. The calculations are
greatly simplified if two additional approximations are introduced. As
the angle [ approaches zero. the lengths of the first and second air
legs (2 and b) become infinite. In reality only those scattering
volumes relatively close to the source contribute significantly to the
detector response. Thus a limit L on the total air path can be imposed
such that pa + p'b ¢ L. This restriction is equivalent to d{ucotp +
p'escf) € L, which for a given L can be used to find an effective

minimu= value of B, B For L = 10 mean-free-paths lengths. skyshine

min’
dose rates are obtained from Eq. (6.8) within 0.4% of values obtained
when ﬁmin approaches zero. Similarly for the shielded case, a limit on

the path length through the shield can be imposed. If the maximum ray
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length in the shield is denoted by L, = uc, then, from Eq. (5.5) one

has the maximum effective value for & of

€ o = arcm:a[ust msﬂﬂ.sj (6.12)
which replaces the wvalue given by Eq. (5.10) if the former is smaller.
t was found [RoS82] that with L5 = 15 =mfp, dose rates were within 0.1X

of the values obtained without this added restriction on =
Comparison with MicroSkyshine Results

Results of K-SHINE calculations have been invoked throughout Chap—
ters 5 and § as independent confirmations of the walidity of MicroSky-
shine calculations. Specific results which pertain to the XSU benchmark
skyshine experiments are tabulated in Appendix D. A direct comparison
of the two methods for the conditions of the KSU benchmark experiments
is shown in Fig. 6.12

6.5 Comparison with Hybrid ANISN/SKYSHINE-II Calculations

Keck and Herchenroder [KeS2] performed calculations for the
conditions of the KSU benchmark experiments, with concrete overhead
shielding, using a hybrid technique. They first used the ANISN one-
dimensional discrete—ordinates transport code to estimate the energy and
angular distributions of the gamma rays emerging from the top surface of
the overhead concrete shield. Treating the upper shield surface as a
secondary source, they then used the SKYSHINE-II code [La73] to calcu-
late skyshine dose rates. Their results, which agree very well with
experimental results, are illustrated in Fig. 6.13 along with MicroSky-
shine results for the same conditions. The MicroSkyshine results are in
good agreement and are for the most part conservative.



Table 6.1.

Comparison of G

o

Problems GGGO03 and GGGLO6
conditions of the KSU benchmark experiment with a point

source in a silo without overhead shielding.

Areal Densitcy

Normalized Exposure (m°Rfsr)

x (m) (g/cm2) GGGO03 CGCO06
40 o 5.47E-17 6.21E-17
80 10 1.10E-16 1.06E-16

160 20 1.40E-16 1.35E-16
240 30 1.23E-16 1.1SE-16
320 40 9.54E-17 9.1SE-17
480 60 4. T3E-17 4,55E-17
640 S0 1.88E-17 1.91E-17
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Table 6.2. G® Problems GGGOOT and GGGO0S for the conditions of the
KSU benchmark experiment with a point source in a silo
with overhead concrete shielding.

Normalized Exposure {m R/sr)
Areal Density

x (m) (g/cm2) GCEoO3 (21 cm) GEGO0S (42.8 cm)

40 o 5.80E-12 2.09E-20

S0 10 1.135E-18 3.39E-20

160 20 1.26E-18 3.49E-20
240 30 2.62E-15 2.53E-20
320 40 6.62E-19 1.65E-20
480 a0 2.61E-19 5. 89E-21
640 80 5. T4E-20 1.7TE=-21
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Table §.3. Comparison of G and MicroSkyshine Results for the case
of a point source of 6.13-MeV photons shielded by an
infinite vertical wall.

Normalized Fxposure (R/photon)

No Overhead Shielding 30 cm Concrete Shielding

X (m) GGG104 MicroSkyshine GGG103 MicroSkyshine
100 9.43E-21 1.18E-20 §.38E-22 1.91E-21
200 2.38E-21 3. 14E-21 2,18E=-22 5.18E-22
300 T.T1E-22 1.068E=-21 7.21E-23 1.TSE=-22
500 1.05E-22 1.5TE-22 1.02E-23 2.80E-23
SO0 5.54E-24 1.38E-23 6.38E-25 2.55E-24
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within a cylindrical silo with a 150.5-degree full-angle of
collimation and no overhead shielding. Solid line:
MicroSkyshine. Broken line: G°. Dashed line: 10-group DOT
calculations.
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10-group DOT calculations.
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Fig. 6.8 Vertical section view of the zeometry emploved in G°

calculations for the point source in a cylindrical silo
shield. Notation is deseribed in the text.
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vertical wall.
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Geometry for benchmark skyshine experiments. Source is in
a concrete anmular cylinder (2.5m i.d., 4.35-m o.d.,
2.209-m height) and either shielded from above by a concrete
slab (21.0 or 42.8 cm thick) or collimated into a
150.5—degree vertical cone (inset). IHstances = and b
refer to the air path distances between the source and
scattering element and between the scattering element and

the detector respectively. Ray distance through concrete
is denoted by c. -
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7. Material Properties Used in MicroSkyshine

7.1 Gamma—Ray Interaction Coefficients

Total mass interaction coefficients, excluding coherent scattering,
are based on data from Storm and Israel [StS7] and are listed in Table
7.1. Interpolation is as follows. If the photon energy E is between
tabularted values Ei and Ei+1'

terms of (;.u’p}i and [;pr}i_l_l as

then p/p. evaluated ar E, is given im

1n(E) — In{Ei}
wp = exp |ln{p/p). + [In{u-’ﬂ}iﬂ—lﬂfitfp}i] - Sk7T-1)
In(E, ,)-In(E,)
7.2 Approximations for Camma-Ray Buildup Factors
Buildup factors are based on the Berger approximation, namely,
B(E.ur) = 1 + a(E)-ur-e 2{E)HT (7.2)

in which pr is the number of photon mean-free-paths at source energy E
and the coefficients a and b depend not only on the source enmergy E but
also on the attenuating medium. The buildup factors employed in the
MicroSkyshine method are air-kerma buildup factors which are suitable
for exposure and dose equivalent [Ch84]. The coefficients listed in
Table 7.2 are based on the work of Chilton, Eisenhauer, and Simmons
[Ch75, Ch79]. Interpolation is as follows. If photon energy E is
between tabulated wvalues Ei and Ei+1' the the wvalue of a (or b)

o2




evaluated at energy E is given by

In(E) - In(E,)

a=a_ + Boes =tm ] (7.3)
i [ i+l i ]
In{Ei+1]—in(Ei}




Table 7.1. GCamma-ray mass interaction coefficients {total - coherent
scattering) used in the MicroSkyshine Program [St67].
/p (ca’/g)
E
(Me¥) Air H2-D Concrete Fe b Zr L'I':]i2
0.10 0.148 0.165 0.166 0.333 5.32 0.911 1.48
0.15 0.133 0.148 0.138 0.179 1.2 0.353 2.18
0.20 0.122 0.135 ©0.124 0.136 0.533 0.208 1.09
0.30 0.106 0.118 ©0.107 0.105 0.369 0.123 0.430
0.40 0.0954¢ 0.106 0.0954 0.0913 0.215 0.0970 0.248
0.50 0.0868 0.0966 0.0871 0.0824 0.150 0.0845 0.172
0.60 0.0803 0.0855 0.0806 0.0758 0.117 0.0753 0.131
0.80 0.0705 0.0786 0.0709 0.0662 0.0840 0.0845 0.0922
1.00 0.0636 0.0707 0.0636 0.055<¢ 0.0880 0.0572 0.0736
1.50 0.0516 0.0574 0.0518 0.0486 0.0509 0.0465 0.0538
2.00 0.0442 0.0493 0.0447 0.0424 0.0451 0.0412 0.0472
3.00 0.0357 0.0396 0.0364 0.0360 0.0416 0.0362 0.0408
4.00 0.0308 0.0340 0.0312 0.0331 0.0416 0.0347 0.0420
2.00 0.0275 0.0303 0.0285 0.0315 0.0424 0.0340 0.0423
6.00 0.0252 0.0277 0.0265 0.0305 0.0433 0.033% 0.0430
§.00 0.0222 0.0200 0.0242 0.0286 0.0456 0.0341 0.0448
10.00 0.0203 0.0222 0.0230 0.0298 0.0489 0.0352 0.0475




Table 7.2. Coefficients for the Berger form of the buildup factor as
used in the MicroSkyshine method [Ch75, Ch79].

Air Water Concrete Iron Lead
E

(MeV) a b a b a b a b a b

0.10 5.83 0.113 6.11 0.120 1.83 0.028 0.24 -0.030 0.20 0.470
0.15 4.70 0.121 4.88 0.125 2.19 0.054 0.52 —0.015 0.21 -0.075
0.20 3.94 0.113 4.13 0.118 2.20 0.085 0.77 0.004 0.08 -0.054
0.30 3.10 0.094 3.18 0.09 2.03 0.067 1.06 0.022 0.08 —0.040
0.40 2.61 0.079 2.67 0.080 1.87 0.061 1.15 0.033 0.11 -0.033
0.50 2.29 0.067 2.32 0.068 1.73 0.055 1.16 0.035 15 -0.028
0.60 2.05 0.058 2.07 0.05%2 1.60 0.049 1.14 0.035 0.12 -0.024
0.80 1.71 0.04€ 1.74 0.045 1.41 0.040 1.09 0.032 0.25 -0.019
1.00 1.50 0.035 1.50 0.036 1.27 0.032 1.03 0.028 0.30 -0.015
1.50 1.16 0.021 1.16 0.021 1.02 0.021 0.88 0.020 0.36 -0.007
2.00 0.97 0.013 0.97 0.013 0.89 0.014 0.76 0.018 0.38 0.004
3.00 0.75 0.005 0.74 0.005 0.71 0.007 0.66 0.014 0.37 0.019
4.00 0.61 0.001 0.62 0.000 0.59 0.004 0.56 0.015 0.31 0.038
5.00 0.53 -0.002 0.52 —0.002 0.49 0.004 0.49 0.01T 0.24 0.052
5.00 0.47 -0.004 0.47 -0.005 0.45 0.002 0.42 0.021 0.19 0.082
§.00 0.37 -0.004 0.38 -0.006 0.36 0.001 0.33 0.028 0.11 0.125
10.00 0.31 -0.004¢ 0.31 -0.005 0.30 0.003 0.25 0.039 0.07 0.161

_—lﬁ
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Tabulation of Results [rom MicroSkyshine Calculations
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Table A6.1. Resulrts of MicroSkyshine calculations for point sources
collimated in 27 geometry. Air density = 0.00125 g/cm”.
Quadrature order = 1G.

Exposure (R} per Photon
x {m) 0.1 MeV 0.2 MeV 0.5 MeV 1.0 MeV
25 4.354E-19 2. 805E-19 2. 153E-19 4 Bl4E-1%9
20 1.116E-19 1.895E-19 2.137E-19 2.120F-19
[ 4.362E-20 7.415E-20 1.168E-19 1.2GGE-19
1CO 2.014E-20 3.503E-20 7.051E—20 8.328E-20
200 1.801E-21 4.923E-21 1.4258E=-20 2.202E-20
200 2.660E-22 9.632E-22 3.67T9E-21 T.136E-21
400 5.125E-23 2.253E22 1.067TE-21 2.531E-21
S00 1.170E-23 5.837TE-23 3.333E-22 0. 549E-22
S00 2.999E-24 1.621E-23 1.098E-22 3.TB9E-22
T 8. 343E-25 4.TI0E-24 3.7T84E-23 1.57V3E-22
800 2.470E=-25 1.445E-24 1.349E-23 5.814E-23
S00 T.679E-26 4.566E-25 4. 958E-24 3.059E-23
1000 2.485F-26 1. 487TE=-35 1.872F—24 1.432F-23
x (m) 2.0 MeV 5.0 MeV 10, MeV
s 5.270E-19 5.579E~-19 T.010E-19
S0 2.57T9E-19 2_286E-19 2_T11E-19
[ 1.471E-19 1.,3<0E-19 1.523E-19
100 9.522E-20 S. 000E—20 9.956E-20
200 2_695E-20 3.024E-20 3. 263E—20
300 1.030E-20 1.382E-20 1.546E-20
400 4_47T8E-21 T.193E-21 8.53%E-21
500 2_.101E-21 4.037E-21 5.133E-21
S00 1.038E-21 2.383E-21 3.257TE-21
100 . 320E-22 1.460E-21 2_146E-21
S00 2.814E-22 0 _214E-22 1. 454F-21
SO0 1.522E-22 o . 959E-22 1.007E-21
1000 5. 400E-23 3.937E-22 T.106E—22
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Table AG_2. Normalized gamma-ray skyshine exposure as a functicn of areal
density.separating source and detector. The source is Cobali-
60 and is collimated by a cone of 130.5-degree full angle. In
one case, there is no overhead shielding, in another there is
a 2l-cm thick concrete shield, and in a third there is a
42_.8—cm thick concrete shield. Concrete density is 2.32
g/cm” The normalized exposure is Roentgens per photon,
=ultiplied by the square of the source-to-detector distance
{m} and divided by the solid ansle of collimation. Air
density is 1.25 mg/em” and the areal density is the product
of the density and the source-to-detector distance.
Calenlations were performed using the MicroSkyshine program.
Normalized Exposure {m® R/sr) [1.17-1.33 MeV Ave. ]
Areal Scurce-lletector
Density Distance Open 21—cm 43-cm
(g/em®) (=) Silo Concrete Concrete
4 32 3.396GE-1T 2.398E-18 1.291E-19
8 64 6.434F-1T 4_4T8E-18 2.424E-10
12 o5 8.417E-17 5.T34E-18 3.091E-19
16 128 Q. 43TE-17T 6.270E-18 3.300E-19
20 160 9.652E-17 6.287TE-18 3_312F-19
24 192 0.438E-17 5.969E-18 3. 148E-19
28 224 8.861E-17 5.461E-18 2.856E-19
a2 256 8. 100E-17 4.866E-18 2.521E-19
365 288 T.261E-17 4.252E~-18 2.182E-19
40 320 6.411E-17 3.G58E-18 1.860E-19
44 352 o.097E-17 3.113E-18 1.566E-15
418 354 41.841E-17 2.624E-18 1.306E-19
52 416 4.15TE-17 2.196E-18 1.082E-19
56 448 3.550E-1T 1.827E-18 8.895E-20D
G0 4 3.018E-1T 1.513E-18 T.289E-20
G4 512 2_S57TE-17 1.249E-18 o.943E-20
GS 544 2. 160E-17 1.028E-18 4.833E-20
T2 576 1.821E-17 S.438E-19 3.919E-20
15 608 1-533E-17 6.919E-1S 3. 172E-20
&0 640 1.289E-17 S.665E-19 2.563E-20
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Line-Beam Gamma-Ray Response Functions




Takle Bl. Gamma-ray atmospheric scattering coefficients used in
the PRIGAM data base of the RRA SKYSHINE-II ccde [La79].

cource Energy Range: 9 = 10 MeV
Angle Range Coefficient Coefficient Coefficient
(degrees) a b c
== 1 -0.96633 -2.22751 0.00124
1 2 -7.23194 -1.59176 0.00116
ah 3 -10.55880 —-1.03487 0.00228
3 - 5 -10.71092 -1.10146 0.002186
5 = 7 -15.95755 -0.16114 0.00359
i Al =11.35975 -1.25891 0.00159%
)= -10.74326 -1.4929]1 0.001£4
15 = 20 -12.98317 -1.16770 0.00256
20 - 30 -14.41240 -1.03743 0.00298
30 = 40 =-15.80386 —0.88826 0.00£16
40 - 50 -15.84307 -0.96073 0.00479
50 - &0 -13.66694 -1.46349 0.00482
60 - 70 =17.65994 -0.66462 0.00743
70 - 80 =-19.20303 -0.38074 0.00883
80 — 90 -16.58897 =1.03876 0.00657
90 - 100 -15.18189 -1.38329 0.00580
100 - 120 -17.58408 -0.82025 0.00921
120 - 140 =-15.98180 =1.25561 0.00757
140 - 1680 -17.44104 -0.96695 0.00862
160 - 180 =17 .76595 -0.92762 0.00971
Source Energy Range: 8 - 9 MeV
Angle Range Coefficient Coefficient Coefficient
(degrees) a b c
0 = 1 =-1.27643 =2.19521 0.00117
1 = 2 -5.026256 -1.86655 0.00032
2 = 3 -9.,32754 -1.41189 0.00068
= 5 -10.08947 -1.22374 0.00188
). T -11.52567 =1.02790 0.00239
= ) =12 .54757 -0.95172 0.00256
10 - 15 -16.28294 -0.31207 0.00404
15 = 20 -12.47079 =1.27018 0.00210
20 - 30 -13.79041 -1.12887 0.00300
30 - 40 -13.44670 -1.35021 0.00308
40 - 50 =15.25742 -1.08369 0.00422
50 = 60 =15.89613 -=1.03279 0.00527
60 - 70 =-17.16479 -0.80018B 0.00655
70 - 80 -16.28027 -1.07681 0.00599
80 - 90 -19.24190 -0.47628 0.00839
S0 - 100 -19.02226 -0.58027 0.00797
100 - 120 -18.44720 -0.70765 0.00867
120 - 140 -17.89644 -0.89165 0.00817
140 - 160 =19.65666 -0.42598 0.01047
160 - 180 -15.62134 -1.484086 0.00565



Table Bl.

Scurce Energy Range:

Angle Range Coefficient
(degrees) a
0 = 1 =1.61453
l] - 2 =6.32340
2 = 3 =5.99313
3= 5 -10.52523
5 = 7 -10.45683
7i=110 —9.85828
TOR=ER' —-12.93887
15 = 20 =15.12577
20 = 30 =-15.62516
30 - 40 -14£.92150
40 - 50 -15.88956
50 — 60 -18.57085
60 — 70 -16.88673
70 - 80 =17.29063
g0 - 90 -19.08473
90 = 100 =19.624138
100 - 120 -19.91608
120 - 140 -18.55849
140 - 160 -26.29880
160 = 180 -16.83810
Scurce
Angle Range Coefficient
(degrees) a
0 - 1 -2.38309
]l - 2 -4 .80042
g 3 -T.47771
Jii= 5 -8.84173
= — 7 -83.77149
7 = 10 -17.8583]
10 - 15 -11.52531
15:=: 20 -13.26708
20 = 30 -14.5%400
30 = 40 =15.08376
40 - 50 -15.26557
20 = 60 =-14.40582
60 = 70O -17.16684
70 =" B0 -16.82616
B0 — 90 =-17.77261
90 - 100 -18.42287
100 = 120 -17.43135
120 - 140 -15.56391
140 - 160 -20.75914
160 = 180 =-22.50772

Gamma-ray atmospheric scattering coefficients used in
the PRIGAM data base of the RRA SKYSHINE-II code [La79]

7 - 8 MeV
Coefficient Coefficient
b c
=-2.07288 0.00185
-1.76996 0.00078
—1.90355 0.00088
=-1.13105 0.00211
=]1.26182 0.00174
-1.47730 0.00158
-1.00588 0.00246
=0.67508 0.00348
-0.71210 0.00387
-1.028863 0.003a67
-0.89034 0.00511
-0.41270 0.00684
-0.82599 0.00654
-0.75680 0.00758
-0.44583 0.008B51
~-0.27734 0.01072
-0.23485 0.01189
=0.64599 0.00947
1.0&8575 0.01546
=1.12779 0.00843
Energy Range: 6 — 7 MeV
Coefficient Coefficient
b C
-1.90254 0.00227
=-2.06050 0.00030
=1.62820 0.00138
=1.44803 0.00170
-1.59304 0.00125
0.23745 0.00540
-1.23708 0.00229
-1.03658 0.00275
=0.885213 0.003539
-0.94101 0.00385
=1.02850 D.00438
=1.28041 0.00472
-0.70713 0.00727
-0.87989 0.00692
=0.70027 0.007821
=-0.561044 0.00838
-0.82087 0.00893
=1.35470 0.006867
0.05193 0.01584
0.162886 0.011s54

-



Table Bl.

Source Energy Range: 5 - 6 MeV
Angle Range Coefficient Coefficient Coefficient
(degrees) a b c
Q8= 1 -1.17040 -2.17234 0.00171
e 2 -6.28665 -1.77324 0.00085
2 - 3 —6.92961 —1.70296 0.00138
SR= -] -9.37788 -1.31503 0.00204
F] = 7 =-9.19481 -1.50111 0.00152
T =-10.63778 —1.27132 0.00208
10 = 15 -12.459068 -1.02191 0.00288
D K -12.96586 =-1.02922 0.00303
208=2S 30 —-12.74737 -1.24221 0.00294
30 - 40 -14.33475 -1.05459 0.00387
40 = 50 =15.27230 -0.94429 0.00499
50 = &0 =-15.37394 =1.05225 0.004597
60 - 70 -15.79401 -0.98227 0.00612
TOR=H0 -18.83327 -0.39076 0.00842
80 - 90 -16.85590 -0.88791 0.00704
90 = 100 =19.22762 -0.309886 0.01064
100 - 120 -16.74614 -0.96728 0.00832
120 — 140 =-19.837238 -0:38135 0.00937
140 - 160 -20.87526 =0.0807%9 0.01287
160 - 180 -21.24854 -0.07652 0.01207
Source Energy Range: 4 - 5 MaV
Angle Range Coefficient Coefficient Coefficient
(degrees) a b c
0.~ 1 =1.35251 -2.09433 0.00238
1 - 2 —6.39405 -1.64521 0.00188
2 = 3 =-5.14678 =-2.03407 0.00108
3= 5 =13.22635 -0.45479 0.00436
L 7 -13.89037 -0.39186 0.00465
R =-12.03440 =-0.91836 0.00329
8 1 RS -12.98685 -0.83081 0.00369
1H o= -2 -14.23684 -0.72083 0.003%6
20 = 30 -13.50491 =1.01001 0.00382
30 — 40 =-13.50518 -1.17783 0.00370
40 — 50 -16.39047 -0.66536 0.00572
50 = 60 -16.86620 -0.65382 0.00626
60 - JO -19.25792 =-0.24138 0.00735
70 .— . B0 -17.1%453 -0.59774 0.00913
80 — 90 -16.49124 -0.93109 0.00652
90 = 100 -20.81064 =0.05883 0.00936
100 — 120 -20.82613 =0.04857 0.01101
120 - 140 -18.14961 -0.67325 0.00935
140 = 160 -21.16092 0.17101 0.01616
160 — 180 -23.8B2805 0.805938 0.02023

Gamma-ray atmeospheric scattering cocefficients used in
the PRIGAM data base of the RRA SE¥SHINE-II code [La7%9].



Table Bl. Gamma-ray atmospheric scattering coefficients used in
the PRICAM data base of the RRA SKYSHINE-II code [La79].

Source Energy Range: 3 - 4 MeV

Angle Range Coefficient Coefficient Coefficient
(degrees) a b c
0 - 1 -1.41427 -2.07015 0.00286
1 - 2 =25.33547 -1.84693 0.00191
2 - 3 =8.29190 =1.30205 0.00302
3 = B =7.58098 —-1.61380 0.00204
5 - 7 -12.032496 =0.77352 0.00389
T =it ) =11.16574 =-1.03341 0.00350
10 - 15 -12.45523 =0.87951 0.003%4
15 = 20 =11.64471 =-1.19637 0.00326
20 = 30 =15.75365 —-0.45302 0.00533
30 - 40 -13.30522 -1.14323 0.00410
40 - 50 =15.40535 =-0.81598 0.00530
50 - 60 =15.36346 -0.90304 0.00564
60 - 70 =-14.959603 -1.04959 0.00618
70 = 80 =-14.69474 -1.13174 0.00705
80 — 90 =-17.08331 -0.65058 0.0088¢6
S50 — 100 -17.31468 =0.67162 0.00886
100 = 120 -17.30241 -0.73850 0.00875
120 — 140 -17.00349% -0.88367 d.00879
140 - 160 -21.660113 0.16085 0.01294
160 - 180 =-19.71294 =-0.41913 0.00929

Scurce Energy Range: 2 - 3 MeV

Angle Range Coefficient Coefficient Coefficient
(degrees) a b C
0= 1 =12 0S777 =-2.09146 0.00374
] e 2 -5.879238 —-1.65246 0.00310
2 = 3 -7 .25144 =1.50154 0.00327
3 = < =9.75290 =1.09374 0.00357
5 = 7 -8.56222 =1.4394% 0.00304
7 = 10 =10.45913 =1.12257 0.00384
10/ =r8sLh =-13.33892 -0.61638 0.00510
15 =SS0 -14.00175 —0.62580 0.004938
20 - 30 -13.65808 -0.82971 0.00433
J0 — 40 -14.28149 -0.83548 0.00510
40 — 50 -14.40747 =0.93293 0.00520
50 - 60 -14.93578 -0.87661 0.00644
60 - 70 =-15.05494 -0.93686 0.00663
70 - 840 —16.73682 —-0.60065 0.00866
80 = 90 =15.43850 -0.93736 0.00803
90 = 100 =-18.04227 -0.25080 0.01270

100 - 120 =16.87531 =0.75006 0.008B77

120 - 140 =-15.51526 —1.16113 0.00759

140 = 160 -18.00386 =0.46767 0.01329

160 — 180 -18.27325 =-0.51747 0.01210



Table Bl.

Angle Range

(degraes)
0 - 1
AL 2
Pl 3
3 = 5
5 = 7
7 = 10
e fo= Il
1= r
20 - 30
30 - 40
40 — 50
S0 — &0
60 - 70
70 - 80
80 - 90
90 - 100
100 - 120
120 - 140
1a0 - 160
160 = 180

Angle Range

(degrees)
= 1

1 = 2

2 - 3

3 - 4

«] = 7

7 =10
1) = A6
15 = 20
20 - 30
20 - 40
g OE= A
50 - 60
60 = 70
70 - 80
80 - 90
90 - 100
100 = 120
120 - 140
140 - 160
1leé0 - 180

Source Energy Range:

Coefficient

a

-1.88207

=6.15557

-6.68954

=-7.61911

-8.7445%
=-10.51921
=10.74350
=12.33465
-12.70635
-12.41500
=-13.64023
=14.84865
=17.12921
-14.29750
-16.27524
=15.49397
=15.89609
=-17.14375
-16.03120
=13.88944

1l - 2 MeV

Coefficient Co

D

-1.83160
—1.55195
=1.57096
-1.43174
-1.29658
-1.02387
-1.09209
-0.82242
-0.88581
-1.076863
-0.52274
-0.73399
-0.24467
-1.03933
-0.66829
-0.85092
-0.78414
-0.53206
=0.82810
-1.46034

Source Energy Range:

Coefficient

=1.70224

-3.74522

-6.78916

=9.66956
=10.30125
-13.67237
-12.91123
-13.44011
-16.17589
=-14.568676
-13.04258
-14.4437¢
=-16.26572
=15.89551
-15.63542
=-15.25005
-15.51944
=16.45744
-15.57878
-14.66253

Gamma-ray atmospheric scattering coefficients used in
the PRIGAM data base of the RRA SKYSHINE-II code [La729].

efficient

[

0.00638
0.004432
0.00404
0.00479
0.00485
0.00529
0.00492
0.00584
0.00572
0.00568
0.00646
0.00754
0.01027
0.00677
0.00800
0.00832
0.00850
0.01147
0.01049
0.00697

0.5 — 1 MeV

Coefficient ¢ OO

b

=1.88534
-2.03614
-1.40120
-0.83778
-0.82406
-0.15578
=-0.51830
=0.51253

0.03%26
-0.36593
=0.88446
=-0.62403
-0.25079
-0.39649
-0.59517
-0.55038
—0.56528
-0.48B418
=-0.66388
=-0.93023

efficient

=

0.007086
0.00£89
0.00749
0.00962
0.00905
0.01097
0.00809
0.00787
0.01026
0.00975
0.00769
0.00914
0.01107
0.01087
0.00945
0.01278
0.01256
0.01152
0.01211
0.01075



Table Bl. Gamma-ray atmospheric scattering coefficients used in
the PRIGAM data base of the RRA SKYSHINE-II code [La79].

Source Energy Range: 0.1 - 0.5 MeV

Angle Range Coefficient Coefficient Coefficient
{degrees) a b c
0 - 1 -3.03216 -1.36209 0.01758
L= 2 -4.02539 =-1.95695 0.00743
bl 3 =5.00325 -1.87462 0.0068%9
3 - 5 -7.79520 -1.32186 0.00879
5 - 7 -8.64205 -1.17512 0.00942
7 - 10 =9.09309 -1.15442 0.00591%9
10 - 15 -9.36501 -1.16253 0.00%24
15 = 20 =11.28526 -0.75515 0.01147
20 - 30 =10.62629 =1.08614 0.00891
30 = 40 -12.17277 =-0.71810 0.01192
40 - 50 =13.91578 -0.31443 0.01&83
50 - &0 =-12.97496 -0.73646 0.01128
ed - 70 =12.52756 =0.90100 0.01083
70 = BD -12.80100 =-0.93309 0.01002
80 — 90 =-14.43838 -0.51621 0.013256
90 - 100 =13.30396 -0.81320 0.01255
100 = 120 =13.55091 =0.70494 0.01254
120 - 149 -13.42071 -0.89696 0.0115%
120 - 160 =13.24349 =-D.96503 0.011%8
160 = 180 -14.60762 =-D.45341 0.01852
Source Energy Range: 0.01 - 0.1 MeV
Angle Range Coefficient Coefficient Coefficient
(degrees) a b c
0 - 1 2.54685 -3 .05353 0.00944
1 = 2 0.34319 -3.03892 0.00562
2 - 3 -2.23370 -2.43497 0.01010
3 - S —=3.63825 -2.13858 0.01288
5 = 7 -5.68574 =1.73715 0.01361
7 = 1G -6.19980 =1.67393 0.01435
10 = 15 -7.36487 -1.45444 0.01539
15 = 20 —9.98350 -0.67649 0.02337
20 - 30 -7.86144 -1.55991 0.01343
30 — 40 -0 .12073 -1.28620 0.01615
40 - 50 —8.91406 -1.48840 0.01327
50 = 60 -9.65228 =1.27510 0.01723
80 - 70 -8.75517 -1.69228 0.01234
70 — 80 =-9.41166 =1.51541 0.01453
80 - 90 =-10.59076 -1.144%1 0.01%10
90 = 100 =-10.92487 -1.01646 0.021%90
100 - 120 =10.87449 =1.13016 0.01965
120 - 140 =10.25175 =-1.37627 0.01667
140 - 160 =10.00213 -1.49537 0.01582
160 — 180 -10.47370 =1.32353 0.01834






