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ABSTRACT

The dose equivalent at an air-ground interface as a
function of distance from an assumed azimuthally symmetric
point source of neutrons can be calculated as a double
integral. The integration is over the source strength as a
function of energy and polar angle weighted by an importance
function that depends on the source variables and on the
distance from the source to the field point. The neutron
importance function for a source 15 m above the ground emitting
only into the upper hemisphere has been calculated using the
two-dimensional discrete ordinates code, DOT, and the first
collision source code, GRTUNCL, in the adjoint mode. This
importance function is presented for neutron energies < 400 MeV,
for source cosine intervals of 1 to .8, .8 to .6, .6 to .4,

.4 to .2 and .2 to 0, and for various distances from the

source to the field point. As part of the adjoint calcula-

tions a photon importance function is also obtained. This
importance function for photon energies < 14 MeV and for

various source cosine intervals and source-to-field point

distances is also presented. These importance functions
may be used to obtain skyshine dose equivalent estimates for
any known source energy-angle distribution.

To illustrate the use of the results,the dose equivalent
as a function of distance from one of the target areas at the

Alternating Gradient Synchrotron at the Brookhaven National

vii




Laboratory has been calculated and is compared with the
experimental data of C. Distenfeld and D. Colvett.

The energy-angle distribution of the neutron source used in
this calculation was taken from the measurements of R. Madey,
A. R. Baldwin and F. W. Waterman.

To aid in the design of the roof over a target area for
the 400 GeV proton accelerator, ISABELLE, being constructed at
the Brookhaven National Laboratory, the dose equivalent as a
function of distance from the target area and as a function of
roof thickness has been calculated and is presented. The
enefgy-angle distribution of the neutrons emerging from the
roof over the target area was calculated as a function of
roof thickness using the high-energy transport code, HETC.

The dose equivalent from these neutrons has been calculated
using the importance results. Also, in one case, the dose
equivalent has been calculated directly with the discrete
ordinates codes and a comparison between dose equivalent as

a function of distance obtained by direct calculation and using

. adjoint methods is given.

viii
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1 INTRODUCTION

In designing the shielding for high-energy accelerators it
is necessary to consider the radiation that passes into the
atmosphere from the top of the shield and is scattered back
to the earth producing a radiation field at distances
reasonably removed (~1000 m) from the accelerator. This
phenomena is usually called '"skyshine'" and has been studied

by a variety of inves‘cigators.l_3

In this paper two-dimensional

discrete ordinates methods are used to obtain, numerically,

importance functions that may be used to estimate the dose

equivalent from skyshine. The importance functions are given

for a neutron (and/or photon) source 15 m above the ground and

emitting only into the upper hemisphere. These functions are

presented for neutron energies < 400 MeV, for photon energies

< 14 MeV, for various source cosine intervals, and for various

source-to-field point distances. The upper limit on the

neutron energy is dictated by practical consideration, i.e.,

it 1s below the effective pion production threshold, but it

is sufficiently large for most applications even around very

high-energy accelerators.l-3
To illustrate the use of the neutron importance functions,

and to demonstrate the accuracy that can be obtained, calcu-

lations have been carried out and compared with experimental

data taken by C. Distenfeld and D. Colvett.2 Also a

series of calculations have been carried out to aid in the

design of the shielding for the 400 GeV storage ring,

ISABELLE,4 under construction at the Brookhaven National

Laboratory.




In Section 2 the importance function calculations are
described and the neutron importance function is presented
and discussed. The photon importance function is given in
Appendix A. In Section 3 calculated results for the dose
equivalent as a function of distance from one of the target
areas at the Alternating Gradient Synchrotron at the
Brookhaven National Laboratory are presented and compared
with experimental data. In Section 4 calculated results for
the skyshine dose equivalent from a 400 GeV accelerator
target area are presented and discussed. A signficant part
of this calculation is the method used to determine the
neutron source as a function of roof thickness and the

details of these calculations are also presented in Section 4.

2 IMPORTANCE FUNCTIONS

Before describing the calculations of the importance
functions, the manner in which they are to be used will be
incidated. The dose equivalent, Di(?) due to source particles

may be written

Di(?) = Jsi(E,cose)Ii(E,coso,?)dEd (1)

where

i = n for neutrons and y for protons,



&)

1

Si(E,cos@) the number of source particles of
type 1 per unit solid angle at energy
E and polar angle © (the source is by

assumption independent of the azimuthal

angle),

Ii(E,cosO,?) the importance of particles of type 1 at
energy E and polar angle © and average
radial distance r.

It is to be understood thap Eq. (1) is for the dose equivalent
at the air-ground interface. If the source contains both
neutrons and photons, the total dose equivalent is the sum of
the dose equivalents for the two values of i. For many
applications the dose equivalent contribution from source
photons is small compared to the contribution from source neu-
trons and thus the importance function for photons 1is not
nearly as significant as that for neutrons. For this reason,
and because the photon importance function is not used in
Section 3 and 4 of this paper, it will not be presented in
this section,jbut'it-igfgiveﬁ‘in Appendix A. It is, perhaps
worth noting that the dose eqﬁivalent given by Eq. (1) for

i = n does contain the contribufion to the dose equvialent at

r due to photons that are produced by neutron-nucleus collison

and reach the detector.

A schematic diagram of the geometry (cylindrical) for which
the importance functions have been calculated is shown in

Fig. 1. The point source is 15 m above the air-ground inter-
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Fig. 1. Schematic diagram of geometry for which impor-
tance functions are calculated.



face and is assumed to emit only into the hemisphere away from
the ground. Cylindrical symmetry about the z axis is assumed.
The point source may emit neutrons, photons, or a combination
thereof.

Air was assumed to be composed of 79% nitrogen and 21%
oxygen and to have a density of 1.20 x 10—3 g/cms. Ground was
assumed to be silicon dioxide with 5% water by weight and to

have a density of 1.8 g/cms.

At neutron energies < 60 MeV the multigroup cross section
data for hydrogen, oxygen, and silicon were taken from Ref. 5.
Multigroup cross section data for nitrogen at energies
< 60 MeV were prepared using the same methods and codes as
those used in Ref. 5. Above 60 MeV differential cross section
data for neutron-nucleus nonelastic collisions were taken
from Refs. 6 and 7 and differential cross section data for
elastic collisions were obtained using the optical model code
GENOA* and the parameters of F. D. Bercchette and
G. W. Greenless.8 It should be noted that photon production
from neutron-nucleus collisions at energies > 15 MeV are not
available, and in all of the calculations reported in this
paper it is assumed that this photon production may be
neglected.9 Photon multigroup cross sections were taken

from Ref. 10.

* .
This is an undocumented optical model code written by
F. G. Perey at the Oak Ridge National Laboratory.




The neutron flux-to-dose equivalent rate conversion
factors were taken from the recommendation of the National
Council on Radiation Protection11 and the photon flux-to-dose
equivalent ratio conversion factors were taken from the work
of H. C. Claiborne and D. K. Trubey.12

A1l of the calculations were carried out with the two-

13

dimensional discrete ordinates code, DOT, and the first

collision source code, GRTUNCL*, all in the adjoint mode.
The first collision source code is used to avoid ray effects
in the discrete ordinates calculations.

It was determined numerically that the results were
essentially unchanged if the top of the atmosphere was taken
to be 555 m, if the ground thickness was taken to be 0.5 m,
and if the radial boundary was taken to 1560 m, so these
values were used. Since for the highest energy considered
here the mean free path for a nonelastic collision in the
atmosphere is of the order of 770 m, the height of the atmos-
phere is taken to be somewhat less than a mean free path.

The fact that this assumed height is adequate for the calcula-
tions considered here is very dependent on the energy-angle
correlation of neutrons produced from medium energy neutron-
nucleus collisions, i.e., only low energy neutrons are pro-
duced at large backward angles, and on the fact that only

detector locations in the vicinity of the air-ground inter-

*This is an undocumented code written by R. L. Ch@lds at the
Oak Ridge National Laboratory. A brief description of the
theory of the code will be found in Ref. 14.



face are considered. The calculations were carried out
using 37 axial mesh intervals in the air, 14 axial mesh
intervals in the ground, and 62 radial mesh intervals. The
angular dependence of the cross sections for all nuclei was
approximated using a P3 Legendre expansion corrected to a
P2 Legendre expansion assuming a delta function in the

15,16 The delta function correction is

forward direction.
used here to account for the fact that elastic scattering
becomes very forward at the higher energies considered here.
All of the calculations were carried out using a S8 angular
quadrature.

Neutron and photon importance has been calculated for
all neutron energies < 400 MeV, for all bhoton energies
< 14 MeV, for source cosine intervals of 1 to .8, .8 to .6,
.6 to .4, .4 to .2, and .2 to 0, and for average radial
distances (with the source at radius 0.0) of 11, 108, 495,
and 1005 m, and at the air-ground interface. These radial
distances are the midpoint of the mesh intervals used.
Because of the finite difference procedure used, the adjoint.
results correspond to averages over the detector radial inter-
vals 9 to 13 m, 96 to 120 m, 480 to 510 m, and 990 to 1020 m,
respectively; Also, because of the finite difference proce-

dure used, the values given for the air-ground interface

correspond to an average over an interval of 1 m (in air)




immediately adjacent to the actual air-ground interface. The

fact that the source is 15 m above the air-ground interface

does enter into the calculations. Strictly speaking, the

results are not applicable to other vertical source locations,

but to a reasonable approximation they may be applied to other

locations that are not markedly different from those used here.
in Figs. 2 through 5 the neutron importance is shown as

a function of energy for specified cos© intervals.* Each

figure corresponds to a different value of r as indicated.

The histogram interval used in the figures corresponds to

the energy group structure used in the calculation. In a

given figure the curves for the different cosine intervals

are very similar, but there are numerical differences. The

structure in the curve below approximately 15 to 20 MeV is

due to resonances in the cross sections. By comparing the

corresponding curve in the various figures it is clear that

the relative importance of high energy neutroné changes

substantially with r. That is, at r = 1005 m (Fig. 5) the

highest energy neutrons considered are much more important

than neutrons in the 1 MeV energy range, while at r = 11 m

(Fig. 2) the most importance is associated with neutrons in
the few MeV range and the very high energy neutron has a

relatively small importance.

* - - -
Numerical values for the importance functions shown in

Figs. 2 to 4 are available upon request.

»n
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3 COMPARISONS WITH EXPERIMENTAL DATA

In this section calculated results using the neutron
importance function of the previous sections are presented
and compared with the experimental data of C. Distenfeld
and D. Colvett.2 |

The dose equivalent as a function of r may be obtained

from Eq. (1) if the source Si(E,cosO) is known. The energy
distribution of the neutron source corresponding approximately
to the experiment has been measured at energies ¥ 20 Mev

17 and this measured spectrum is used here.

by R. Madey et al.,
The energy-angle distributions at energies ¥ 20 MeV have also
been measured by R. Madey and A. R. Baldwin*, and these dis-
tributions have also been used here. To carry out the calcu-
lation it is, of course, necessary to have the energy-angle
distribution of neutrons from the source at energies < 20 MeV.
The assumption is made here that the energy distribution of
low energy neutrons may be approximated by the energy distri-
bution of neutrons produced by cosmic rays deep in the atmos-
phere+ and this low energy spectrum is smoothly joined to the
spectrum above 20 MeV from Ref. 17. Furthermore, it is as-
sumed that the low energy (< 20 MeV) neutrons may be assumed

to be isotropic, and it is assumed that there are no source

photons.

*These energy-angle distributions are part of a doctoral dis-
sertation being prepared at Kent State University, and are
not yet published. We thank R. Madey and A. Baldwin for
allowing us to use their results prior to publication.

The actual low energy spectrum used is that calculated at
600 g/cm? in Ref. 18,
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The calculated and experimental results are compared in

Fig. 6. The calculated values are indicated by the solid

circles. The horizontal bars on the calculated points
indiéate the radial distances over which the calculated
results have been averaged. At r = 11 m the horizontal bars
are not shown because they are smaller than the size of the
points. The curve through the plotted points is drawn only
to aid in comparing the calculated and experimental data.
Because the expérimental source normalization is uncertain
(see below) the experimental data have been normalized to
the calculated results at a radial distance of 600 m. At
radial distances greater than approximately 150 m the cal-
culated and experimental results are in very good agreement.
At radial distances of 100 m and less the experimental data
are somewhét higher than the calculated results. This

discrepancy is probably due to the fact that the experimental

source configuration is not a point, but is somewhat extended.2

In Ref. 2 it is estimated that the experimental source
strength was 2 x 109 neutrons/s for neutrons with energy
> 20 MeV. The source strength below 20 MeV is not know. If
the source spectrum used in the calculations, with the contri-
bution from neutrons Below 20 MeV obtained from the cosmic
ray spectrum is used to obtain a normalization estimate for
the experimental data, then the experimental points in Fig. 6
would be multiplied by approximately 2.5. Thus, on an
absolute basis the calculated results are too low by approxi-

mately a factor of 2.5, but considering the very uncertain
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neutron source normalization this discrepancy may not
be real.
4 CALCULATIONS TO DETERMINE THE ROOF THICKNESS OVER A
TARGET AREA FOR A 400 GEV PROTON ACCELERATOR

4.1 - Neutron Source

In Fig. 7 a schematic diagram of the idealized geometry
used in the source Calcuiations is shown. The zero thickness
proton beam is incident on a long (16 m) aluminum target that
has a diameter of 0.004 m. In reality the target is a beam pipe
and what is being considered are the protons that scrape the
walls of this beam pipe. The concrete roof is 16 m long
(parallel to target), 32 m wide (transverse to target) and of
variable thickness. Reflectional symmetry is assumed with
respect to the y-z plane at x = 0. This symmetry assumption
is an idealization to improve the statistical accuracy of the
Monte Carlo calculations, i.e., neutrons are scored through
both "roofs" and one-half of this number is assumed to be
emitted through the actual roof. In reality, of course,
there is a floor 5 m below the target. The walls of the
target area are not shown in Fig. 7 and are neglected in the
calculations. It is assumed thaf these walls are sufficiently
thick that they absorb essentially all of the radiation that
strikes them. It is further assumed that the albedo from the
floor and walls that enter the roof may be neglected.

The transport calculations to obtain the energy-angle

and spatial distribution of the neutrons that emerge from the

C
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roof as a function of roof thickness were carried out with

19

the high-energy transport code HETC and the low energy

20 The code HETC has been :

(< 15 MeV) transport code MORSE.
described in detail elsewhere so only a brief discussion
will be given here.21 This code contains differential particle
production cross sections for nucleon-nculeus and pion-nucleus
collisions at all energies > 15 MeV. With this cross section
data and a variety'of other physical data such as charged
particle stopping powers, the code treats the nucleon-meson
cascade“that occurs when high-energy particles pass through
matter. The code utilizes Monte Carlo techniques and 1s
capable of treating essentially arbitrary geometry. When
neutrons fall below 15 MeV they are transported by the Monte
Carlo code MORSE. The cross section data utilized in MORSE
was taken from Ref. 10.

Calculatiéns have been carried out for roof thicknesses
of 0.0, .3, .6, .9, and 1.2 m. The energy-angle distribution
of neutrons emerging from the roof as a function of spatial
position and the angular distribution of these neutrons is
not azimuthally symmetric. Therefore, these distributions
cannot directly be used in conjunction with the importance
functions presented earlier in this paper. To make the dis-
tribﬁtions useable théy have been averaged over the spatial
extent of the roof and have been averaged over azimuthal
angles. This azimuthal averaging is consistent with possible N
beam losses occuring in each of the two counter-rotating beams ‘i}

passing through the experimental hall. The energy distribu-
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tions of the neutrons in various cosine intervals are shown
in Fig. 8 for a roof thickness of .6 m. The distributions
for the other roof thicknesses are similar to those shown in
Fig. 8.

Because of the averaging discussed above the skyshine
results baéed on the neutron distributions such as that shown
in Fig. 8 are approximate. However, at the energies considered
here, the major uncertainties in the results arise from the
uncertainties in the differential partial production cross
section. There are very little data on such cross sections
and the data that do exist are primarily restricted to very
small angles rather than to the large angles of interest here.

22 that is

In addition to HETC, there is another code, CASIM
*

capable of doing high-energy transport calculations. Both

codes use differential particle production cross sections

based on the small amount of available data, but the methods
used are quite different and therefore it is instructive to
compare results obtained with the two codes.

In Fig. 9 the total number of nonelastic collisions pro-
duced in specified volumes of the roof (see Fig. 7) by neu-
trons, protons, and charged pions with momentum > 300 MeV/c
as obtained with HETC and with CASIM are compared. The
momenta of particles considered is restricted to > 300 MeV/c
because CASIM does not treat the lower energy particles. In

the figure the number of nonelastic collisions in volumes

*All of the CASIM results were obtained by Dr. P. Gollon of
the Brookhaven National Laboratory and the comparison between
the HETC and CASIM results were done in collaboration with
Dr. Gollon.
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specified by roof thickness intervals, z intervals, and the
entire width of the roof are compared. The errors in all
cases are statistical and represent one standard deviation

in the Monte Carlo calculations. As the figure indicates

the agreement between the two calculations is reasonable in
almost all volume intervals. This agreement does not provide
any certainty that the results are correct, but it does indi-
cate that two independent estimates based on the available

data are in agreement.

4.2 Dose Equivalent vs. Radial Distance from the Source
for Various Roof Thicknesses

With the approximated neutron source distribution dis-
cussed in Section 4.1, and the adjoint results discussed in
Section 2, it is straightforward to calculate the dose equiva-
lent at the air-ground interface as a function of radial
distance from the (point) source for various roof thicknesses.
It is to be noted that the additional approximation is made
here that the source is always 15 m above the ground. Actually,
the roof begins at 15 m above the ground (the roof begins at
10 m above the target and the target is 5 m above the ground
or floor so for a roof thickness > 0 m there is a slight ap-
proximation in placing the source.

Calculated results for roof thicknesses of 0, .3, .6,

.9, and 1.2 m are shown in Fig. 10. The solid points show
the calculated results from Eq. (1). The solid curves are

drawn through the points only as an aid to interpret the



23

ORNL-DWG 80-15606
l l I

1045

[

o
N
/;)A%Hm

6!
3
//
ol el

1]
¢

T

c

2

2

a

£

[

et

Z

O

-

(@)

o - ROOF

— ‘e, THICKNESS

5 e 0.0 m

o0 =

ac — ]

W 0.6m *

Q40 19 — - =

= — =

g - \\\\\\\\\\\\\:ij:i\ _

N} | —

é B b S

S, -20 1.2 m

S0 E =

o — v 2 S—

i — —

L _' _

g; —21—— |

S 16 | | | |

0 200 400 600 800 1000
RADIAL DISTANCE FROM SOURCE (m)
Fig. 10. Dose equivalent per incident proton vs. radial

distance from the source for various roof thicknesses.




24

results. The horizontal bars on the points are to indicate
the spatial intervals over which the points have been averaged
due to the finite difference calculations. At a radial dis-
tance of 11 m the bars are not shown because they are smaller
than the plotted points. In considering the figure, it should
be remembered that the values at the smaller radial distances
are idealized in the sense that the roof itself would shadow
this region and because of the assumption of a point source
this shadowing effect is not included in the calculations.

Adjoint methods as used in obtaining the curves in Fig.
10 are powerful in that similar curves for a large variety of
energy-angle source distributions may easily be obtained.

On the other hand, such methods provide the dose equivalent

at only a small number of points. Forward, i.e., non-adjoint,
calculations provide the dose equivalent at a large number of
points for a specific source.

For the case of the .6 m thick roof, forward calculations
have been carried out using all of the same assumptions and
cross section data as in the adjoint calculation. The results
of this calculation are shown as the histogram in Fig. 10.
In-principle, forward and adjoint calculations should agree
exactly, i.e., the histogram should go through the solid points
for the .6 m thickness case, but this is not true in practice.
The slight differences between the two results shown in the
figure arise because the numerical approximation used in the

forward and adjoint calculations are not precisely the same.
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These slight differences are not significant for most
applications. ,

The dose equivalent results in Fig. 10 apply at the air-
ground interface, or more precisely, have been averaged over
a 1 m interval in the air immediateiy adjacent to the ground.
The variation of the dose equivalent with distance away from
the ground is of some interest and is available from the
forward calculations for the 60 cm thick roof. This dose
equivalent is shown in Fig. 11 as a function of distance from
the ground for several values of r. Results are shown out
to 28 m above the ground. The source is 15 m above the ground
so the results shown are both above and below the source. As
the figure indicates the dose equivalent is changing only
very slowly over the height intervals shown. Also shown in
the figure for comparative purposes are the dose equivalent
values obtained from the adjoint calculations. The same
minor discrepancies between the forward and adjoint calcula-

tions that were discussed in conjunction with Fig. 10 also

appear in Fig. 11.
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APPENDIX A

A photon importance function (see Eq. (1)) is obtained
as part of the adjoint calculations. This importance function
was not used in the body of the paper and therefore was not
shown. For some applications it may be of interest, and there-
fore it is presented in this appendix.

In Fig. A.1 to A.4 the photon importance is given as a
function of energy for various cosine intervals and for
T =11, 108, 495, and 1005 m. Numerical values for the
photon importance shown in Fig. A.1 to A.4 are available

upon request.
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APPENDIX B

Numerical Values of the Importance Function

In Figs. 2 to 5 and A.1 to A.4 the importance function
for neutrons and photons, respectively, are shown as a
function of energy in specified cosine intervals. In this
appendix the numerical values of the importance functions
from which the histograms were drawn are given.

In Tables B.1 to B.4 the neutron importance 1s given
as a function of energy for the specified cosine intervals
and for r = 11, 108, 495 and 1005 m, respectively. In
Tables B.5 to B.8 similar results are given for the photon

importance.
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TABLE B.1
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TABLE B.2

Neutron Importance vs.
Intervals and r = 108 m

Energy for Specified Cosine

Neutron Importance
[Rem (Neu.) 1]
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1,c0E402 Je75ErUl 3.755 17 2436E=1T7 1,5BE=1T7 1.,26E=17 9.34E~-18
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TABLE B.3

= 495 m

Energy for Specified Cosine

Intervals and r

Neutron Importance vs.

Neutron Importance
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TABLE B.4

Neutron Importance vs. Energy for Specified Cosine
1005 m

Intervals and r =

Neutron Importance

[Rem (Neu.) 1]
. 0 = 050 = = = =
Engh ELOW cos cos( cOs0O coso cos0
(MeV) (MeV) 0 to .2 2 to .4 4 to .6 .6 to .8 .8 to 1
A,00E+02 Uel15ETUVL T,64E=18 1,01E~18 5,70C=19 J<11E=19 1.21E~19
5.755002 3,50E402 1e5B8E=18 9e0BE=19 5,42E=19 2.94E=19 1,14E~-19
J.50L%02 Je.25kE+y2 1.52E=18 9.27E=19 S5e1TE=]9 2.79E=19 1,08E=19
Jaa%E+02 Je10E+0R 1,4TE=18 B,8TE=19 4,92E=19 2,65E=«19 1,03E~19
JLOQE+0R2 2.755’02 1.41E=18 6043&”19 0.655-19 6'495.19 9.60E=20
e.75EYQ2 2,50E+u02 1e35E=]8 Ta98E=]9 4,36Ew]9 2,I31E=19 B,87E=20
2.50E+02 24.25E¢02 1,29E=18 7,55E«19 4.09:-1° 2¢15E=19 B.15E=20
2.25E%02 2,00E¢+02 1423E=18 ToUBE=]Y 3,79 w19 1.97Ew=19 7T.42E=20
2.00EY02 1.75E+02 1e17€E218 646IE=]I 3J451E=]19 1.81E=19 64T7TE=20
1.75€4+02 1.50€E402 1,10E=18 6,14E=19 3,22Ew]9 1,656=19 6,4,13E=20
1.50E+02 1.25€402 Le02E*1IB 5,60E=19 2,90E=19 1.27E=19 5,45E«290
125642 1.00€E402 PeUTESLIT 4,98Lm19 2,58Ew]9 1,31E=19 4,79E=20
1 .00E+OR2 G 00E+VL B,16E~19 4,51F=19 2,33E«19 1,17E=19 4.18E~20n
F.,00E+01 T.90E+0]) TeS1E=19 4,22E=19 2,22E=19 1+1%E=19 4,06E=20
B.,00E+0] TeuQE+OY 6,76E=19 J,91F=]9 2,11E®19 1.]J1E=19 4,05E~20
T «QCE+O T 6.00EYQ! Se92E=19 J,55L=19 1,96t=19 1.08E=19 4,0T7E=20
S, 0E+Q1L Se50E+0! 5.22E=19 J3,25L=19 1,86E=19 1,08E=19 4&,00E=20
Se50E+0) S.00E+O) 4.68E=]19 2,97t=19 1,76E=19 1,02E=19 4,19E=20
SeCUE+OL 4.50E+01 Je44E=19 2,56Lw19 1,70E=19 1¢12E=19 5,42E=20
4.505+0l a,00E401 J.23E=19 2,29E=19 1,47E=19 9,3BE=20 4,35E=20

.uoE+on 3.50E+01 2,91E=)9 2,02E=19 |,28E»]19 B,08E=20 I, 7T7E=2v
3,50E+C1 JeDO0E+Q1 2,31€E=19 146BLE=19 1,11E=19 7.32E=20 3.69E~20
3.00E+GH 2,75E+01L 1o7TE=19 1,36E )9 9,42E=20 6455E«20 3I53CE=20
2e75E+01 2450E+01 1e51E%19 1e19E=w19 B,39E=20 5,99E«20 JI(3T7E=2n
CeBOEYH] cecHEtUI] 1+.28E=]19 1.03E~19 7 e¢39E=20 5¢4R2E=20 Jel18E=20
2.25E+0U1 2,U0E+01L 1e0FE=]19 8,87E=20 6,88E=20 4485Ew20 2498E=2C
24,00E+01 1,7%E+01 9,14E=20 TeS51E=20 5,56E=20 4.24E=20 2¢6TE=2D
1.,7%€E+01 1.49E401 T,29E=20 6.03L=20 4,52E=20 3,52E=20 2.28E=20
1449E+01 Lo JSE+DI 4,01E=Q0 Je9BL=20 I 19E=20 2,73IE=20 2.03E=20
1.,35E+01 1622E+U1 8 ,48E=20 Je90E=20 JoI5E=20 2.71E%20 2.03E~20
14225401 1400E401 A,BOE=20 4,08Ew20 Jo2TE=20 2,82E=20 2.]15E=20
e 0E+DL Be19E4+00  6,22E=20 G495E=20 I 79E=20 J¢12E=20 2.30E=2y
Be19E+0) HeT7OEHV0 S5,21E=20 4431E=20 I 42E~=20 2,96E=20 2,30E=20
B 70841} S.49E400  S5,31E=20 4,32L=20 JI,34E=20 2.T7BE=20 2.05E=20
SeqaBE+L) 4409E20D  8,48E=20 J4BE=20 2,b0E=20 2,07E=~20 1e43E=20
4449E+00 JebBEYO0 | BSE=20 1e88E=20 [,66E=20 1+59E=20 1.31E=2¢
3.68LE400 JL01E+00  2,01E=20 1.98E=20 1.78t=20 1471E=2C 1,43E=2¢0
3.01E4+00 244TEY00 I, 22E=20 2476E«20 2,21E=20 1,90E=20 1.,45E=20
2ealEYOD 2e02E+00 2,7BE=20 2¢J9E=20 1,B2E=20 [¢52E=20 1410E=2¢
2.02E+00 1.65E+00 1,18E-20 11520 9,94E=21 Qe 13E=2) Te2hE=21
1s6%E+00 1,35E+00  T,30E=21 Te3CE=21 6,68E=21 6.45E=21 S5.43E=21
1e35E4+00 1.11E4+00 S5,71E=21 SeT7T9E=21 5.22E=21 4095E=21 44)RE=21
1.11E¢00 Q,0TE-U) I 22E=2] 3,35L=21 3,14E=21 3J.10E=21 2.74E~21
9.07C~U1} Te43E~0V  4,20E=21 J3,85E~21 Je20E=21 2,83E=21 2,.18E~21
Teadli~ul 4,98Ew01 | ,12E=21 1.09€=21 9,51E=22 B4TTE=22 Tel5E=2
Q,IRE=01 Je3%E=U1 2,2TEw22 2.45L =22 ,82E=22 2439E=22 2.37E=22
J.30E~01 2424E=01 1 ,B8RE=22 1.97E=22 1.91E=22 1,91E=22 1.8B3E=22
Cal2iE=~Q1 l-$9§'0‘ 1432E=22 Je43E=22 [,41E=22 1441E=22 1ea1E=22
14.50L~01 8,63E=02 J,08E=22 1213E=22 1,10E=22 1,14E=~22 1,19E=22
8,65F=u2 Je18E=02 B,64Em23 9,84E=23 OQ,07E~23 9,ITE=23 1,03E«22
Je.l3E=02 1.506-02 7,S8Ew@3 68eJ0E=23 B8,62E=2) 8.15E«23 9.25E=23
| eb0E~02 TelUE=03 7,258w23 7T,95E=23 8,30E=23 7.79E=23 8,92E-23
7Tei0bw0]d JoUSE®O3 T,01E=R23 T470E=23 B8B.,QTE=23 7.55%5€E=23 B8,68E«23
I ISE=03 150,03 6,80E=R3 Te4BLw2I 7T.86Em23 7,35E«23 B,.,47E=23
1,59E=03 A,568E=04 6,58BE=23 Te25E~23 T.6%tE=23 7,15E=23 B,24E=23
1 55E~04 1.91‘-04 Be2TE=23 6,93E=23 7,32E=23 6.86E=23 7T,90E=23
1,01E~u0 2e2 5.,91E*23 6,833L=23 6,91E=23 6,51E=23 7,49E=23
2,25EmDS 1.4 S5,50E=23 6,07t=23 6,43E=23 6e08E*23 6,99E=23
leQ7E=DS ?-QN SI21E=23 S,75E223 6,0TE=23 S,T6E=23 6.,63E~=23
Sef)AE =006 Coui Q,89E=23 5,37=23 5.66&-23 5¢39E*23 - 6,19€E=23
2a1REwf 1o 4,52E=23  4.,94F =23 5,.19Fe23 4,96E«23 S5.67E«23
1,13E=ub L3S 4411E=23  4,46E-23 4.655-23 T R eATE=23 5 ObE=2J
A, 14807 1. 3.50E«23 3,76L=23 3, B6E=23 3I.TS5E=23 4,11E=23
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TABLE B.5
Energy for S
Photon Importance
COos0
.2 to

.2

Intervals
to

CoSs0

0

Low

Photon Importance vs.
(MeV)

Ehigh
(MeV)
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TABLE B.6

Photon Importance vs. Energy for Specified Cosine

Intervals and r = 108 m
Photon Importance
[Rem (Pho.) 1]

Sry e : = c0S = = = =
EH1gh ELow COsoO Cos0 cos0 cos0@ coso0

(MeV) (MeV) 0 to .2 2 to .4 .4 to .6 .6 to .8 8 to 1
1.40E+01 1.20E+01 J3o40E=]19 1.82E2]19 B8,42E=20 6+86Ew20 6.61E=20
legut >t TLuuEtL} JeA0E=19 1,42E=]9 B,I2E=20 ©6e¢62E=20 6.31E=20
laguE*01 HeQOZ+O0D Je31E=19 1,482Ew)9 B 19E=20 6¢32E=20 5S.64E=20
BoR00400  T,507+00 . 3.49E=19 1,42E=19 7T,95E=20 6408E=20 5.75€E=20
7e¢50E+00 T.00L+00 Jo4BE=19 1,42E=19 T,95E=20 6.02E=20 5.,63E~20
T.00E4+00 6,59£400 J,0TE@L19 1443E®]9 T97E=20 5S5,98E=20 5.51E=20
5«50E+0D GeDii+00 Je46Ew]Y  J444E=]19 B8,02E*20 Se95E=20 5,39E~20
6ou0E+00 5450E400 JedAEw19 1,46Ew]9 B8,11E«20 5,95E=20 5,21E«20
5.50E+00 5.,00E400 Je83E=]9 1,48E=])9 B8,23E=20 5.9TE=20 5,20E=20
5400E+00 4,50E400 Jo40E=19 1.,50E=19 B8,36E=20 6,00E=20 S,39€E=20
4,50E+00 4,00E400 J.ITE=19 1.52E=|9 B,52E=20 6408E=20 S,25E=20
4,07E+00 J.5VEH00 3,32E=19 1,55E=19 B,72t«20 6412E=20 5.12E=20
3.50E+00 J.00E+00 Ja6E®]L9 1.58E=19 9,01E=20 6¢27TE=20 S.14E=20
JeOCE+00 Z2.50E4U0 I 1BEw]9 1,02E=19 Fe¢40E=20 6450E=20 S,06E=20
Ce5DEYU0 2600EH00  JL(0T7E=19 1,67E=19 9,94E=20 648BE=20 8S,07E=20
Re0QE+00  1.5NE+00 2,92Ew19 1+7I3E=F 1,07E=]19 74,44E=20 5.18E=20
1.50E+00 1400E+U00 2,69t =19 1.,79Ew]9 1,16E=]19 B8,20E=20 S.46E~2D
1eCO0EH00 4,00E~0Q1 2eb0E®LIT 1475Em}9 1416E=]9 8,a3E«20 6:06E=20
Yo YVE>Q1L 24CUE=OIL 1e69E=})9 1¢21Ew18 B8,52E=20 6e¢43E220 5413E=20
2.00E=01 } e Q0E=0] B B83E=20 O,58Ew20 4,80E«20 3481Ew20 3.2BE=20
1.00E=01 tay0E~D2 4,34E=21 3¢ 2REm2 2eI3=pY 1s96Ew21 1447E=21

i
|
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TABLE B.7

Photon Importance vs. Energy for Specified Cosine
Intervals and v = 495 m

Photon Importance

PRAREVENE SRV VEVE VR VE VI VR

[Rem (Pho.) 1]
EHigh ELow cos0 = cCos0 = cosQ = cos0O = cos0 =
(MeV) (MeV) 0 to .2 .2 to .4 .4 to .6 .6 to .8 .8 to 1l
1.anE+01 1 20E+01 3,48E=20 1,32Em=20 4,68E~21 1,62E=21 1.77E=21
 EPRARY F S TJUDETDL Je2TE=20 1+27E=R20 4,58E=~21 " ] +56E~21 1960E=21
LeQUETOL 2 QqQUZ+00 S4,00E=20 1,20L=2 4,49E=21 1e54E=21 1936E=21
8,000E400 7.507+00 JellE=20 1426E=20 4,50E=2) 1s42E=21 1,36E=~21
Te50E400 TeGO . 400 3402E=20 1,21E=20 .4,42E=21 1.37E=21 1.,29E=21
TeO0E4UD H,502400 2,93IE=20 1,18BE~20 §.45E~21 1.43E=21 1,22E=21
HJSRE+DD Bag0i+0N 2483E=20 115C=20 4,5%E=21 1+41E=21 1e14E=2
G4UOEHT00 S54,500+00 2.71E=20 1,12E=20 4,47E=2] 1+51E=21 1408E=2
S450E+00 5400E400 2,58E=20 1e0BE=20 4,40E=21. 1.,61E=21 1,03E=2
5+Q0E+00 4,50E+00 CodIt=20 leQIt=20 4 .33E=21 1+6QE~21 9465€=2
4,50E+00 A,00E+00 2426E=20 9eB2Cw21 Q.2JE=21 1455€E=21 Q.5bE=-2
A,00E+400 J.5UEH00 2,07E=20 G.21E=«21 4.11E=21 1¢78E=21 B,87E=2
3.50E+00 JJO00E+00 1 ,85E=20 8,a8E«21 J,95E=21 1.90E=21 B.21E=2
JJ00E+00Q 2e50E+00 1.60£~20 TeblE=21 3y TIE=2] 1e94E=21 T e60E=~2
Se5UEHRD 2eQIETQO 1.32E=20 ©6,56E~21 Jed3E=21 1e98E=21 Aeb0E=2
2.Q0E+CO 1.50E+00 1,00E~20 Se.30C~21 JoN0E=2) 1 493E=2) 8,73E=2
1.592E+00 14COE+00 6,68E~2} Je8BS5Ew21. 2,42E=2) 1e78SE=21 BebTE=L
14C0E+00  8,00E-01 J448E=21 2¢JIE@2] 1 S57E=2]1 ¢20E=2) BHe5HAE=2
15 J0E>Q1 24 C0E~U1L TeS0E=22 S+8BEe22 4,45Ew22 Jo71E=22 2.55E-2
2,00E=CL 1 4 QOE=N] le6TE=22 {ed45Lm»22 1e20E=22 10BE=22 B,65E=2
1a00E=01 VYL U0ETUY  1432E=27 1,03E«27 6.95E=28 4.31E=28 3,79E~e

|
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TABLE B.8

Photon Importance vs. Energy for Specified Cosine
Intervals and r =

1005 m

Photon Importance

[Rem (Pho.)

. COosQ = cos8 = cosQ = cCOs0 = CO0S0O =
Engh ELow
(MeV) (MeV) 0 to .2 .2 to .4 .4 to .6 .6 to .8 .8 to 1
1a.4NE+01 1.20E401 S.00E=21 1,70E=2] J3,62Ew22 JIo90E~23 S5.10E=24
1eguk b0y eUUEHO]  A,S50E=2] 1,530 =21 JSB8E=22 JF8E=2I 4,90E=24
1eQUETDL ELU0EY00 JoB88E=21 1,30E=21 I, 32Em22 4,70E=23 4,43E~24
€.000400 7,50T400 Jeb6BE=21 1o34L=21 I I5E=22 4.79E~23 4,.40E-24
TeS50E+00 74002400 JIL46E=21 1,26E=21 J.21E=22 4,93E=23 4.44E=24
7+00E+00 H4505+00 J,23E=21 1¢19Ew21l I 09E=22 4.T9E=23 4.21E=24
DeSO0E+00 64 0LU400 2.9TE=21 1,10E=2]l 2,92E=22 4,63E=23 4.15E=24
GeUOE+00 5,50L400 2,70€E=21 J,01Ew2] 2,BIE«22 4,43E~23 I 78E=24
5¢50E+00 S.00E400 @2481E=2) F,13E=22 2.,69E=22 4,18E=23 3I,T2E=24
S4Q0E+00 A,50E400 2011E=21 B,12E=22 2,50E=22 4,08E~23 JI¢66E=24
A250E+00 4,00E+00 J1BLlEw2]l T,08E=22 2,29E=22 J¢92E=~23 JeJ4E=24
A.07E400 J.S5UEH00 1,50E=21 5,97E=22 2.01€E=22 34,18E=23 3.10E=24
JeS50E400 JL00E400 1418E=2] AQ483Ew22 ],72E=22 4,33E=23 4,2RE=24
JeOCE400 2.50E400 8,T70E=22 3I,68L=22 1,90E=22 4,35E=23 Se¢a0E=24
2e5VEHUD  2,00EH00 BeBE=22 2.55E=22 1.06E=22 4.08E=23 7.67E=24
2.00E+400 1,50E+00 3,33E=22 1.59C=22 7.116=23 3439E=23 1.12E=23
1a50E+0Y 1eCOE+UD  1,48E=22 T,41E=23 3,96E=23 2,31E=23 1.09€E=23
1oC0E+00 4,00E"ul  3,56E=23 2.51E=23 1,65L=23 . 1,12E~23 5.,97E=24
T eQ0E=Q1 24C0E=01 1,76E=24 1,54C=28 |,19E=28 Q,54Ew25 6,4BE=25
2.00E=01 1400E=0]1 14b68E=28 1,66E@25 1,95E=25 1432E~25 1+08E=25
1.00E=01 ToUDE~UQ 2428E=36 [,57¢=36 [,056=36 6eF4E=37 S5,84E~37
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