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code - a user-oriented code for calculating quickly and simply radiation environ-
ment problems at all altitudes in the atmosphere. The ATR code is based on para-
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air. Parametric models have been developed for all of this data base except
photon angular distribution and a version of ATR has been completed for neutron
and secondary gamma-ray transport.
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ABSTRACT

This interim report describes the work to date on
development of the ATR computer code - a user-oriented
code for calculating quickly and simply radiation environ-
ment problems at all altitudes in the atmosphere. The
ATR code is based on parametric models of a comprehen-
sive data base of air transport results which was generated
using rigorous transport techniques for infinite homogeneous
air. The effects of an air-ground interface and non-uniform
air density are treated a2.s perturbation corrections on
homogeneous-air results. The data base has been generated
for neutrons, secondary gamma-rays, high-energy photons
and low energy photons as a function of space, energy and
angle out to ranges of 550 gm/cm2 of air. Parametric
models have been developed for all of this data base except
photon angular distribution and a version of ATR has been
completed for neutron and secondary gamma-ray transport.
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I INTRODUCTION

This report describes research performed at Science Applications,
Inc. over the past year to develop parametric models for efficiently cal-
culating radiation transport in the atmosphere. The fundamental problem
being solved is to represent the free-field radiation environment for
monoenergetic sources by parametric equations so that free-fields for
arbitrary source spectra can be calculated quickly by simple folding
operations.

Our general approach was to develop detailed parametric quels
by curve fits to rigorous transport data for infinite homogeneous air, and
to include the effects of an air-ground interface and exponential air density
as perturbation corrections. The end result of this effort is the ATR
computer code which has been designed as a user-oriented code to calcu-
late a wide variety of radiation environment problems at all altitudes in
the atmosphere.

The work to date includes: (1) the development of a comprehensive
data base of homogeneous air transport results as a function of source
energy, space,energy and angle for neutrons, secondary gamma-rays,
high-energy photons and low-energy photons; (2) parametric models for
the entire data base except for photon angular distribution; (3) corrections
to homogeneous air results for neutrons and secondary gamma-rays and;
(4) a completed version of ATR for neutrons and secondary gamma-rays.

Dotailed discussions of these items are given in subsequent sections.

[,
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II. DATA BASE FOR RADIATION TRANSPORT IN HOMOGENEOUS
AIR

Although many volumes of data for radiation transport in the air
have been compiled over the years (see Appendix A) much of it has been
out-dated because of newer cross-section data. Even more recent results
are often available only in tabulated form or only for a selected range of
values in the independent variables. All of these factors make it difficult
to assemble a consistent comprehensive data base from existing results
which is suitable for production-processing by computer. For this
reason, we have generated a complete and uniform data base at SAI using
rigorous transport codes based on the most recent cross-section data
available. These calculations will be described in this section including
selected comparisons with other calculated results and experiments. It
is anticipated that the complete data base will be available in published

form at the end of this contract year.

2.1 Neutron and Secondary Gamma-Rays

The data base for neutron and secondary gamma-ray transport

was based on Straker's results(13)

published in ORNL 4464. These data were
considered to be the most definitive and comprehensive set of calculations
available at the time and have been thoroughly documented including

detailed comparisons with integral experiments. The SAI data base was

generated using the identical P5S16 air cross-sections of ORNL 4464

provided by Straker in 22 neutron groups and 18 gamma groups.




The SAI calculations were made with ANISN for 18 monoenergetic
source hands and for a maximum range of 5000 meters at a uniform air
density of 1.11 mg/cmz. Since these calculations were made, recently
evaluated cross-sections for nitrogen and oxygen have become available
from the work of Young. Selected calculations were performed using
Young's cross-sections to determine their effect on the existing data
base. The dose versus distance results for neutron and secondary gam-
ma-rays are shown in Fig. 1 and Fig. 2, respectively, for a 14 MeV
neutron source. The largest discrepancy occurs for secondary gnmma-
rays with the results obtained using Young's cross-sections being lower
than Straker's by as much as a factor of 2. The source of this difference
is indicated in Fig. 3 which shows Young's gamma-production cross-
sections being lower than Strakers by a factor of two. The question of
which is the more accurate cross-section data seems unclear at this
time because of conflicting conclusions between theory-experiment com-
parison. Secondary gamma-ray results from the HENRE experiment
in good agreement with Straker's cross-sections, but the recent re-
analysis of LN2 cxperiments by Reynolds(lﬁ) is in better agreement with
Young's cross-sections. It is anticipated that this discrepancy will be

resolved soon and allow the data base for ATR to be updated accordingly.

2.2 High-Energy Photons

The photon transport data base is needed for a wide range of

energies extending from about 10 keV up to 10 MeV. Two separate

(17)31'

e
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.transport calculations were made in order to achieve an optimum group
structure for both the high and low photon energy ranges. The high-
energy photon transport data base was calculated using DTFXRAY in the
P5S16 approximation with an analytical first-collision source. The
group structure was the same 18 group representation from .02 to 10
MeV used for the secondary gamma-rays and the maximum range was
5000 meters in air of density 1.11 mg/cm3. GAMLEGX with pair pro-
duction was used to prepare multigroup cross-sections. The air com-
position by weight was 0. 2318 for oxygen, 0.7553 for nitrogen and 0.0129

(78)
for argon. Input absorptioncross-sections were taken from Hubbell

A L A

for energies above 1 MeV and from McMaster(79) for energies below 1 MeV.

Scattering cross-sections are calculated internally in GAMLEGX by the
Klein-Nishina formula. All photon transport calculations were made
without coherent scattering since GAMLEGX can only treat coherent
scattering as isotropic. This approximation tends to be poor at low
energies where coherent scattering is the most important.

Before generating the high energy photon data base, several
test calculations were performed to test the overall sensitivity of the
results to choice of cross-section data and transport code. Figure 4
shows a comparison of dose versus distance results calculated with
different codes and cross-sections sets. A maximum difference of
about 20% occurs at 100 gm/cm?, with the ANISN, DTFXRAY and OGRE

results being in very close agreement with each other.
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Figures 5 and 6 are typical computer-generated plots taken from
the high-energy photon data base and illustrate the general transport
behavior. Figure 5 is a plot of the scattered fluence versus distance
for each of the 18 sources. The systematic decrease in scattered
fluence near the maximum range ( ~550 gm/cmz) is due to leakage
out of the system caused by the vacuum boundary condition. All para-
metric fitting was extended out to only ~530 gm/cm2 to avoid errors
due to this flux depression. Figure 6 is a plot of the scattered energy
spectra for an 8.0-6.5 MeV source at distances of 1, 3 5, 7, and 10
MFP of the source energy. These data all show a smal. peak at 0.5

MeV due to the annihilation quanta in pair-production.

2.3 Low-Energy Photons

The low-energy photon transport data base covers the energy
range from 300 to 10 keV and was generated using DTFXRAY as
described in Section 2.2. The McMaster cross-section compilation
was used for energies below 1 MeV, and was selected as being the
most accurate for air transport based on a series of sensitivity calcu-
lations and comparisons. The largest differences in basic cross-
section data for the three elemental constituents of air being considered
occur in the absorption values for nitrogen at energies below 100 keV.
Six different compilations of cross-section data were compared for the

energy range 20-100 keV and are given in Table I. The maximum

10
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TABLE I.

Photoelectric cross-~-sections in N14 from
different compilations. Values in

barns/atoms.
E 1968 1969 1969 1967 1967 1957
(keV)| LRL LRL NBS |LASL LRL NBS
Plechaty | McMaster | Hubbell |Storm [McMaster | Gradstein
20 7.30 7.90 8.26 |8.02 8.170 8.21
30 1.86 2.06 2.23 2.06 2.31 2.15
40 0.706 0.792 0.878 | 0.790 0.898 0.81
50 0.334 0.379 0.425 | 0.377 0.432 0.38
60 0.182 0.208 0.238 | 0.204 0.238 0.21
80 0.0702 0.0810 0.094 | 0.0790 | 0.0932 0.082
100 0.0339 0.0393 0.0454|0.0373 | 0.0453 0.041

values occur in 1968 Plechaty compilation and the minimum values for the
1969 Hubbell compilation. The relative difference between the maximum
and minimum absorption values at 60 keV is approximately 30%, which
results in a 100% difference in the total calculated fluence at 20 MFP. In
order to select the most appropriate cross-section set, comparisons were
made between deep-penetration photon transport experiments(23)in LN2 and
calculations based on the discrete ordinates code DTFXRAY and the Monte
Carlo code OGRE. The experiment consisted of measuring the forward
number current as a function of distance from an Am241 isotopic source
(59.57 keV gamma energy) in a LN2 dewar that was 16 feet high by 8 feet

in diameter. The comparison of results are shown in Fig. 7. The three

13.
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Fig. 7. Comparison of different calculations with LN
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DTFXRAY calculations used the maximum (1968-Plechaty), minimum
(1969-Hubbell) and average-value (1969-McMaster) cross-section sets.
The OGRE calculations(so) also used the average-value 1969-McMaster
compilations. Figure 7 demonstrates good agreement between experi-
ment and theory for the 1969-McMaster absorption cross-sections. In
addition, there is also good agreement between OGRE and DTFXRAY for
the same cross-s‘ections. The OGRE calculation used importance
sampling with 105 histories, and resulted in statistical errors on the
forward current of several percent at deep penetrations.

Additional comparisons between calculations were made for photon
transport in air and are illustrated in Fig. 8 for the energy fluence build-
up as a function of source energy at 10 MFP. The OGRE (el)and DTFXRAY
results agree within 10% for most energies, but differ from the Kaman

(19)

Nuclear Monte Carlo results' by as much as a factor of 2. The source of

this large discrepancy is not known, however, the small number of initial
histories (2000) and lack of importance sampling in the Kaman Nuclear
calculations suggests that large statistical errors could be present at
deep penetrations.

Computer plots representative of the low-energy photon data base
generated with DTFXRAY are shown in Figs. 9 and 10. Figure 9
illustrates the scattered fluence vs distance for each of the 18 sources
from 10-300 keV; Fig. 10 shows plots of scattered photon spectra vs
energy for a 300-260 keV source and for eight distances from 1 to 20 MFP.

15.
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I1I. PARAMETRIC MODELS OF THE DATA BASE

The fundamental problem being solved is to represent the free-
field radiation environment ¢(E g E,(}, r) for monoenergetic sources
ES by parametric equations so that free-fields for an arbitrary source
spectrum W(ES) can be generated simply and quickly by the folding

integral:

‘I’(E: r, Q) ;/W(ES) (D(Es, E, Q, I‘) dES

Folding monoenergetic source data from raw flux dump tapes
is used frequently to calculate radiation transport, however, computer
storage is quickly exausted in most systems before a complete data base
can be stored. The neutron, secondary gamma-ray and photon data base
being used at SAI contains nearly 107 flux vaiues. In addition to storage
problems, the manipulation of tapes is slow and often cumbersome. The
aim of the parametric modeling approach is to reduce the size of the cal-
culational problem considerably. This reduction would allow air transport
problems to be calculated from a self-contained, fast running, easy to use
computer code. More emphasis can be placed on flexibility in the different
types of problems that can be calculated, in addition to designing a code
oriented to the nerds of the user.

The one dominant factor which makes parametric modeling of

a large data hase feasible is the slowly - changing, asymptotic behavior

19.
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characteristic of radiation transport in large homogeneous systems.
Thus, although structure may exist in energy spectra, at a given range,
the propagation of this structure at other ranges occurs in a systematic
slowly-changing manner. This behavior was illustrated in the previous
plots of Section II.

The general approach used is to describe the free-field quantities
in terms of shape functions and the areas or fluences under these shapes.
This approach makes the different parts of the problem separable and
allows greater flexibility in manipulating and displaying the data to
determine optimum parametric equations. The general form of the

equations used in ATR to represent the angular flux is:

¢ (E,,1,E,0) = 8 (E,nE) Foopma (B,r) - R (L, E,r, Q)

+ e-“(ES)r o 8
4nr2:\ES.\QO & "‘s 1, Qo

where

w(Eq, r, B Q)
R (Eg, Er,0 - ——

[o(lg‘q. r, 1, 0) dQ

20.
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and
¢ = anpular flux; particles/cmz- MeV. steradian- source neutron.
F = fluence functions; particles/cmz'source necutron.
S = Scalar flux shapes; fraction/McV, integril over energy equal unity,

R = ratio of angular to scalar flux at each encrgy E for a
given angular direction, range and monoenergetic source

energy; fraction/steradiar . integral over solid angle equal unity.

u(E) total neutron cross section (cm'l) at energy E and air

density of 1.11 m;_:/cm2

Q= solid angle corresponding to the zero-degree direction.

The parametric modeling consisted of making curve fits to three basic
quantities for each monoenergetic source band: (1) scattered fluences
FSC ATT(R); (2) scattered spectrum shapes S(E, R) and; (3) angular ratio
functions R(E, r, Q).

3.1 Fluence

Each set of fluence data was fit with parametric equations for
the entire range of 180 spatial intervals from 0-550 gm/cm2 of air using
6 coefficients for each of the 18 source energies. No simple functional
form was found to fit all of the data to the desired accuracy (+2%) for all
source energies. Two basic functions were used for the fits (in semi-log
space); one was a coupled quadratic and the other the following:

a4 a5 ag
Y[R) = a1+a2~/§-+a3R+i—+§-£+l—i3
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Figures 11 through 14 are plots of the raw data and the parametric fit
for fluences of neutrons, secondary gamma-rays, high energy photons
and low energy photons, respectively. This comparison is typical of

all fits to fluence data and shows typical errors in the fit of several

percent.

3.2 Energy Distribution

The spectral shape functions were more complicated to deter-
mine since simultaneous variations in energy and distance occur for
each source energy. Various plots of the data were first studied to
determine where systematic behavior occured and what functional forms
might be appropriate. Figure 15, which illustrates the general beaavior,
is a plot of normalized neutron spectral data for ten distances from
0-550 gm/cm2 for a 14 MeV neutron source. The nearly constant
asymptotic shape is apparent for ranges 2100 gm/ cmz. Two-
dimensional fits in energy and distance were made to these data by first
fitting the data with piece-wise continuous functions versus energy for
each radius, and then fitting each resulting coefficient as a function of
radius. Separate piece-wise continuous functions were used for the fits
versus cnergy to minimize the total number of parameters required.
Thus, only 6 coefficients were required in most cases to [it the varia-
tion in energy for a given distance and source energy. In log-log space,

the functions were (1) a linear term for energies below E < 0.1 MeV,

22.



)

source neutron

4-|'r1=12 neutron fluence (

eana 2lil] od

e

L b |

rrTrYTT

T

oA

G0

1 Ll LI % i 1 1 1
1.20 1.0 2.&0 3.0 3.E0 a4.21 a8

Range (gm/cmz)

Fig. 11. Neutron fluence vs range for a 12.2-15 MeV
neutron source.

[ ARE $14)

2

23.




)

N
'source neutron

(

41.-R2 Secondary Gamma Fluence

s Lo} I L — i L il d 1 L i
M
10 "’1 [.
] ’
] [
1 1 l.
] 4
] t
T -
4 3
'-I-"" =
i 1 :
] 1
1 F
Tl -
b
1 1
1 r
w T T T T T T T T T i 5
] Gl 120 1.00 P oAl Jakild 36 420 4,00 5.4 G003 X310

24.

Range (ym/ cmz)

Fig. 12. Secondary gamma-ray fluence vs range for
12.2-15 MeV neutron source.
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(2) a quadratic for 0.1 MeV<E < ES and (3) a constant for ES . The
resulting six coefficienls for each radius were then fit vs radius using
the same 6 parameter functions used in the fluence fits. Thus,
approximately 36 total coefficients were typically used to describe the
spectral shape vs distance for each source energy giving a total of

36 x 18 - 648 coefficients. The actual number of coefficients from these
fits was usually much less due to the nearly constant spectral shape for
the last 80 or so radii. The parametric fits then, reduced the original
$(18 x 22 x 180) array of 71, 280 neutron fluxes by more than a factor

of 100 to approximately 700 coefficients and several equations.

The uncertainty in the parametric fits was small (~10%) except
at energies where ''peaked' structure existed. Errors at these points
were usually systematic as a function of distance and were corrected by
a separate correction subroutine which fit che difference between the
raw data and parametric representation at these points. The features
of this subroutine allow fine-tuning of the fit and can also be used to
convert ATR from one data base to another without having to go through
the entire parametric fitting procedure. This in fact was done early in
the program to convert fits from a LASL flux tape to the existing data
base.

Figures 16 through 21 illustrate neutron spectra calculated by
the parametric equations in ATR for a 14 MeV source at distances from

300-4800 meters in air at a density of 1.11 mg/cms. The solid histogram

28.
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the ANISN data base for a 12.2-15 MeV neutron source

at 4800 meters in air of density 1.11 mg/cm3.
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is the raw ANISN data, the dashed histograms are ATR values for the
ANISN group structure and the smooth curve is the continuous ATR repre-
sentation. The differences between ATR and ANISN are typically less
than 10%.

Spectral shapes for secondary gamma-ray data displayed a similar
asymptotic behavior vs distance as neutron spectra and are illustrated for
a 14 MeV neutron source in Fig. 22 for ncrmalized data. Two-dimensional
fits to these shapes were made using a fourth order polynomial in energy
whose coefficients were then fit vs distance using one of the six-parameter
fluence type functions deccribed in the previous section. The structure in
the shapes at short ranges was taken into account by using the correction
routine to fit differences between the polynomial fit and raw data. Final
errors in the parametric fits of spectral shapes were less than 10%.
Figures 23 through 28 are plots of secondary gamma-ray spectra from
ATR and ANISN for a 14 MeV neutron source and ranges of 300 m to 4800 m
in air at density 1.11 mg/cma.

Normalized spectra shapes for 8 radii are shown in Figs. 29 and
30 for representative high and low-energy photon sources, respectively.
Unlike neutron and secondary gamma-ray transport data, the photon spectra
displayed a reasonably smooth asymptotic behavior which lends itself to
a different, more economical fitting approach. The procedure used for
each source, to model both high and low-energy photon transport, was to

generate spectral shapes for all distancesfrom a reference shape obtained
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hy curve-fitting the spectrum vs energy at one distance. The fixed
distance was usually chosen to be at least several mean free paths from
the source.

For high energy photon sources, the reference shape was obtained
by curve-fitting a cubic equation in log-log space to the spectral data for
ENORMSE <EMAX . The flux at this minimum energy point (ENORM-I)
was assumed to be constant, and at the maximum energy point EMAX :
was fit vs distance using one of the two polynomials used in the fluence
fits. Spectral shapes at an arbitrary distance were generated by linear
interpolation from the reference shape. Thus, in the region above 0.5 MeV

where spreading occurs in the spectral shapes vs distance and energy, an

arbitrary spectral shape is calculated from:

S(E,r) =exp/ In SO(E, ro) + lnS(EMAx, r)-lnS(EMAx, r '

‘ InE - lnE1
l -lnE1

nEpax-1

where E1 = 0.5 MeV energy point.

)

- 2 3
SO(E, ro) = exp {A1+AzlnE+A3(lnE) + A4(1nE) {
is the reference shape,

S(EMAX’ r) = exp l Bl+lenr+B3(lnr)2+B4(lnr)3+B5(lnr)'l

is the fit vs distance for the flux at EMAX .
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The differences between the parametric shapes and the raw data were
small except at the 0.5 MeV peak. This difference was reduced to less
than 10% for all ranges except very close-in by introducing a constant
correction at 0.5 MeV.

A similar scheme to the above was used for low energy photons
except for energies below the normalization point where the data were
not constant (Fig. 30) but exhibited a nearly constant displacement vs
energy for different radii. A constant displacement vs energy was
assumed for this region of the spectra and was obtained in parametric
form as a function of distance by fitting a quadratic at one energy at the
fourth energy point (- 27 keV). A cubic equation also worked well for
fitting the reference shape in the low-energy photon data base.

An arbitrary spectral shape for a given source energy was
calculated in an analogous manner to the above equation for E> E

For E<E the reference shape was shifted by an amount deter-

NORM’
mined from the fit vs distance for the fourth energy point, i.e. for
E<ENorMm °

S(E,r) - exp % In ISO(E, ro)l t In |S(E4, r)' -In |S(E4, ro)l }

46.
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where S O(E, ro) is the reference shape at r, determined by a cubic

fit vs energy, and the fourth-point fit vs distance is

S(E4, r) = exp % C,+C,lnr + Cg (lm')z'

g

3.3  Angular Distribtuions

The energy-angle coupling of the scattered flux was taken into

account by parametrizing the following ratio function:

\ ®(Eg, 1, E, Q)
REg B0 e, v, E man

where R is the ratio o the angular flux to the scalar flux at each energy
E for a given angular direction, range and monoenergetic source energy.
The use of the ratio function to represent angular dependence tends to
"smooth out'' the energy structure and also maintains the slowly-varying
behavior of the flux as a function of distance and angle. The ''smoothing"'
occurs because the qualitative shape of a scalar flux spectrum does not
differ grossly from the spectrum shape for each angle. These factors
aliowed the energy-angle coupling to be modeled with a minimum number

of parameters.
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Parametric modeling for energy-angle coupling has been com-

pleted for ncutrons and sccondary gamma-rays, and is discussed below.

The general behavior of the energy-angular flux is shown in Figs. 31 |
through 35 at 100 meter and 2400 meter for a 12.2-15 MeV neutrun
sourcc. Figure 36 illustrates the variation of angular flux vs distance
for the 6.36-8.19 MeV detector group at 6 angles. These plots were
generated by computer from the raw data base and demonstrate the
variation in energy spectra for each of the 17 angles used in the ANISN
calculations. A significant feature of these plots is the irregular {
behavior for small flux components which tends to occur in the back-

ward directions becoming negative for some cases. This behavior is

apparently due to the truncation of the Legendre expansion at P5 in the

angular scattering representation of the discrete ordinates calculations.

Thesz irregular components make it difficult to initiate a curve fitting

scheme on a production basis, however, they should be included for

completeness in any model. Therefore, as a first step toward modeling

the energy-angle coupling, a new angular flux tape was created in which

the negative fluxes and irregular behavior were corrected by extrapolation

and interpolation. This procedure was carried out subject to the con-

straint that the integrated fluence was conserved for each angle. The

important differential flux data in the forward four angles (0-40°) was

essentially unchanged by this operation.
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Ratio functions as.de'fined earlier were formed into a data base
R(Eg, E, r, u) for riodeliig and,are flliatrated, i the representative
i)lqts of Figs. 36 and 37 for neutrons and secondary gamma-rays,

: reépectively,; at 300 meters from a 14 MeV source. These curves show
clearly the smoothing effe;ct as a function of energy inherent in the ratio
function. For neutrons, R is unity to a good approximation for energies
below 0.1 MeV. Al;ovq 1 MeV, copsiderablle structure was present in
R which made it difficult to fit well with simple functions. The slowly
var;iring nature of the angular flux vs distaince (Fig. 35) indicated that the
ratio couid be parameterized more efficiently by using distance as an

independent variable. Thus, the following representation was used to

| i . 1 ; .
model the ratio function of neutrons for each source energy:

R(E,r,p) =1.0 for E<0.1 MeV

RE(r, p) = expl A1) + Aze(p)r+A3(p)i'2 for E>0.1 MeV

t

‘where
A(K) = Byexp(B, ) for ~1.0<p < 0.6178
= éxp (C;#C, k +Cq u°) for 0.6178<k<1.0

.This procedure increased the total number of neutron coefficients by less
o L !

than a factbr of 21to represent 17 limes the amount of data. Thus, the
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entire energy-angle data base for neutrons, representing over 106 flux

values, required about 2000 coefficients.

The ratio function for secondary gamma-rays (Fig. 37) varied
more smoothly with energy and was fit versus energy for each source by
a five-order polynomial whose coefficients themselves were sub-poly-
nomials in distance and angle. These parametric fits essentially doubled
the number of coefficients in the secondary gamma-ray model for a 17~
fold increase in flux information.

The accuracy of the neutron and secondary gamma-ray angular
flux model is difficult to estimate because of the inherent limitation in the
raw data base. Differences between the parametric model and the raw
ANISN data base can be large for the small fluxes at high energies and in
the backward directions, however, the raw data in this region are probably
uncertain by a factor of 2. The agreement between the model and the
"'smoothed'" angular flux data base is of course much better. The most
meaningful estimate of the adequacy of the angular flux model is probably
obtained by comparing partially integrated quantities with the raw ANISN
data base. Thus, the total fluences integrated over energy and angle
generally agreed within 5%; fluence distributions integrated over energy
alo' ~ agreed to about 10%; and fluence distributions integrated over angle
agreed to about 20%. Differential angular flux data calculated by the
parametric model are shown in Figs. 33 and 39, for neutrons and secondary

gamma-rays at 600 meters from a 14 MeV source. These curves
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demonstrate the desired structure and the systematic behavior charac-
teristic of deep-penetration transport.

The extension of the angular-flux modeling to prompt photon
transport using a ratio function is expected to be a less tedius job due
to the lack of energy structure in the scalar flux shapes. Preliminary
estimates indicate that the angular dependence of prompt photon trans-
port will require approximately 1000 coefficients each for the low and

high-energy ranges.
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V. THE ATR CODE

The parametric models described in the previous section have
been used as the basis for constructing ATR - a computer code for
efficiently calculating the air transport of radiation for a variety of differ-
ent problems at all altitudes in the atmosphere. Mass scaling is used to
transform the parameterized results for homogeneous air from an air
density of 1.11 mg/cm3 to other air densities. Corrections are also
included for air-ground interface and exponential air density effects. The
code has been structured to allow the user a maximum degree of flexibility
in calculating different problems, with a minimum number of restrictions
on input data and format. The presently completed version of ATR calculates
problems for neutron and secondary gamma-ray transport. Prompt
photon transport for high and low energy photons will be included in the

near future when modeling is completed on photon angular distributions.

4.1 Problem Geometry and Scaling Laws

The problem geometry for ATR is illustrated in Fig. 40,
where the geometry coordinates are:
HS = gource altitude

H,, = target altitude

T
RS = slant range

R., = horizontal range

H
0 = slant angle
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The fundamental calculation in ATR is to determine the free-
field distribution for a given problem geometry and source spectrum.
In order to caleulate such problems for the actual atmosphere, two

assumptions are made:

1. The transport of radiation between source and
target can be approximated by homogeneous air trans-
port results for a density equal to the average density

between the source and target altitudes.

2. The corrections due to air-ground interface
and exponential air daensity offects can be included as

perturbations to homogeneous air results.

The general calcualational scheme in ATR is thercfore to scale transport
results from the parametric model density of 1.11 mg/cm3 to the average
density of the problem and then to include correction factors for the
effects of an air-ground interface and exponential air density. These
correction factors were essentially negligible for altitudes from 1-20 KM.
Densitr scaling laws for the Boltzmann equations are reviewed in
Appendix B and show that the angular flux ¢t(E, Q,r) in the transformed
system of density Pt(rt) is related to the flux in the original system at

density p(r) by

¢(E997 r) = K2¢t (E, Q, I‘t )

where
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r, - Kr and pt(rt) = p(r)/K

i.e., for

Pfy —Pr
This is the well known result that the 4rrr2 flux depends only on the
mass of air through which the neutrons and photons are being transported.
The ATR parametric model is based on 4rrr2 quantities as a function of
penetration distance in grams/cmz. The total mass of air between
source and target for a given problem is calculated from RSF and used

to obtain 4nR§ quantities from the parametric data base, i.e.,

2 2
4nRS ¢S =4 r/Ro Oo

For
Rpo =R _»p
S o
where
p - ayerage air density of the problem
PO - air density of ATR data base (1.11 mg/cm3)
¢0 radiation free-field calculated by parametric

equations at density Po and distance Ro

S
I

radiation free-field of the problem geometry

The average air density of the problem is calculated from
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Hp
/ o (Z)dZ
Hg
Th=
Hp - Hg

where p(Z) is the variation in the atmospheric density versus altitude
above sea level.

The atmospheric-density was calculated for altitudes from
0-300 KM based on a model developed by Dupree.(74) Dupree's model
consisted of a product of 32 exponential terms and was used for altitudes

from 0-100 KM. Above, 100 KM, an empirical curve fit was used. The

entire density model was based on data listed in the U. S. Standard

Atmosphere.(7e) Equations used for the model were:
Rt Ly SU IR O -P,(h-h, )
o(h) = LS 0<h<100 KM
Po .
i=1
for hI_lghshi , with h0 =0 and 3<I<32. The product is

deleted for I=2, and po is the sea level density value.

p(h) = exp [CI+C2h+C3h2] 100 KM< h <130 KM

[eyepmegts
o0 = exp [ C1+CyhiCoh%s— | 130 KM< h
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4.2 Air-Ground Interface Corrections

Corrections for air-ground interface effects were bascd on the

(75)

first-last collision model of French. In this model factors F(HS)

and F(HT) are derived for correcting infinite air results according to
¢(HS, "T’ R) - F(HS) F(HT) ¢O(R)
where ¢0(R) is the infinite air flux.

The model estimates F(HS) by calculating the effective fraction of first
collisions about the source as a function of source altitude. F(HT) is
determined by calculating the effective number of last-collisions in the
vicinity of the target. The model was developed for [ast neutrons and
treats neutron reflection from the ground by an albedo approach. The
correction factors are listed in Table II as a function of MFP from
the ground.

Comparisons of the model prediction with Straker's two-dimen-

sional transport calculations(lz) of dose vs. distance showed that the model

was more accurate in correcting from one source height to another than
correcting infinite-air results. This was also true for correcting sec-
ondary gamma-rays where the model predictions alone gave results
differing from Straker's calculations by as much as a factor of five.
Correcting air-ground data from one source altitude to another, however,

gave agreement to about 25%.
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TABLE II.

Air-ground correction factors from the
first-last collision model as a function

of MFP from the ground.

H(MFP) F (Hg) F(Hy)
0 0.434 0. 697
0.01 0.466 0,717
0.02 0.478 0. 728
0.05 0.506 0.750
0.10 0.546 0. 781
0.25 0.632 0. 841
0.50 0.724 0.902
0.75 0.798 0. 934
1.00 0.862 0.953
1.50 0.941 0.977
2.00 0.972 0.987
2.50 0.987 0. 990
3.00 0.993 0. 993
3.50 0.996 0.995
4.00 0.997 0.997
H>4.0 1.00 1.00
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On the basis of the above considerations, a scheme was developed
. for obtaining air-ground corrections to infinite air results by using the

first-last collision model to‘lextrapolate Straker's dose data to other
! ! I ‘
altitudes, ;e , for H

‘ TSIOO meters:

|

FHYF(Hy) D (Hg Hi, Ry/P)

CH., Hy, Ry '= 3 5
TS FHQFHL)  Dpe a5, (Hg By RY)
i j
where
‘ HS' - 15 meters
.HT = 1 meter | |
D:. - Henderson dose vs distance calculated by Straker
° at H; and H, ]
S T
Hg, H, and Rg are the problem coordinates
~ 3
4 1.11 mg/cm
{ b
o average air density in problem geometry

The ab(;ve correction factor is used i.n ATR to correct all differential
results obtained by using mass scaling of the parametric model for
target altitudes below 100 m. The two main assumptions in the above
correction scheme are: ‘

1. The spatial, energy and angular distributions

of radiation near an air-ground interface can be approxi-

mated from infinite air results with a shift in intensity only.
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2. The intensity shift is proportional to ratio
of the air-ground dose to the infinite air dose cal-

culated for transport through the same mass of air.

For target altitudes above 100 meters, the infinite air results are

corrected using the first-last collision model alone, i.e., for HT >100
meters:

C(HS, HT,RS) = F(HS)F(HT) :

The effect of the air-ground corrections is illustrated in Fig. 41, which
shows dose vs distance curves for the Hiroshima device obtained using
ATR and compared with the empirical results of Auxier et. al. () The
ATR results with air-ground corrections are approximately 50% lower
than scaled infinite air results, and are in fair agreement with Auxier's

values.

4.3 Exn~ atial Air-Density Corrections

Corrections for non-uniform air density effects were obtained
by extending the first-last collision model to include the density varia-
tion versus altitude in the numerical integration scheme. The first-
collision correction factor for source altitude was obtained by numerical

integration of the equation below.

F(H yA

[+ 0] 0 _ 2 2
y- 2T W(Z)XP(Z)e” ppp(2) ez .
° ? X2+22

o) 'HS
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ATR CODE, INFINITE AIR DATA
—.— ATR, AIRZ/GROUND CORRECTIONS
~——=— AUXIER BEST VALUES (~*309)
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Fig. 41. Neutron dose from Hiroshima device (12.5 KT
yield, 579 m height-of-burst).
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where “T is the total cross section in air in cmz/gm. W(Z) is a
weighting factor given by F(HS+Z) to account for multiple scattering
and is obtained by an iteration of the above equation.

The additional term vsed to account for reflection in the air-
ground case is zero here since neutrons are not reflected from the top
of the atmosphere.

The last-collision correction for target altitude was obtained
from numerical evaluation of the above integral without the weighting
function. The numerical results for F(HS) and F(HT) are listed in
Table III as a function of altitude in terms of mean free path to the
top of the atmosphere. These correction factors were applied uni-
formly to the scaled infinite-air results in ATR for both neutron and
secondary gamma-rays. The validity of the model was checked against
the two-dimensional Monte Carlo calculations of Keith(so) at the two
source altitudes reported of 85 KFT and 110 KFT. The first-last
collision model reduced the infinite-air flux by factors which approxi-
mated the average behavior of the Monte Carlo results, but did not
predict the same relaxation lengths. At large distances where the
model is expected to be a good approximation, the correction factors
were in fairly good agreement with Monte Carlo results. At a co-
altitude distance of 50 gm/ cmz, for example, the correction factors

were .79 and . 23 respectively, for a 14 MeV source at altitudes of 85

71.
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TABLE III.

Exponential air correction factor from the first-last
collision model as a function of MFP
from the top of the atmosphere.

H(MFP) F(Hg) F(HT)
0 0 0
0.010 0.067 0.180
0.030 v92 0.229
0.060 0.133 0.300
0.090 0.166 0.350
0.140 0.210 0.408
0.210 0.271 0.482
0.320 0.373 0.585
0.490 0.491 0.676
0.770 0.642 0.793
1.200 0.808 0.890
2. 000 0.920 0.967
3.100 0.975 0.980
4.900 0.985 0.990
7. 900 0.996 0.998
H>7.9 1.000 1.000




KFT and 110 KFT, these compared well with the corresponding ratios between
the non-uniform and uniform air results determined from Keith's curves and
were 0.69 and 0.23. Thus, the first-last collision model seems to predict
the average effect of non-uniform air 6n neutron transport. Secondary gamma-
ray data were not available for comparison.

The effect of the non-uniform air correction in ATR is demonstrated
by the isodose curves in Fig. 42 which were calculated at a source altitude
of 90 KFT for an isodose value of 2500 rads. The source was the unclassified
thermonuclear spectrum of ORNL 4464 with a yield of 1026 neutron. The non-
uniform air correction result in slant ranges which are smaller than for
scaled homogeneous air since the corrected flux curve is shifted to smaller
flux values.

4.4 ATR Control Commands

The list of control commands for setting up an ATR run j; given in
Fig. 43. For the most part, the order of control commands is immaterial
for any given set of problems, i.e., between *EXC commands. The initiali-
zation routine contains some calculations on parameters which can be evaluated
on the basis of other parameters as well as some storage initialization. When
a command is read in and interpreted, the corresponding subroutine is called

to interpret and properly place all of the parameters following the command.
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Exponential Air Corrections

Scaled Homogeneous
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Miles

Fig. 42. Isodose curves calculated with and without
non-uniform air correction for a source
altitude of 90 KFT.
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Errors in control command format or structure are noted immediately but
no other visible action is taken by the code until the *EXC command at which
point output is generated which may be just a few numbers or hundreds of
pages, depending on the input parameters.

The code also contains a set of subroutines which permit an essentially
format-free placement of numbers. The reading of values is upward com-
patible in that real values need not contain decimal points. Standard FORTRAN-
type real numbers in scientific notation are acceptable with or without the
E; i.e., the number 400 can be written as 400 or 400. or 4. E+2 or 4. E2
or 4.+2. The blank character is used as a number delimiter, thus numbers
must not contain blanks. Any number of blanks may separate numbers and
a series of values may be continued on subsequent cards, but a number can-
not be split between two cards. The major restriction is that since the real
number and fractional parts as integers, neither the whole number nor the
fractional part of any real number can exceed the integer capacity of the
particular computer.

Control commands and their associated parameter values are cumu-
lative so that even after the results of a particular problem have been dis-
played, the parameter values and flags remain the same for the next problem

unless specified anew with another command of the same type. Consequently,
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from one problem to the next, only the most essential parameters need to
be specified. This feature allows multiple runs to be made easily which

require only a few parameter changes to be made for each problem. Thus,

the following sequence of commands is allowed:

*EXC

*EXC, 4PIRSQ
This sequence executes the particular problem first without 4nR2 and then
with 4rrR2 included as a factor in the output quantities. The only command
exempt from this is the *CONSTRAINT. In order to clear out unwanted
parameters the *STOP command is used after which the problem must be
completely respecified.
4.5 Input

The list of inbut control commands which were listed in Fig. 44

will be explained in detail in this section.

4.5.1 *Z-SOURCE(I)

Z = N, G, X and denotes neutron, prompt gamma or X-ray

source, respectively, and has the same meaning for other source-

related commands. 1=1, 2, 3, 4, 5, or 6 where 1-3 stands for internal

1.
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10,
11,
12.
13.
14,
15,
16.
17.
18.
19.

*Z-SOURCE(1)

¥*Z-SVAL, unite, values
*Z-EVAL, units, values
*Z-NORM value

*Z-YIELD value

*XX, units, value(s)
*E-REGRP/Z/, units, values
*A-REGRP/Z/, units; values
*PRINT/Z/(11 12 .. .)
*WRITE/Z/(11 12 .. .)

*CONSTRAINT/Z /(XX 1 Value), units

*CXX, units, value(s)
*FLUXWT/Z/, units, values

*TITLE n
*DOSE/Z/

*EXC, 4PIRSQ

*STOP
*FIN

*GROUND, units, value

Fig. 44.

ATR input commands.




source selections, 4 denotes external histogram values, 5 denotes exter-
nal point values and 6 specifies fission/fusion source. The internal source
options taken from ORNL 4464 are fission spectrum (I=1), thermonuclear
(I=2) and 12-15.2 MeV monoenergetic band (I=3) for neutrons. Options 4
and 5 require the use of the *Z-SVAL command to read in source values
and a *Z-EVAL to read in energy values. If the internal source energy
structure is used then only the *Z-SVAL command is necessary. The Value
is the fraction (between 0 and 1) of 12-15.2 MeV neutrons in the internal
fission spectrum and it is required for option 6 only.

Example: *N-SOURCE4)

4.5.2 *Z-SVAL, Units*, Values*"

Units = PER MEV, PER KEV or PER GROUP and defines the source
units. I units are not specified, the default choice is set internally to
PER GROUP. Values = source values to be read in. These values must
correspond to the energy values read in by the *Z-EVAL command. The
order is assumed to be from low energy to high energy.

Example: *N-SVAL .01 10 33 100 20.

*If units are designated with any of the commands, they must be delimited
by commas; otherwise, default unit designations are used and commas
must not appear.

**Values must be separated by at least one blank and may be continued on
the next card.
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4.5.3 *Z-EVAL, Units, Values

Units = MEV or KEV. A default in units specifies MEV for N and
G, and KEV for X. Values = source energy boundary values if (4) is spec-
ified in 4.5.1, or source energy point values if (5) is specified in 4.5.1.
The order is from low to high energy values.

Example: *N-EVAL, KEV, 3.35 12 50.5 120 170 235

4.5.4 *Z-NORM Value

Value = source normalization value in units of particle/KT. If
this option is not specified then the source spectrum will not be normalized.
Example: *N-NORM 2.

4.5.5 *Z-YIELD Value

Value = source yield in KT. The total source output is the product
of the YIELD value and the NORM value. Default value is 1.0.
Example: *N-YIELD 1.5E+23

4.5.6 *XX, Units, Value(s)

XX = one of RH, RS, HT, HS and AN. It denotes the horizontal
range, slant range, target height, source height and slant angle respec-
tively. Units = one of M, KM, MILE, YD, KFT, and FT for the distance
and one of DEG, RAD, COS for the angle specification. Distance default
unit is M and angle default unit is DEG. Values = up to 50 values of the

geometry parameter. These values may be read in one at a time

80.
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separated by blanks or in the format n, (n)n2 signifying values from n,. to

1

in steps of n. In this case of the latter n, must bé arithmetically

"2
greater than n

2
1 Three geometry values must be specified for a meaning-
ful geometry configuration.

Two of the possible geometry configuration definitions i‘esult in
ambiguities. One is when RH, RS and HT are specified. Theére is no
inherent knowledge in this specification of whether HS should beiplaced
above or below HT. In order to resolve the ambiguity the characters
"+" or "-" should be used with the *HT éommand to indicate that HS is
to be placed above or below HT, respectively. The other .ambiguous
configuration occurs when RH, RS and HS are specified. In this case
the + or - should be used with the *HS command to place HT above or
below HS respectively. If none of these characters are specified then
+ is assumed.

There is a special units option (GM) on RS which is allowed if the
following geometry configuration is specified: HS, HT, RS. In that case
the values following the '""*RS, GM, '' command are interpreted as units
of gm/ cm2 of the slant range. The GM units option is restricted to this
configuration only.

Examples: *HT +, KM, 1.

*RS, KFT, .5(.5)10

*RH, KM, 10
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4.5.7 *E-REGRP/Z/, Units, Values

Z = N, G, X, NG, GG for neutron, prompt gamma, X-ray, sec-
.ondary’ gamma and comi)ined prompt and secondary gammas, respectively.
Units have the same options'and meanings as in 4.5.3. Values = energy
Eboundary vzilues (low to high) which will be used to regroup output results.

Example: *E-REGRP/NG/ .1 .5 1. 2. 3. 5. 10

4.5.8 *A-REGRP/Z/, Units, Values

Z has the same options and meanir;gs as in 4.5.7. Units has the
same meaniﬁg as the angle specification in 4.5. 6. Values - angle bound-
:.1ry values (low to high cosine values) which will be used to regroup output
results.

Note that if angles are specified in degrees for this command then
the angle values must be entered high to low.

Example: *A-REGRP/N/, COS, -1. -.50 .25 .5 .75 1.0

4.5.9 *PRINT/Z/(I1 12 ---)

Z has the same meanings and options as in 4.5.7. 11, 12, etc. =
integer values from 0 to 16, and will yield the following results on the

prinf output unit:

0 5 summary

1 S num.ber fluence
2 - number cux,'rent
3 energy fluence
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4 =  energy current

5-12 - internal dose responses

13 = external flux weight as read in by *FLUXWT command

14 : not used

15 = results from *DOSE command |
16 = results from *CONSTRAINT commands A

If any of these appear with 4 negative sign, then the angle-energy distri-
bution output will be suppressed for the particular case (applied to 1-13).
The internal dose responses taken from ORNL-4464 correspond to the

following specifications:

Neutron® Gamma’

5 - Henderson Tissue Dose 5 - Henderson Tissue Dose
6 - Snyder-Neufeld Dose 6 - Concrete Kerma

7 - Tissue Kerma 7 - Air Kerma

8 - Mid-Phantom Dose 8 - Silicon Kerma

9 - Concrete Kerma 9-12 - not used

10 - Air Kerma

11 - 1 MeV Silicon Equivalent

12 - Ionizing Silicon Kerma

Example: *PRINT/NG/ (0 1 -3 2 6 -13)

Options 1-4 are defined in Section 4.6. The summary (option 0)

includes total integrated quantities of currents, fluences, external flux

weight, average energy, Henderson tissue dose and ionizing silicon dose.

*All responses are in units of rad/(particle/cmz).
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Options 15 and 16 are automatically specified by the corresponding com-
mands and need not be explicitly specified by the *PRINT command.

4.5.10 *WRITE/Z/(11 12 ---)

All of the options are the same as in 4.5. 9.

Options 15 and 16 are automatically defined for *PRINT but must
be explicitly specified for *WRITE.

Unit numbers are set up in a DATA statement where they can be
easily modified for any particular computer system. The current values
are:

5:input unit

6:print unit

8:write unit
The *WRITE command is included so that production runs generated by
ATR can be saved on magnetic tape, drum or disk for future use.

Example: *WRITE/N/ (2 6 7 -8 15 16)

4.5.11 *CONSTRAINT/Z/(XX I Value), Units

Z has the same meanings and options as in 4.5.7 and I has the
same meanings and options as in 4.5.9, but only options 1-13 are mean-
ingful. Value is the fluence, current or dose value for which the con-

straint geometry is to be evaluated. This command only mukes sense
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for response values that are not multiplied by 4nR2. Units has the same
meanings and options as in 4.5. 6 and it is a specification defining the
geometry units printed in the output.

The *CONSTRAINT command calculates the value of coordinate
XX which corresponds to a predetermined response level for given values
of two other geometry coordinates specified. Version 1 of the code is
restricted to XX = RS.

Example: *CONSTRAINT/N/ (RS 8 5E-20), MILE

4.5.12 *CXX, Units, Value(s)

*CXX defines the fixed coordinates and their values for a con-
straint calculation. All parameters have the same meaning and options
as in 4.5. 6.

Two *CXX commands combined with a *CONSTRAINT command
define a constraint problem; of course, care must be taken to specify
consistent and valid geometry configurations.

Examples: *CHS 1000

*CAN, DEG, -90 (10) 90

4.5.13 *FLUXWT/Z/, Units, Values

Z has the same meanings and options as in 4.5.7. Units =
arbitrary (up to 16 characters) unit specification that will appear on

the summary output. Values = flux weights to be used for weighting

85.

R AP C T PN MR OPS




the ATR energy spectrum and shouls® . urrespond to the internal energy
structure (low to high).
Examples:
*FLUXWT/NG/, CM**2 ERGS/GRAM, 5.9-8 1.2-8
8.-9 1.2-8 1.7-8 2.4-8 3.3-8 4.1-8 5.-8 6.15-8
7.15-8 8.4-8 9.8-8 1.2-7 1.5-7 1.8-7 2.2-T7 2.65-7

4.5.14 *TITLE n

n may be up to 74 characters and is used as a problem title to
identify the output.

Example: *TITLE AIR TRANSPORT PROBLEM
4.5.15 *DOSE/Z/

This command automatically prints dose values vs the running
coordinate value specified. Z has the same meanings and options as in
4.5.1.

Examples: *DOSE/NG/

*DOSE/N/

4.5.16 *EXC, 4PIRSQ

This command is used to execute the problem defined by prior
commands. If the comma appears after *EXC then resulting values will

be multiplied by 4nR2 where R is the slant range.
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4.5.17 *STOP

This command clears the internal flags so that the next problem
can be specified. All previous specifications are orac-~u by this command,
and it would normally follow a *EXC.

4.5.18 *FIN

This command terminates the program.

4.5.19 *GROUND, Units, Value

Units has the same meanings and options as in 4.5.6. Value is
the ground level relative to sea level for the ATR problem geometry. If
this command is not specified then sea level will be used for the ground
level.

4.6 ATR OUTPUT AND SAMPLE RUNS

Five basic quantities can be calculated from ATR for each
source-particle type:

Number Fluence: ¢ (r,E,u) particles/MeV - cm2 . steradian

Number Current: pur,e,u) particles/MeV - cm2 . steradian

Energy Fluence: Euo(r,E,u) particle-MeV/MeV- cm2- steradian

Energy Current: Epe(r, E,u) particle-MeV/MeV- cm2- steradian

DOSE: D(E) oo(r, E,1) rads/MeV" steradian
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The ATR control commands determine the type of output desired by the
user, can consist of the differential quantities above, or any combination
of the above integrated over energy or angle. A series of three sample
ATR runs was made on a Univac 1108 computer to illustrate use of most
of the input commands. The computer print-out is reproduced in this
section and illustrates some of the output quantities available from ATR

and the corresponding input required for each run.
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SAMPLE PROBLEM 1
Page 1
VERSION 1, OF ATRNXG
STITLE SAMPLE ATR PRNHLE® |
hneQSUKCE(R)
ShanLlY | ,0422
S\NevIELD 100
OGrNUDoRF o
On:,.r'!,]
T ,%1,0,621
8l mt Tyh,S8
ebLaaT/N/eMaDSe 11 1 1 11T L LYY Y]
SPRINT/N/L0)
SPHINY/NG/(O)
SEXCe
ATR PROHLEM NUMRER 1 SAMPLE ATR PROHLEM §
2 68 85 0 59 8 58 06N R T O YA EEEE S OIPE SO TS O NN
PEUTHON  SOQURCE INTERNAL  THERMONUCLEAR
NORMALTIZATIONS 1,000422 NEUTRON /KTy YIFLD®E §,000002 KT
TOT/L OUTPUTE 1,000e24 NEUTRON
SOURCE SPECTHUM ELD= 1,0
ENERGY (MEV ) N/KT N/KYOMEY ENERGY(MFV ) N/KY N/KTOMEY
1,07=0%= 2,90=0S 0,00 0,00 2e35000e 2,406400 S,00421 4,55422
2090205 1,01=04 2,00421 278425 2,86400= 3,01000 1,90422 5,45422
1oNl=0le S,83=0U4 2,40422 Q498425 3,01400= 4 07400 2,60¢22 2,4N¢22
SeAle0le 3, S=03 §,22¢23 U,U1425 U,07400= G,97¢00 1,70422 {1,497
3.190%% 1,010l I, 65623 3J,30624 4. 97400 6,36400 $,R0¢722 1,29422
1o11o01 S,50=01 1,02423 232423 6,36¢00= B, 19400 1,47¢22 R, %29
Se50=01 111400 B8,50422 1657423 HB,19¢00« 1,00601 1,41422 7,79¢2%
1611000 1,83400 6,20902 8,61422 1,00601= 1,22001 PSk422 1416422
1oA3000= 2,35400 2,R0422 So30022 1,22401= 1,50401 T.0k422 2,52422
$ v 6 3 ¢ 58 8 0 53 P E P L PSP SN S S O E L O S NS
ATR PRORLEM NUNKHER 1 SAMPLE ATR PROALEM { & & » »
® 0 8 6B 65 2 & K S 9P T S E B SRS T LSS NS
GROUND LEVEL o J0SHMy  36,791GM/CMe2y  §,000KFT, J170%ILFS
SM(R]IZ2, WANGE KHs §,99QuM, 215,79 1GM/CM942¢ 6,500%FTy §,2424ILES
SUANT RANGE RSS [, 999KkMy 21S5,794GM/CMe%2,  6,560nFTy 1,247 ILES
TARGEY ALY, HTs 099Ky 1 185,2736M/C¥802y  3,279K+ T, «H2IMILES
SOuURCE ALY, HS®  1,0Q0KM, §33,837GM/CHR2, 3,281KFT, Wb2IMILFS
$3LAMT ANGLE  ANS ~, 01 7TDEGKEES (CNS= 1,00000)
SCALCULATED FROM OYHER COORDINATES
S 5 0 % 8 48 5 58 60 L 8 S EESEFES I EESE IS SN
NEUTRON SUMMARY
UNCOLL, TOTAL HUILDI'P PACKWARD FORWARD
TISSUL DOSE (RADSSCMESD ) 3.,91¢09 5,08¢12 1,30403 1,ASe12 3,42082
SILICON DOSE  (RADSSCMNS2 Y U01e0A 9,60010 2,39402 1,99410 7T,62¢10
NUMRER FLUENCF( N ) 9,05¢17 B,22¢21 9,NP+0Y 3,.54671 4,611
NUMAER CURKNENTY( M ) 905417 T,55¢20 B,3%¢02 =1,72¢21 2.uHe)
ENERGY FLUSNCE( NeMFY ) 641418 3,15421  H.13002 R£,20420 2,8%21
ENEROY CURKRENT( NeMFV ) O AGIUMIA 17621 1,91402 =X, T14e20 |,99421
EXT, PLX, w1, (RADS Y 9.0%¢17  B,18%¢21 99,0103 3,9Ue21 U,H1021
AVERAGE ENFRGY (MEY ) 679400 S, ANe0] 5,85=02 P, %jen)] H,NKkeny
LN I TN T B T B NN BN NN BN RN BN NN BN BN BN BNN REE NN DN JNN BEE NN BN BN DR DN BEN BN BN BN BN N
MLUHTRON GAUMA SUMMARY
UNCOLL, TOTAL HUTEOUEP BACKWARD FNRAARD
VISSUE PNSE (RADSSCMS) ) 0,00 S,8U¢1?2 0,00 U AP N Nhe?
SILICON DOSE  (RADSSCMmep ) 0.00 hoDle12 O 00 Tedlett 5,29442
MIMHER FLUFNCF ( 6 ) 0,00 1,39422 0400 S,83021 9,9h021
NUMHER CURRFENT( 4 ) 0,00 Yeh3021 0,00 02,66421 6£,29¢21
Foe Gy HLUENCK( G=rEV ) ne0o0 1.55¢22 0,00 1.0U021 J,4bLeP?
EMLRGY CURRENT(  GemEV )y 0,00 1,25422 0,00 =y ,S54¢20 1,27%22
PXT, FiX, 4T, ( ) n,00 1,00 0,00 0,00 0,00
AVERAGE ENERGY (MEV ) 0,00 1511400 0,00 1,87=01 1,45¢00 |

P 242 % 56 6 AP E ST ISP IS ERES NS
SetxtLUTION COMPLETED
$S1npP
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SAMPLE PROBLEM 2

Page 1
ATITLE SAMPLE ATR PROHLEM 2
¢1eSQURCE ()
LLERY RNl
oAN 45
ChSerMy iy
PRINT/N/ (=2)
*EXC
ATR PROHLEM NUMARFR [} SAMPLE ATR PROARLEM 2
LS AN JEE NN DAY JNN DAN NN BN BN DN DNN DR DN BN BN NN BNE NN BN DN R B BN BN NN BOE BN DN DEE BN BN BN Y
NEUTROK  SNURCE INTERNAL 14mEyY
MORMALIZATIONE 1,000600 YEUTRON /KTy YIELD® 1,000400 KT
TOTAL NUTPUIT= 1,000400 NEUTRON
SOUNCE SPECTRUM
ENERGY(MEY ) N/K T N/KToMEY ENFRGY(MEY ) A/KTY N/KTOMp Y
1,0720%= 2,90=05 0,00 0.00 24350000 2,46900 0,00 0.0
2,90=0% 1,01«04 . 0,00 0,00 2.0h0000 §,01000 N,00 n,00
1eNl=0de H,03e04 0,00 000 3.01¢00e0 0,07¢00 0,00 0,00
S5,A8=0de 3,8%<03 0,00 0.00 U,07400e 4,97¢00 0,00 0,00
§,35=0%a {,11ef] 0,00 0,00 4,97400= 8,36000 0,00 0,00
1ell=01" S.50=01 0,90 0.00 6,46¢00e0 A 19600 0,00 0,0N
S,%N0=N1e {.§5¢00 0,00 0,00 B8,19400e 1,00001 0,00 fent
{el1400e 1 ,A%e00 9,00 0,00 1403008 {22001 0,00 0,00
{oPR3eChe 2,35400 0,00 0.00 1422001 1,50401 §,00000 3,57=01%
$ 3 56 8 8 9 8 40 5 98 058 0 S PSP LIS SO NGO
ATH PROBLEM NUMAER i SAMPLE ATR PROALEM 2
¥ 5 & & 0 5 % 5 6 B 0 R S S & BB S E B E S SO ST S PSY
GHOUND LFVEL s 00CKM,y «000GM/CHe82, «O000KFT, «O0OMILFS
PHORIZ, RANGE RHI  T,07{RMe  62,329GM/CMe02, 23,199nbT, 0, ,304%1LES
SLANTY RANGE  kSa 10,N00XM, S2,00UGM/(Me02y 32,808YFTy H,214*ILFS
STARGET ALT, H13 27,071nMe1080,63UCH/CM002y AR BI6XITs 16,821MT1LFS
SOURCE ALT, ™% 20,000x4y 979,169GM/CM002, 65,61 TXFTy 12,4271]ILES
SLAMT ANGLE AND  4S,000DEGREES (COSs  ,7071)1)
SCALCUL ATED FROY OTHER COORDINATES
LIS IO TN O DAY DA RN BN INE BN DN DR BN DN BN REE DR BN DNE DN DN BN N BN BN BN DY BN BN IR B B B B
ATH PRULMLEM NUMHER 1 SAMPLE ATR PRORLEM 2
[ 2 DN NN I DAV TR DN BN DA NN DY RN BN DN BN NEN BNE DAY BNN BN DNE IR BN DAY BN BN DEN BN BN BN BN B B I
NFUTRON NUMBER CUKRENT
DISTRIAUTION OVER ANGLE
ANG DLGREES COSINE SUM QVER ENERGY CuUMULATIVE SuM
( N/7CMee2 #STER )t N/CHeSQ )
1 180,01 = 168, *],0000 « «~,9728 el 32U=18 o], 2U9=18%
2 t6b,h o 15,4 ©, 97728 o @,9104 «?,072=15% el ,01A=1S
3 159,6 « 144,6 -,9106 = =, 8154 oh,bllUs’" »71,970=18
4 tul,h o 18,7 e,81%4 « @,4908 =5,940=18 =1,262=14
S 13V,7 = 122,A e, 8908 o ®,H412 ah, 0Ufety et.78he14
6 122.A » 111,RA 0 ,SU1? = @, 8720 ey, 90u=15 v ?,181=14
7T 111,88 « §0n,9 “ 3720 =« =,1894 02,523e14 «?.44n=14
A 100,9 « 90,0 1894 = «N000 ef8,99u=18 e2.547=14
9 90,0 = 79,t 20N00 = 21894 953110 ?,4V4=1 4
10 79,1 = bA,2 1894 » «31720 2.999+18% ©2,090=14
11 pRD » 87,2 W37720 - LYTr. Y, $R9e15 =1,517=14
12 57.2 = 4b,} oHHL? - « 6908 Q41915 e7,258=1%
1 W4b.V = 35,4 AL AR Y 1419514 2.101=tS
14 35,4 = 24,4 ALY I AN 1,707=14 14731°})4
19 Pd 4 o {%,u 91006 = «QT7R Peb63e1y 2.28%=14
16 13,4 . o0 WWT2R = 140000 hol9bely 3.,393e14

95 5 5 % ¢ 5 0 08 OB S F P S NS ESIEE SISO ODSSOS



EMENLY (MFV

n,00 -
UoldeD /e
le)d=0b~
JeDbefine
1eNiT=(iqe
2s9=fiye
lelOleOye
SeAse0i-
$e3%20 4=
10 1,11=0]~=
11 Se500te
12 121000~
1§ 1.Atenpe
14 2.,35¢00.
1S 2440000~
16 §,01eN0e
17 uefi7e00=
1A 4,97e0Ne
19 b,.36000"
29 #,19¢00e
21 1.00eNge
22 14272001

O E P S E -

LN I B DN INY I N BEY BN RN TN DY TR DN DN IR INY BN DAY B B BNR D B BN B B BN BN BN N B N

SAMPLE PROBLEM 2

NISTHIKHLTION OVER FrEnGy
CuUniLatTIve Sum

) SuUs QvER AMGLLE
{ N/CHO02 vty
Netuen? (PR LATA N
1.12°06 9,524-11
S.Nbene ded4ye))
107208 1.507=11
2.9%=0% S,7nhe)y
1,01=04 1.670e17
S, Alery LY PIENS
3.35=0} 1o089=1%
‘ol"nl ‘a"""“
5.8%0e0]) G AQaly
fellentd [P LX LIRS
13000 PGS
2.18000 $e9%091%
2,80000 Te152=1%
3.00¢00 4,230
Ueh/len0 1o39daty
UeQT00,C 2oVt Sain
6,30000 199214
8,19010 fo184=15
1,00001 $4909=1n
1.22001 LPLLIEIL}
150001 1,118=19

sepxtCuTiny COMPLETED

LA RN

)y !

H/CHe02

SelrA=t
lnf“5'|b
2.0M8e1b
fe2h1=10
PR Y LYY
SollKe
IR Y PN
1el122=15
2.27715
UyNT2=15
Aoh22=1Y
BedSielh
I AREY]
Yelhlely
1e8R0aty
1e5V7et4
JelNeju
2401714
2,224=14
2:38)=tu
2452014
$e993e14

Page 2
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*TITLE SAMPLE ATR PROHLEN §
*raSOUNCE(4)

SmSVAL A 0 0 N (0155 L1443 (198 L218 (12 ,0°% 0R9 107 ,035 ,035 ,014

0% LGUORY ,N0N1H

=5 3000
*Rp 1500

SmHToer™e § 4 5 7 10 15 20

$NNISE /INGY/
SEXCy

ATR PHOALEM NUMSER {

SAMPLE PROBLEM 3

SAMPLE ATR PROMLEM 3

L N T TN N B N B N Y B L DN I BN DN NN INN D BN BN NN DN B BNY DT RN N BN NN NN B B B

NEUTHON 8

NURCE

EXTERNAL

HISTOGRAM

NOKMALIZATIONS 1,0020¢00 MEUTRON /XTe YIELDS
TOTAL OUTPLYS 1,002¢60 NEUTRON /XTs YI

ENFROY (M
1eN7e0S=
2,%0e(N=
j.,Mefje
S.AY=0y=
3,395«01%=
1,11=01=
S¢S0t
l1e11¢00=
1,R400Ne

v

T LLLA]
1efNl=nU
Settteny
$s55-9)
lell=ny
S450=01
1el1e00
fek3e00
2435400

6 0 000 s 00

SOURCE SPECTRUM
N/KT N/XToneV

0,00
0,00
0,00
0,00
f.959=02
1.43=01
1.98=01
2,1Hh=NY
1,200

ATR PROALFm® NUvAER 1

¢ 8 % 9 0090000

GUOUND b
“NRIZ2, R
SSLANT Ran
TaRGETY AL
AOURCE AL

vEL

NGL Rys
GE KSs
Te NI
T, HSs=

OSLANT ANGLE ANz

«000NM,
1,500%™",
1,300/M,
5,000,
3, n00nm,

0,00
0,00
0.00
0,00
1.44=01
3,26-01
$.54-01
§oN3eny
2.31=01¢

ENERGY (M
2.1%¢00e
Polite0le
§,01¢00=
4.0)eG0a
Uy97¢00w
6.!6000-
A,19400)=
14000010
jo2P¢0 e

L T I

SAMPLE A

000400 KT

Fv )
2e4b6001
3,01¢00
4,07¢09
4,970
b,36400
8,1% 00
1.00001
1,72240]
1,50¢01

N/ Y

2.%0e02
A, 90=n2
fef7en)
Y,50=N
Joheatp
1odn=n?
$,00=0%
A,00eny
1.h0=04

N/KToMp Y

2.09s04
1,621
tefle0}
3,89.n2
2.52=0?
Tebbang
1.hhe0l
4 Nhenu
S,71=0%

LI B B AR AR 2 B B B A

YR PROALEM

LN B IR 2 B B B BN B B B A

‘ooo
1%04371
136,871
1R, 4b?
318,402

GH/Cus02,
GU/CMe02,
GM/Cus02,
Gu/CHee2,
GM/Cmo02,

WNOONET,
4,921t Ty
8,9P7ikkT,
QAUPYET,
Q AUKP T,

LCOODEGREES (CUS3 1,00000)
SCALCULATED FROY OTHER COORDINATES

3

LI B I )
o 00N™ILES
«932~1LFS
W 932 1LES

1 8MUTLES
1oBBUFILES

9 6 8 ¢ 5 5 0 0 0S8 PSS PSS TSNNSO

NEUTRON

TARGEY ALY
J.onoenn
4 ,n00en0
S.,0N0eN0
T.0NNoOD
1,0000e01
1H00e01
P,00000]

GAMMA

L]
'
m
M
nm
Kn
wp
LY

nNSE vS, VYARG
PNRE 13  HENDERS
DOSE 2= CONCRET
nost 3z aAlR
pDNSt um  JONIZIN
posr PosSt 2
Seblntll  2,05=11
1e2V=11 11,3511
HeNPall Hlinet)p
VoenetV X 8214
1.70=14 1,37=14
Selh=th S, NRaih
fall=1h 1,7H=)b

€1 ALy,
ON TISSUE
£

G SILICON

nost 3 [}
1.04=1]
1.08=11
$.57=12
2.07e]})
1.NUn 4
G,ul=1h
140218

(RaDSeC

OSE 4

2,00=11
1.¥2=11
doVi=y?
$.27+1%
{1 ,P2Ratd
Qell=in
{1e2%«1n

wesp )

LI T I R R R R B R I R R I R I R I I S I S I I I R R S I T T Y )
eot xECUTION LNMPLETED

anY 3000
SRpynMy . §
stxCe

§ 1,52 2,5 8 4%

Page 1
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PRSI 30 s e

ATH PRURLEM NUMPFR 2

LN I I IO DA BRI L BN BN B N B Bk DAY B BN B N 2 BNN Y I B Y B R BN N BN N B RN

GRAHND (Ve
HOWLZL, RanGt
eS| ALY RANRE
Tawtib T ALY,
SOukCE ALY,
S8 LANT ANGLE

L N I I DN IR I I I B DN N O BN BN B TR B RN BN DN BN BN BN N BN INY R DN I N R B W

HHe
L} ]
Hls
HSE
Ms

NEUTAON GAMMg

HOK1Z. RANGE

5,000=01
1,000000
1,500000
2,000000
24500000
3,000000
4w,00000
5,000e00

L 2N I N BN BN TN BN NN BN BNE IR B B JRN DN BN BEN INE BN RNY BEE BN R B R BN BN BN BN NE BN BN BN B 4

"M
L]
K™
[ S
K~
we
™
K

«000KM,
¢ SNOKM,y
o SO0KM,
Y A0NKM,
$.,000KM,

«000GM/CHeS2,
U5, 4NIGM/Cves2,
4Y,UNIGH/CMe9 R,

31B.,4K2GM/CHM0eD,

SIA  uhPGM/CMO82,

Savp g

SAMPLE PROB

ATR PRORLEM 3

s 000KFT,
1.04OKFT,
1.6U0%FT,

LUNONGHFES (Q0%e 1,00000)
SCALCULBTED FRNM DTHER CONRDINATES

pnsSE v
DSt 18
DOSEL /s
DOSE 3w
DUSF us

S, HORTZ, NANGE

HENDERSN TISSUE

CONCHETE

AR

JONTZING SILICON

DOSE 1 oost 2

S.060=11
4.5a=11
1.87=11
[YLLIAY
2042=12
A, une13
9.99=14
1e2d=14

SOEXLCUTION CAMPLETED

sS1NP

-

5.95=11
4,92-11
2.05=11
Tebi=r2
2469212
9,32~13
141113
1,3714

nNOSF 3
4,911
4,01=11
1.640=11
6,02~12
2.t2~12
T.34=13
8,73%=14
140814

(RADSSCHOO

DOSE &
5.09011
q,083-11
2.00=~11
73912
2.61=12
9,03=13
{1407=13
1.33=14

JOUNMTIES
JSUIMILES
JUEIPILES
9, BUPKETy | HAUMTIFS
A, 8URFTy Y MAUMTI Y

)

LEM 3
Page 2

93.



SAMPLE PROBLEM 4

, : Page 1
1
STITLE SAMPLE ATR PROBLEM™ 4
sveSOLRCL ()
, . sNaNORM §,Ne22
i sNay]ELO 100
WChMSe KMy 30 .
. ' ecan =90(10)90
SCONSTRAINTZIiZ(RS § 2500)
SEXC :
) i '
ATk PPUALEM NUMHBER 1 SAMPLE ATR PROMLEW &
TR EEEEEE, $.8 % 0 5 5 3 5 3 5 ¢ 50 S H ST IDEDE N
MELUTRON  SNURCE INTERNAL  Qamty
NOWKMALLZATIONS 1,000e2/7 HEUTROY /Ty YIELDS 1,000002 KT
TOTAL QUTPUTS 1.nonf;a HEUTRUN
SCUHCE SPECTRUM
. ENFRGY(MEY ) N/r Y 1/RTe ALy FOFROGY(MEY ) N/KY N/KToMEY
teNTonbhe 2,90why N, N0 0,60 P.3h¢00e P, ubnenn 0,00 0,00
PeFU=0he {,01204 0,00 0,00 .4heN0= §,01¢00 0,00 0400
Ly0feQds H,Fee0a 0,70 000 §,01¢00% d,G7¢00 0,00 0,00
S A¥eCle.y,85=08 0,0y’ 0,00 4,07400e 4,97¢00 0,00 0,00
$,319=Nn3= {,1t=n) 0,00 e00 4.97¢0N= A 36000 0,00 0,00
{o1lefte 5,50=n01 0,00 No0N b, 3heN0= D,1%v00 0,00 0,00
SeGN=01= 1,11¢00 0,n0 009 Rai9400= 1,00e01 0,00 0,00
1el1#00= {03000 0,00 0.00 - 1.0Ne01e |,72¢0) 0,00 0,00
1.45¢400= 2,35400 0,00 0,00 1.22¢01= 1,50¢08 1,00424 3,57¢2)
LI I TIE W T S T R B Y N S S A N B N A I N I N R S R SR I Y
ATk PROBLEY NYMRER 1 o SAMPLE AYR PRNRLEM ¢
$ 5 5 5 8 4 B 5 4 3 P S E 5SS S EE YYD ENS
NECTROP FOGSTRATNT FUR SLANT RAMGE  AND HENOERSON TISSHES 2,50¢08
OnLkIZ, WANLE  SSULANT kAt GF sTAAGET ALY, SNUKCE ALT, SLANY ANGLE
be1S7Nany 1,9994e08 » R N00me0Y 1,0000¢04 90,000 NFG
L,ul inenp 1,9984004 v B,N42teC8 1,000404 =RA0,009 DEG
b HPRUENY 1,9059¢04 » HalPdhend 1,7000e04 =70,000 NEG
f.0t10en} Soljulionl ™ LIYARLITIKS 1,2000¢04 | =50,00N0 DFG
1.8080203% PJM27100% M R,ud71e0d 1.,0000004 «50,000 G
1.50nN00§ Po0litigend v BebhtiaNe 04 1.0000e04 40,000 LEG
| 1./802e0} Pothureuld m 8y .0l6e0} 1.0000004 «30,000 UEG
1,9611¢0% PeORATEL S G, PR} 1,M000e04 «?20,000 DEG
P.NTrAReN PolinGens w Neb4Tueny 1.,9000404 =10,000 NEG
. sollineny 2. tu0neny ¥ 1,0000004 1000004 +000 DEG
) 2ol 8ihe( 2olhhhely b 1.0376¢04 1,7000¢04 10,000 DEG
2.060%¢0% 21907008 M 1.0750e04 1,0000¢04 20,000 NFG
1 4Put e 2.217¢¢084 M 1,1109¢404 10000404 INL000 DG
. 171072203 P lUNuedI M 1.1440+04 1,000Ce0u 40,000 DEG
: 1,4529¢0} ?2.0602908 M 11731004 1,0000¢04 50,000 DFG
1137%¢04 2.,214he0Y M t1o1970+04 140000004 60,000 DEG
7.8390¢07 ?.2920408 ™ 1,2154¢04 1,0000¢04 70,000 DEG
4,0011002 2,5042404 M 162269004 140000000 80,000 OEG
7.1039#05 2,4089¢0% M 1,2307¢04 1,0000¢04 90,000 DEGC

SCALCUL ATED FHOM OTHER CNOHDINATES
, S4EXECUTION COMPLETED
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APPENDIX A

A bibliography of basic data for radiation transport in air has
been compiled during the course of this work from published and unpub-
lished works which have resulted during the past fifteen years. This
compilation represents the major comprehensive works of which the
authors are aware, based on a systematic document search by computer,
personal communications and private files.

A summary of references on theoretical and experimental work
is listed in Tables I and II, respectively, in chronological order, accord-
ing to type of radiation considered. Tables III-V give details of the calcu-
lational problems considered for exponential air, infinite uniform air and

for an air-ground interface, respectively.
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Table IV. List of Calculations {for Infinite /dr
Source
Investigator Date Method Energy Pages Results® Code
o) 1and and 1959 Moments |[Monoencrgetic 113 ¢(r,F)
M chnrdadh
Mol 38 1958 Monte 8 Energles 135 o(r,E,0)
Carlo
Vellad’ 1960 | Monte _Fission 216 o(r,E0) K-Th
Carlo 8 Energies
Spielberg!® 1961 Moments | Fias{on 33 o(r,F) RENUPAX
Kinncy'® 1962 Vonte 6 Energles 17 ¢(r,E) OSn
Carlo .
Kitchie and 1962 Monte 14 Energles 9 o(r,E)
Anderson’4,© Carlo b(r.n)
Marcun? 1963 Monte 1L Mev Lo 8(r,E)
Carlo
Eisenhauer 1965 Moments Fission N.P. ¢(r E)
14 MeV
Johnson’3 1965 Monte 14 Mev 4y o(r.B,02) ¢ K-T4
Carlo Fisasion
S Energlea
Sandmeier’! 1965 Discrete| 12-1h Mev 69 o(r,B) DTF-IV
Ordinntes
Straker! 1965 Monte Fission T ¢({r,E) 05R
arlo 14 Mev D(r)

[ ]
¢ denotes fluence, g denotes sccondary gammma ray, D denotes dose,

. 109.



Table IV. (continued)

! fource .
Investigator Date Method Energy Pages Results® Cole
Straker! 1965 Discrete| Fission 7 n(r) AVISY
Ordinates| 14 MeVv o(r,E)
Trubey " 1965 Moments 1h MeV N.P. o(r B} RENUPAX
' ¥Fission D(r)
Xarcher 9© 1966 Monte Spectrum Ly o(r,E) OSR
. . Carlo : o(r,n)
DeVries 9 1967 Monte 14 MeV 75 o(r,E,R) COHORT
Carlo ‘ og(r.E.n)
Yampolski1 63| 1967 Monte 9 Energles 10 ¢(r,E)
Carlo
Keith and 1968 Monte 14 Mev 1S5 . D(r) NHAT
Shelton 70 , Carlo
Ketth and | 1968 Monte 12 Energles 155 ¢(r,E) NHAT
Sheltonb6 Carlo o(r,t)
" Webster4 1 1969 Monte 12 Energles 67 | olr,E) SORS
Carlo .
Straker and | 1969 | Dfscrete| 8 Energles 410 o(r.E0) | aAvsw
Critzner!d Ordinates | Fission 05(!‘.5 )
Hansen) 1970 ‘Monte 14 Mev 50 é(r,E) SORS
et al, Carlo p(r)

¢ denotes fluence, g denotes secondary gamma ray, D denotes dose,
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Table V, List of Calculations for Air/Ground

Source Source
Investigator Date Method Energy He! ht Pages Results* Code
Blgeers, 1960 Monte 12 Energles 300 ft 173 o(r,E,t)* NHM4
Brown, Kohr 40 Carlo |Weapons Leakage
Marcum2 1960 Monte 3, 14 MeV 300 ft 55 4(r,E) RAND
Carlo
Kinney 48 1962 Monte 6 Energies 0 17 ¢(r,F) OSR
Carlo
Ritchie, 1962 Monte 14 Energles 300 r¢ 18 ¢(r,E) N
Anderson 44,68 Carlo 650 frt p{r,n)
Marcum 42 1963 Monte 1h Mev 0, 750, Lo é(r,E) CAPS
Carlo 3,000 D(r)
DeVries %Y 1967 Monte 1L Mev 116 1t 5 ¢(r,E,n) |conory
Carlo ¢g(r,E,)
Straker and 1967 | Discrete| Fission 300 £t 19 #(r,E) DOT
Mynatr /! Ordinates D(r)
Straker 72 1968 NMonte 9 Energy 50 ft 250 é(r,E,0,t) |06R
Carlo Bands D(r,t)
OB(roE Dn't)
Dg(r,t)
Straker 72 1968 | piscrete | 9 Eneray 50 £t 250 o(r,E,n) |DOT
Ordinates Bands D(r,n)
¢g(r.E\0)
Ds(r.E.n)

*
¢ denotes fluence, g dcnotes secondary gamma ray, D denotes dose.

f

Shock wave included.
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APPENDIX B

DENSITY-SCALING SOLUTIONS TO THE
BOLTZMANN TRANSPORT EQUATION.

Given an arbitrary scattering medium and particle source con-
figuration, the corresponding transport problem solution can be obtained
from an equivalent (in that the solutions to Boltzmann's equation are
identical) density-scaled configuration. Relationships arc given here
bhetween the solution to the given arbitrary configuration and the solution to

the transformed configuration.

The Boltzmann transport equation can be written

-S(E, ?, T, t) -Vv(E,®) . UN(E, ®, T, t)

- a,(E, r)- of) - NE, 0, r,t) - |V(E) !

+ [ NE", &, F, 0 0 (BT p@ - V(ED]
nE’

- GE’, £, E, "YdEd§~

This equates the time rate of change of the particle differential
number density, N(E, ©,T, t), to the source strength minus the losses due

to convection and scattering plus the gain due to scattering from other

encrgy and dii ection groups.

113.



N 1s the number of particles per metera-Mev-steradian
S is the source of particles per meter3—Mev—stevadian
L is the total particle cross section in meterz/target

o 1s the particle-producing cross section in mcterzltarget

¢ is the target density in targets/meter3

v is the particle velocity in meters/second

G is the probability that given a ccllision, the particle
scatters from E°, Q° to E, Q.

If we perform the transformation

p(F) = p(F)/K
%t = K P
tt = K t
NJE, 8, 2, t) = K3 NCE, &, B, )

K™Y S(E, &, ©, t)

S, (E, %, ?t, )

then the transport equation is merely multiplied on both sides
by P other words, if N(E, &, P, t) is a solution of Boltz-
mann equation given p(;), SiGiE, 5, ?, t), then Nt(E’ 3, ;t’ tt)
is a solution given the configuration Py and St(E, 5, ;t’ tL)

és defined in the above transformation.
Information about the particle density o (r, t) in the initial problem
is equivalent to information about the particle density ~t a scaled time and
po.ition in the transformed (scaled) problem. The scaling of specific

quantities derived from the number density follows from their definitions.
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