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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 as 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/cm   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 models 

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. 

Detailed discussions of these items are given in subsequent sections. 

1. 
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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 ^'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. 

3. 



The SAI calculations were made with ANISN for 18 monoenergetic 

source bands and for a maximum range of 5000 motcrs at a uniform air 

2 density of 1.11 mg/cm .   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 gamma- 

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- 

(17) 
parison.   Secondary gamma-ray results from the HENRE experiment      are 

in good agreement with Straker's cross-sections, but the recent re- 
(■tc) 

analysis of LN» experiments by Reynolds       is in better agreement with 

Young's cross-sections.   It is amicipated 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 

4. 
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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/cm .   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 absorption cross-sections were taken from Hubbell 

for energies above 1 MeV and from McMaster^    ' 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 Isotropie.   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/cm2, with the ANISN, DTFXRAY and OGRE 

results being in very close agreement with each other. 

8. 



^^^ttmnv. vnftiv*!»?:;,^" 

10 

5 - 

3  - 

< 

O 

CM s u 
u 
cc 

18. 

I 
10 -io - 

s - 

1           1           1           1           1      - 

• 
♦ 

i 
p * 

• 
A 

e    ♦ 

• 
A 

♦ 

O 

• 
A             4 

e m 

• 
*        ♦ 

e 

• 
A 

o 

•  OTFXRAY (HUBBELL AND McMASTERcr, 1969)                          I m 

A OGRE (HUBBELL AND McMASTER <r.1969) 
0 ANISN (STORM AND ISRAEL 0.1967) 
* SORS (PLECHATY C. 1968) 

1                       1                      i                      1                      1        ,    ... 
20 40 60 80 

DISTANCE (GM/CM2) 

100 120 

Fig. 4.   Comparison of dose vs distance calculations 
for a prompt fission source. 

9. 



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 
o 

fluence near the maximum range ( ~550 gm/cm ) 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/cm   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. 

,14 Photoelectric cross-sections in N     from 
different compilations.   Values in 

barns/atoms. 

E 
(keV) 

1968 
LRL 

Plechaty 

1969 
LRL 

McMaster 

1969 
NBS 

Hubbell 

1967 
LASL 
Storm 

1967 
LRL 

McMaster 

1957 
NBS         j 

Gradstein 

20 7.30 7.90 8.26 8.02 8.70 8.21 

30 1.86 2.06 2.23 2.06 2.31 2.15        1 
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        1 
j    60 0.182 0.208 0.238 0.204 0.238 0.21 

I     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      j 

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 

(23) made between deep-penetration photon transport experiments     in LN« and 

calculations based on the discrete ordinates code DTFXRAY and the Monte 

Carlo code OGRE.   The experiment consisted of measuring the forward 

241 number current as a function of distance from an Am       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 LN5 
photon transport experiment. 
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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^ ' 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-sections.   The OGRE calculation used importance 
5 

sampling with 10   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- 
(81) 

up as a function of source energy at 10 MFP.   The OGRE      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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Fig. 8,   Comparison of build up factor calculations vs source 
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III. PARAMETRIC MODELS OF THE DATA BASE 

The fundamental problem being solved is to represent the free- 

field radiation environment 0(E_, E, Q, r) for monoenergetic sources s 

E    by parametric equations so that free-fields for an arbitrary source s 

spectrum W(ES)  can be generated simply and quickly by the folding 

integral: 

4»(E, r, a)   = /w(Eo) </)(E . E,   n, r) dEo y        s s s 

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 
7 

being used at SAI contains nearly 10   flux values.   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 base feasible is the slowly - changing, asymptotic behavior 
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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: 

V (Es, r, E, Cl)   -   S   (Es,r, E). F^,^ (Es, r) • P (Es, E, r, fi) 

*""(E«)r     . 
+ 9   ÖF E   * 5n n 

s     o 

where 

R (E,,E, r, 0) 
(P(E , r, E, 0) 

ßiEH,r,E,n p) ein 
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and 

o 
V ■■-■ anRular fhue; particles/cm • MeV-steraiian-source neutron. 

2 
F  -  fluenco functions; particles/cm -source neutron. 

S  -  Scalar flux shapes; fraction/MeV, integral over energy equal unity. 

R  =  ratio of angular to scalar flux at each energy E for a 

given angular direction, range and monoenergetic source 

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

fi{E)  - total neutron cross section (cm' ) at energy E and air 
2 

density of 1.11 mg/cm 

fi    =  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 

FSCATT^'  (2) scattered 8l*ctrum shaP€8  SCE, R) and; (3) angular ratio 

functions R(E, r,n). 

3.1 Fluence 

Each set d fluence data was fit with parametric equations for 

the entire range of 180 spatial intervals from 0-550 gm/cm  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       a6 
^(R)  =   aj + a2>/R + a3R + — + -"J + -y 

R        R R 
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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 

2 0-550 gm/cm   for a 14 MeV neutron source.   The nearly constant 
o 

asymptotic shape is apparent for ranges   £-100 gm/cm .   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 energy to minimize the total number of parameters required. 

Thus, only 6 coefficients were required in most cases to fit 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, 
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(2) a quadratic for 0.1 McV < E < E    and (3) a constant for  E     .   The 

resulting six coefficients 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 

36x 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 

</J(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 ihe 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 oquations in ATR for a 14 MeV source at distances from 

300-4800 meters in air at a density of 1.11 mg/cm .   The solid histogram 
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Is the raw ANISN data, the dashed histograms are ATR values for the 

ANISN Kroup 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 normalized 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 
3 

in air at density 1.11 mg/cm . 

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 distances from a reference shape obtained 
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by 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 

ENORM-E < EMAX '   The fluX at thlS minimum enerKy Point ^NORM"1^ 

was assumed to be constant, and at the maximum energy point  E.-^ , 

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: 

(                            /   lnE-lnE1 
S{E, r) = exp    In SjE, r )  +  ( ^— 

' VEMAX.rlnEL 
InS(EMAX' rHnS(EMAX' r -I 

where E. =0.5 MeV energy point. 

So(E, ro) = exp | Aj+AglnE+AgdnE)2 + A4(lnE)3( 

is the reference shape, 

^MAX» r) = exp   B1
+B2lnr+B3^lnr)2+B4^nr)3+B5(lnr)"1 

is the fit vs distance for the flux at E-j*« . 
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The difforoneo.s hotwoon 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 5 E^p... 

For  E < Ej^o^., the reference shape was shifted by an amount deter- 

mined from the fit vs distance for the fourth energy point, i.e. for 

E<ENORM  ' 

S(E,r)    oxp|ln|So(E,ro)| ♦ln|s(E4,r)    - In |s(E4, ro)| | 
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where S (E, r ) is the reference shape at  r    determined by a cubic o   '  o o 

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

I 2) S(E4, r) = exp j Cj + C2 Inr + C3 (Inr)    . 

3.3      Angular Distrtbtuions 

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

account by parametrizing the following ratio function: 

«t>(Es, r, E, D) 
R(ES, E. r, il)   Y'^Eg. rf E,Ü)*Ct 

where R is the ratio oi 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 

allowed the energy-angle coupling to be modeled with a minimum number 

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

plotod for neutrons and secondary 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 

source.   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. 

Thesa 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 defined earlier were formed into a data base 

R(Es, E, r, fi) for modeling and are illustrated in the representative 

plots of Figs. 36 and 37 for neutrons and secondary gamma-rays, 

respectively, at 300 meters from a 14 MeV source.   These curves show 

clearly the smoothing effect 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.   Above 1 MeV, considerable structure was present in 

R which made it difficult to fit well with simple functions.   The slowly 

varying nature of the angular flux vs distance (Fig. 35) indicated that the 
i 

ratio could be parameterized more efficiently by using distance as an 

independent variable.   Thus, the following representation was used to 

model the ratio function of neutrons for each source energy: 

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

2 RE(r, j0 =exp|Aj(//) + A2(^)r+A3(fi)r for E>0.1 MeV 

where 

A(/i) =KexpiB2n) for -1.0<^ < 0.6178 

= exp (Cj^Cg/i+Cg/i2) for 0. 6178<^<1.0 

This procedure increased the total number of neutron coefficients by less 

than a factor of 2 to represent 17 times the amount of data.   Thus, the 
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entire energy-angle data base for neutrons, representing over 10  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 

aloi o 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 doop-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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IV. 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/cm^ 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: 

H   = source altitude s 

HT = target altitude 

R   = slant range s 

R„ = horizontal range 

ß - slant angle 
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The Iundamental calculation in ATR is to determine the free- 

field distribution for a f^ivcii problem geometry and source spectrum. 

In order tu calculate 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 io air-ground interface 

and exponential air density effects can be included as 

perturbations to homogeneous air results. 

The general calculational scheme in ATR is therefore to scale transport 
3 

results from the parametric model density of 1.11 mg/cm   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. 

Density scaling laws for the Boltzmann equations are reviewed in 

Appendix B and show that the angular flux 0.(E, i7,r) in the transformed 

system of density Mr.) is related to the flux in the original system at 

density   p(r) by 

0(E,n,r)-K20t(E,fi, rt) 

where 
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I.e., for 

r.     Kr and   PArJ =   p{r)/K 

Ptrt    pr 

2 
This is the well known result that the 4ffr   flux depends only on the 

mass of air through which the neutrons and photons are being transported. 

2 
The ATR parametric model is based on 4/rr   quantities as a function of 

2 
penetration distance in grams/cm .   The total mass of air between 

source and target for a given problem is calculated from R P and used 

2 
to obtain 4rrR   quantities from the parametric data base, i.e., 

2 2 
4nR    $   =4nR   0 s    s o 'o 

For 

R P   = R   P s o  o 

where 

P ayerage air density of the problem 
3 

P air density of ATR data base (1.11 mg/cm ) 

<P        radiation free-field calculated by parametric 
0       equations at density P   and distance R 

0    =  radiation free-field of the problem geometry s 

The average air density of the problem is calculated from 
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where p(Z)  is the variation in the atmospheric density versus altitude 

above sea level. 

The atmospheric-density was calculated for altitudes from 
(74) 

0-300 KM based on a model developed by Dupree.        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 

(76) Atmosphere/      Equations used for the model were: 

-PjOi-hj^) 

p(h) = ^  
Po 

-P(h-h    )( 
e    !   1   i"1 >     0<h<100 KM 

i=l 

for hT i<h<hJ, with h   =0 and 3<I^32.   The product is I-l~      i o 

deleted for 1=2, and P   is the sea level density value. 

P(h) = exp [Cj-fCgh+Cgh2] 100 KM< h <130 KM 

r 2 ^  i p(h) = exp [Cj+Cgh+Cgh + J 130 KM< h 
h-99 
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4. 2       Air-Ground Inlcrlaco Corroclions 

Corrections for air-ground interface effects were based on the 
(75) 

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

and F(HT) are derived for correcting infinite air results according to 

0(Hs,HT, R)        F(Hs)F(HT)0o(R) 

where <b (R)   is the infinite air flux, ^o 

The model estimates  F(HJ  by calculating the effective fraction of first 

collisions about the source as a function of source altitude.   FOH™,) is 

determined by calculating the effective number of last-collisions in the 

vicinity of the target.   The model was developed for fast neutrons and 

treats neutron reflection from the ground by an albedo approach.   The 

correction factors are listed in Table n as a function of MFP from 

the ground. 

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

(12) sional transport calculations       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.        i 

H(MFP) F(HS) FCHT) 

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 extrapolate Straker's dose data to other 

altitudes, i.e.,  for H^l00 meters: 
1 

F(HJF(HT)       DiE'n'öRjp) 
C(HS'Ht'V   -m^Fätp     Drnf.Air(Hs>HT,Rs) 

11, 

where 
4 

H'        15 meters 
i       '     S 

H'   =   1 meter 

D     =   Henderson dose vs distance calculated by Straker 
0       at Hg and H^.        , 

H-, HT and R^ are the problem coordinates 

po   --   1.11 mg/cm3 

i 

p average air density in problem geometry 

The above correction factor is used in 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-pround 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 
(77) 

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-    ntial 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.    " 

"T/Tw^X^e-V02'^5 ■-n F(IU=V- on «dz Z   J    J X2+Z2 

0-HS 
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2 
where MT is the total cross section in air in cm /gm.   W(Z) is a 

weighting factor given by F^+Z) to account for multiple scattering 

and is obtained by an iteration of the above equation. 

The additional term used 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(HJ 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^      at the two 

source altituder 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/cm , for example, the correction factors 

were . 79 and . 23 respectively, for a 14 MeV source at altitudes of 85 
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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(HS) F(HT) 

0 

0.010 

0.030 

0.060 

0.090 

0.140 

0.210 

0.320 

0.490 

0.770 

1.200 

2.000 

3.100 

4.900 

7.900 

H>7. 9 

0 0 

0.067 0.180 

u92 0.229 

0.133 0.300 

0.166 0.350 

0.210 0.408 

0.271 0.482 

0.373 0.585 

0.491 0.676 

0.642 0.793 

0.808 0.890 

0.920 0.967 

0.975 0.980 

0.985 0.990 

0.996 0.998 

1.000 1.000 
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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 on 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 
26 thermonuclear spectrum of ORNL 4464 with a yield of 10    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 i; 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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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 
2 

This sequence executes the particular problem first without 4nR   and then 

2 with 4/rR   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 respecif ied. 

4.5       Input 

The list of input 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.   I = 1, 2, 3, 4, 5, or 6 where 1-3 stands for internal 
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1. *Z-S0URCE(1) 

2. *Z-SVAL, units, values 

3. *Z-EVAL, units, values 

4. *Z-NORM value 

5. ♦Z-YIELD value 

6. +XX, units, value(s) 

7. +E-REGRP/Z/,  units, values 

8. +A-REGRP/Z/, units, values 

9. * PRINT/Z/(I1   12   . . . ) 

10. ♦WRITE/Z/(I1   12   . . . ) 

11. ♦CONSTRAINT/Z/(XX 1 Value), units 

12. ♦CXX, units, value(s) 

13. ♦FLUXWT/Z/, units, values 

14. ♦TITLE   n 

15. ♦DOSE/Z/ 

16. *EXC, 4P1RSQ 

17. ♦STOP 

18. ♦FIN 

19. ♦GROUND,  units, value 

Fitf. 44.    ATR input commands. 
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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 (1=1), thermonuclear 

(1=2) and 12-15.2 MeV monoenergetic band (1=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-SOURCE(4) 

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

Units = PER MEV, PER KEV or PER GROUP and defines the source 

units.   If 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 
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separated by blanks or in the format n1 (n)^ signifying values froip n^ to 

n9 in steps of n.   In this case of the latter n2 must be arithmetically 

greater than n1.   Three geometry values must be specified for a meaning- 

ful geometry configuration. 

Two of the possible geometry configuration definitions result in 

ambiguities.   One is when RH, RS and HT are specified.   There is no 

inherent knowledge in this specification of whether HS should be placed 

above or below HT.   In order to resolve the ambiguity the characters 

"+" or "-" should be used with the *HT command 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 4 or - should be used with the *HS command to place HT above or 

below HS respectively.   If none of these characters are specified then 

4 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,M command are interpreted as units 
2 

of gm/cm   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/ZA Units, Values 

Z = N, G, X, NO, GO for neutron, prompt gamma, X-ray, sec- 

ondary gamma arid combined prompt and secondary gammas, respectively. 

Units have the Same options and meanings as in 4. 5.3.   Values = energy 

boundary values (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 meanings as in 4. 5. 7.   Units has the 

same meaning as the angle specification in 4. 5. 6.   Values - angle bound- 

ary 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/dl 12 ---| 

Z has the same meanings and options as in 4. 5.7.   II, 12, etc.  = 

integer values from 0 to 16, and will yield the following results on the 

print output unit: 

0 =,      summary 

1 -      number fluence 

2 -       number current 

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 *DC)SE command 

16 =      result« from *CONSTRAINT commands 

If any of these appear with a 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/cm ). 
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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/(I1 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 makes sense 
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2 
for response values that are not multiplied by 4nE .   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 
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Iho ATH oner^y öjx.'ctruru juid should1   jrrespond lo 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  2.2-7  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 

4.5.7. 

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 
2 

be multiplied by 4;rR   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 ordc d 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.   H 

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: 
2 

Number Fluence:    ^(r,E,M) particles/MeV • cm   • steradian 
2 

Number Current:     /i<fl(r,e,/i) particles/MeV • cm   • steradian 
2 

Energy Fluence:      E(p{r, E, ß) particle-MeV/MeV« cm • steradian 
2 

Energy Current:      E/zp(r, E,M) particle-MeV/MeV- cm • steradian 

DOSE: D(E) p(r, E,n) 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 iho input cummands.   Tho computer print-out is reproduced in this 

section and illustrates some of tho output quantities available from ATR 

and the corresponding input required for each run. 
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SAMPLE PROBLEM 1 
Page 1 

V?WSI 
• Tin 

»\-ri 

• «;>•>■ 

»Mt ,>• 

» i< S , n 

• f L ■'» 

• PhTN 

ON 
i 

HO 

".1 
1.0 
f It 
»T/ 
T/K 
t/N 

1, OF ATRSXG 
SÄf'^Lt *TH PROHLt" J 

t(?) 

100 
»F,l 

,b?l 
0.56 
N/.^tOS« I 1 I I I I 1 I I I l I l I I I 1 1 1 I I t 
/(O) 

*TH PROHLfl MUMRfR SAMPLE *TH PROHLtM J 

fflTHOH  SOURCE     INTfRN*l  THERMONUCtt»» 
NORMALIZATION» 1,000*2? NEUTROM /KTt YIELD« 1,000*0? *T 
TOT>L OUTPUT« 1,000*?« MfUTRON 

SOURCE SPCCTKUH ELO«   1,0 
tNMGYtM -«/ ) N/KT        N/HT»MtV ENfRCY(MFV   ) N/KT        N /KT»Mf V 

1.07-Cb- ?.9o-ns 0,00 0.00 2,3^*00-   2.46*00 S,00*?1 «.SS*?2 
2.90-OS- l.Ot-0« 2.00*?! 2.7fl*25 2.16*00-   3.01*00 1.90*2? 3.«S*?2 
l.M-n«- S.PS-0« 2,«0*?? <1.«8*2S 3.01*00-   a,07*00 ?.60*22 2,«S*?2 
5.AJ.0«- J.T5-0J l.??*21 a.«i*2S «.07*00-   «,97*00 1.70*22 1.K9«?? 
1.1S-OV. 1.11-01 3,fcWJ 3,J<**2« «c'>7*00-   6.36*00 1.80*^2 1.29*22 
1.11-01- ^."jn-oi 1.0?*2S 2.52*23 6.36*00-   8.1<»*00 l.«7*?? 8.M*?1 
S.SO-PI- 1.11*00 8.50*2? ».•>?«23 8.19*00-   1.00*01 1.«1*?? 7.79*?t 
1,11*00- 1.63*00 6.20*?2 6.61*22 1.00*01-   l.2?*0l ?.'>6*2? 1.16*22 
l.A}*00- 

• , ♦ »  » 

Z.JS*flO 

* *  *  * 

2.«0*2? S.38*22 

•   «  *  « 

l.2?*0l-   I.S0*01 7.fl^*?2 ?.%2*?2 

•   •   * 

ATH PROHLfw NUMHFR 8AMPLF ATH PROBLEM l » » » • 

CWOUND   LfVK 
• HC'RI?.   HVIÜl HM« 

SLANT   RANGE RS« 
TAUÜfT   ALT, MT« 
SOliBCt   ALT. MS« 

«SUM   ANGl.f. AN« 

,30S«M,      36,791GM/C»'»»2.      I.OBOffT» ,190«ILFS 
1.999"M,   215.791G«/CM»»2,     6,560*M. 1.2'l?MtLt8 
1.999KH,   2I5.79«G',/CM»»2,     6,560nfT. 1.2«?fILES 
.999I«'«.    113.273G»1/C>'»*2.     3.279N>T. .62I"ILES 

l.OqORM,    113.J37CM/CM»»?,      3.281KFT. .621',ILr5 
-,0170EG»<EES   (COS«   1.00000) 

•C*LCULATEO  FHQM   OTHER   COOROlNAtES 

NEUTHPN SUKMARY 

TISSUE   POSE        (R«0S*C,«»*2 
SILICON   DOSE      (RA0S*C1»»2 
NU"t>EH   FLUt*CF(        N 
NUi-r^R   CU»HtNT( M 
rMwr.y FLUfNCK      N-MFV 
FNmi.V   ruRHENTt        N-MFV 
IXT.   HX.   *T.    (RADS 
AVfMAKl   »NFHIiVCMEV   ) 

UNCOLL. 
3.91*09 
«.01*58 
9,0S*17 
9,0S*17 
6,14*18 
6,I«*18 
9,0S*17 
6,79*00 

TOTAL 
5.08*12 
9,60*10 
8,22*21 
7,5';*20 
3.1S*21 
1.17*21 
8,1^*21 
3,8«.01 

HHILOI'P 
1.10«03 
2.39*0? 
<»,08*03 
«,?,«*02 
b,13*0? 
1,91*0? 
9.01*03 
S.6,)-fl2 

fACKMARD   FORWARD 
1,65*12     5.«2*1? 
1.99*10 
3.5«*2l 

-1.72*21 
8,20*20 

-3.7'l*20 
1.5«*21 
2.M-01 

7,62*10 
«.61*21 
?.«H.?1 
2.33*21 
l.SS»2l 
«.61*21 
S.('6-ni 

NlllTMtlN   (,AMHA SUKHARY 

tissnf  posk      (fJA0S»r»>»»<' 
stLiroN on-u    (w«ns*CM»»? 
MIWMfR  fLU(-NCF(        r. 

NU'-HfR   fURRFNK 
HHf.»   *LlltNCF( 
tMHGY   CURI^NH 
MI. ri n, ^t,  ( 
AVERÄlk   ENEHGYC» 

r, 
G-KEV 
I.-HfV 

EV   ) 

IINCOLL. TOTAL Mill (Ulf HAfKWABn (•nUrtJHi' 
)      0,00 5.Sli*l? (1,(10 «.82*11 s.nSH? 
)    o.oo 6,03*12 0.0» 7.« 1 * 11 S.?*.!? 
)    o.oo 1.39*22 o.oo 5.S3»?1 9.96*21 

)      0,00 3.63*21 0.00 •2,66*21 6,29*21 
)    n,ü0 1,55*22 o.oo 1,0«*21 l.««*22 
)    o.oo 1,23*22 0.00 •«.54*20 1.27^22 
)    o.oo ,).00 0,00 O.OO 0.00 

0,00 1.11*00 0.00 1.87-01 1,45*00 

♦ ♦MtCUTION   COMPLETER 
♦ STOP 
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SAMPLE PROBLEM 2 
Page 1 

• TITl f SAMPLE   *TK   PWOHLt"   ? 
• 'i-SOUHrt < J) 

»tur 

»T»   PHOHLEH   SUMfFR SAMPLE   «T»   PHOBLEH   ? 

NfOTOON     SOURCE TNTEHNAL       1«HEV 
><Ow<«U7AT10Ne   t,eO0«0O   "JEUTROM   /KT»   T1ELD«   1,000*00   KT 

TOTAL   nuTPtiTs   1,000*00   "^tUTRON 

SPUWCE   SPEC TRUM 
E^E«r.T(•<El/   ) N/KT N/KT»H^ 
I.OT-OS-  ?.<»ft.0S O.flO 0.00 
?.90-0S-   1,01-0« 0.00 0.00 
I.01-01-   S.8J-0« n.oo 0.00 
S.fll-OU-   J.iS-OJ 0.00 0.00 
«.^5-fn-   1.11-01 n.oo 0.00 
i.M-ot- s.sr-it 0.00 o.oo 
5.sn-oi- i.ii+nn O.no 0.00 
1.1 Hf"-   l.Pi»no 0.00 0,00 
t.»j*ci- a.jstoo 0.00 0.00 

ENFRr.Y(Mev   ) 
?.35*00« 
?.«<.*00» 
3,ni*oo« 
a.o7*oo« 
«.97*00- 
6. <f>*00« 
e.i9*oo* 
1.04*01 

2.«6*00 
i.01*00 
«.07*00 
«,97*00 
6.36*00 
«.19*00 
1.00*01 
1.22*01 

K/KT 
o.no 
n.oo 
o.oo 
0,00 
o.oo 
0,00 
n.nr 
0.0P 

M/t<T»Mf v 
o.co 
n.oo 
0.00 
0.00 
o.no 
o.nn 
o.nn 
o.oo 

l.22*oi» i.so*oi    i.on*on    J.s7-et 

AT*   PHmtM   FÜHRER SAMPLE   ATH   PRORLEH   2 

Cwnu'-L'  LEVEL                  .OOCIM,           ,O0OSM/CM*»2,        .OOOKET, ,000"TLES 
»MOHIZ,   KASCK   RH»     7,071KH,     62.329SM/CM«*2,   25,199KET, «.S'^flLFS 

SLAWT   HAMCE     KS«   l0.n00K>«,     52,9^«GH/tM»»2,   32.eO()KM, IS,21«HILFS 

•TARf.tT   ALT.      HTa   27 .07 IK", 1 0 1 6 .6 3<I(;"/CM* •2«   ««,616KET. 16,»21M!LES 
SOURCE   ALT.     MS»   20.000«M,   K79.16i»5M/CM»»2.   6S,617KFT, 12.«27M1I.ES 

SLANT   ANCLE     ANa     «S. OOOOET.RE tS   (COS«      ,70711) 
• CALCUI ATEO ERQM OTME«   COONOIMATES 

AT«   PRIELE"   SUMMER SAMPLt   ATH  PROBLEM   2 

•   a 

NEUTRON Nl'MBfR 

•   •   *   *   * 

CURRENT 

» » * 

DlSTRlRuTIOM   OVER ANCLE 
AM DEGREE« COSINE SUM OVE»  ENfRf.r cipKiu ATtvr 

(        N/CMM2 ♦STEP       )   ( N/CM»»? 

160.0  < ■   166.6 -1.0000   - -.9728 .7.32«-lS -l,2fl9-IS 
166,6 •   ISS.6 -.972«   - -.9106 -7.072-15 -«,016-)S 
^•5.6  . •   1««.6 -.9106  - -.ais« • 6,61«-'.' -7,970-15 
1««.6   • .   1*3.7 -.eis« - -.690« .5,9«0-lS -1.262-10 
13*.7  • ■   122.« -.690«   - -.S«12 -S,0«0-1S «t .736-1« 
122.«  - •   111.« -.S«12  - -.3/20 .3,9n«-l5 -2,151-1« 
111.«  ■ .    10ft.9 -.3720   - -.189« «2,523-lS -2i««n-i« 
100.9  . •     90,0 -.lfl9«  . .0000 •K,99«-I6 -2.S97-I« 
90.0  « •       /9.t .O'iOO   - .169« 9,S33-l6 .2.«3«-l« 

79.1   • ■      6«.2 .109«   . .3/20 2,999.15 -2.090-1« 
t.H.2  . •     '17.7 .3/20   « .S(J|2 S,««9-15 -1.51/-1« 
57.2  . •     «6.3 .S'<12   - .69f.« «.«19.15 •7,258-15 
«6.3  ■ •     3S,« .f)9.i*   - • MS« 1.19S.U 2.101-15 
31>.«   ■ ■     2«.« .tM'i«   • .9106 1.707.1« 1,231-1« 
2«.«  • •     13.« .9106   - .972« 2.563.1« 2.233-1« 

»    « 

13.« • 

•   »  • 

.0 

•   *   <   • 

.972H  - t,0000 

«   ♦   »  » « ( « • • 

6<796«l« 1.393-111 
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SAMPLE PROBLEM 2 
Page 2 

nisiwiMi.t ins um r-.itfür 
» ►.( M(,»(Mf W ) MJ" OVfM    »M.ll- Cii>iiiL»t Ivf   SUM 

(           S/CM»»i • "e K       ) (     n/rn»»? 
0,0(1 'i.in-n/ nm.io S./^x.t/ 
«.l«-0/- 1.I/-06 9.Srf«.|l 1./<IS-16 
l.l«'-0»- S.06.0* «.<?'41-11 ;.n*>s.l6 
5.0f-fl6« I.OT-nS 1.Sh^.ll »,?».|.t6 
i.nr-ns- ?.<»o-rs i,7(i(>.|/ «, Wii-ik 
i,9(1.(1'). UOl-l« i.«/n-i/ S,/»H.l>i 
I.0|.0<|. s.m.r« b.«o/-|« t.MIS-Xb 
S.ai.ni.- i.»S-"J 1.0^-1 » 1.1??-IS 
i.^s-o». 1.11-iM J.'<7\.HI P.?77.1S 
I.tl-OJ- s.so-m <(.||«9«IS «.07^-|S 
b.sn.oi- i.n«n() 'i.SS 4. IS *,».??.1S 
l.M«03- t.HltlO ?.t<i«.is O.fcSl-lS 
| ,« Uftfl- ?,^s«oo «.««>9-)S 1,n/l"|1 
2.!S«()fl. i,nt,K>0 T./S^.IS I.1S7-J'4 
^,^b*nO' I.CHOP <l.?iO.)S 1,A»«9-J« 
l.oi*no. u.«/«(iO l.i^-lS I.SW.fl 
«.f,Nno. «, *;♦(,: i-.^l l-is l./«s.|a 
«.•(T^on. 6.)6*n0 1.,*S'>.1S ?,ni 7«i<i 
().Jh»00- «,19«')9 1.IM-15 ?.??«.1« 

?n H,|9«00. i,n.i«ui S.939.10 /.Kl't« 
?i I.00«0|. l,?^»(H H.'>«1.1» .».S^O-I« 
?? i.;?«oi" l.si>»ni «.lUl-l1. ».»9$.|(i 

••tllfCutjnn   CPMCLfTti) 
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SAMPLE PROBLEM 3 
Page 1 

•Mut        S»Mt'Lt   »TW  PRMHM   S 
• •■-SOOHCt I«) 
»•--sv»i    noon .ni-js ,i«s .i^e  ,?IH .J? .0^1 ,009 ,jo7 ,015 ,035 ,01« 
.im  ,o&n«<* .noni»! 
«r-s jonn 
♦Wh   isoo 
• «r.KM,   j « s 7 in is «»n 
• nn«;t /M;/ 

• f «et 

*T«   HH0«Lf>1  WJ-IEP t $1*911   *TR  PBÜHLM  3 

KEUTkCg     »OllHCt MITERNil      MI3TOGB«H 
NnWM»Ll/*TlO'.»   l,0n«»00   ^EUTROS   /KT.   rlELO»   1,000*00  KT 
TOT*L OUTPUT« i.oo?»eo NEUTRON /KTI YI 

»TB   P'OPLF»«  NUf'^E» I                                 SAfPLl   *TR  PRO^LM   3 

f.wpi'No   L»VEL .OOOK-t           ,000CH/CH»»2t         .OOnxM,        „OOn-JLES 
«noi/,   R<Nr,l   RH« 1.5C0'«'«.    l'o. ITJO-VCH»^,      <l.»?lKMf         .93/''ILF8 

• SLINT   RiNT.E     WS» l.-iOO*«.    l3h,»7lG-/C'<««2»      «,9?UfT,         ,9J?,'lLfÄ 
TiwoM   »LT.     MTa S.flOOi«*.   51».«h^r.M/CH^tj,      9t«o?i>M.     LBha-ILfS 
ÄOuwtt   »i.r.     HS» 3.000HH,   J18,<46?G'</C«»»2.      9,««iKMi     J .«'«''•'ILES 

»SL««JT   A^CLt     ««« .COODtr.HEES   (CÜSa   1,00000) 
•C»LCUL»U0   fHO"  OTHkR   COOROtM«TES 

•JtUTHO».'   G»MX» nOSE      VS.      T»Rr.ET    »LT. (R«nS»C«»»?      ) 
niJE   I"     Ht^ritRSON   TISSUE 
DClSt   ?■     CTNCMETE 
nosh  J»    »IR 
DOSf   «•      I0NI7IMG   SILICON 

URGIT   «LT, DOSE   | roit   2 OOSt   3 OOSE  a 
5.ono»on  KH i.f/-ll     ?.0i-n      l.6<i-l| ?.00-lt 
i.,onn«oo KM i./^-ii    i.3s-ii     (.Oä-II I,3?-II 
•>,ono»on KM (j.n^-i^    it,iih.\f     3.s?-i^ (i.33«|? 
7.0lo«fio   KM 3.1'fl-M      \,if-\\      ?.*>'\\       3.?/,-H 
|,nnn»ni   KM i.^n-in     i.i/-i<i     i.ou.i«     i.?n-i<i 
i.snütoi  KM s.iih-i»,    «..sn-t».    <I..I/.I*.    s.m-id 
^,000*01    »>' UlZ-lh       l.r'H-lh       1."?-I6       l.?S.|». 

• •i«ICUTJON tiMPtmn 
•MT   3noo 
»RM.KM,   ,S   I   1,5 ? ?ts   «as 
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SAMPLE PROBLEM 3 
Page 2 

«TH   PMüBttf   N(.'hPf« «»►"»LE   *T»  PHOMLKl  S 

»Sl«<.t ««nr.f MÄi .SOOKN, «S.US/G"/C"»»?» l.MOHM. .'It^iim 
T«U(^T »IT, Hl« ^.ftOOKM, )\H,mt?t;*/C***?t 9,(><I<>KM« t.fMIMlIfÄ 
SÜ»)(.Ct   ALT.      HS»     J.ncOKM.   Jl«,«h?GM/CK»»J,      «aH«/KFt«      l,»l6<IMriK» 

• Äl4»iT   »NGlf      »'i» ,(,oon»r.«pes  (cos« i.oooofl) 
• r»LCui»iro mnn PTHK» cnnuoiNüTrs 

MMITACN  OH»« DOSE      VS,      W)»U,   HlitQf 
oiisf  i»   MtNinHS'iK Tissue 
OPÄt.   «"^     C(l^CM^ Tf 
DOSF    J»      «IH 
oü»r «■   jONizisc SILICON 

DOSE   I        OOSt   2        OOSF   5        OOSF   « 

(R*OS»CM»»i;  ) 

HO^ti. M*fcGf 
5.000-01 «H 
1,000*00 «l 
I.bOQfOO Kl 
?.000*U0 »M 

?.SOO»UO KM 
1.000*00 "» 
«,000*00 KM 
S,000*00 K^ 

5,60-11     S.^S-tl     «,"»».-11      S,B9»lt 
«.511-11 
I.M7-11 
6.'■'«-12 
2.«2-12 
».«n-13 
f,«9-1« 
1.2«-1« 

«.'»2-11 
2.05-11 
7.61-12 
2.6,»-l2 
9.32-11 
1.11-11 
1.17-1« 

«.01-11 
l.M-U 
fc.02-12 
2.12-12 
7.1«-13 
8,71-1« 
1.0A-1« 

4.83-11 
2.00-11 
7.39-12 
2.«1-12 
9.03-11 
1.07-11 
1.11-1« 

»•txtCUTlCW  COMPLETED 
• STn»> 
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SAMPLE PROBLEM 4 
Page 1 

»TJTLE   S4MPLE »T9 PROBLE« a 
• M-SOL'SCKl) 

»►"YlHO   100 
• CS.HU,10 
•C»tJ   -<<0lt0)90 
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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 Mr 

Investiertor Date Method 
Sourc« 
Energy Pages Results* Code 

Mo] Inni  and 
Iltctmrüa''' 

1955 Moments Konoenergetlc 113 ♦ (r.E) 

MPM
:,N 1950 Monte 

Carlo 
8 Energies 135 ♦ (r.E.fl) 

Wen«37 I960 Monte 
Carlo 

Fission 
8 Enernlee 

276 ♦ (r.E.O) K-71. 

Spielberg45 1961 Moments Fission 33 ♦(r.E) KENUPAX 

Klnney41* 1962 Monte 
Carlo 

6 Energies IT ♦ (r.E) 05n 

Ritchie and 
Anderson44'68 

1962 Monte 
Corlo 

lU Energies 9 ♦ (r.E) 
D(r.n) 

Marcuw50 1963 Monte 
Carlo 

lU MeV 1.0 ♦ (r.E) 

Elsenhauer 1965 Moments Fission 
ll» MeV 

H.P. ♦(r.E) 

Johnson73 1965 Konte 
Corlo 

ll« MoV 
Fission 

5 Energie« 

1.1 ♦ (r.B.R) K-71. 

Sandmelor*' 1965 Dlacrete 
Ordlnntea 

12-114 MeV 69 ♦ (r.K) ETF-IV 

Straker1 
1965 Monte 

Carlo 
Fission 
ll* MeV 

7 ♦ (r.E) 
D(r) 

ojn 

V denotes fluencc, g denotes secondary gamma ray,   D denotes dose. 
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Table IV.   (continued) 

Inveatlgator Date Method 
Cource 
Energy Pages Results« Code 

StraJterl 1965 Discrete 
Ordlnatea 

Fission 
ll* MeV 

7 D{r) 
«(r.E) 

ANIS» 

Trubey 1965 Monents 111 McV 
Kiss Ion 

».P. «(r.E) 
D(r) 

RENUPAX 

Karcher56 1966 Monte 
Carlo 

Spectrum lili ♦(r,E) 
♦(r.n) 

05R 

DeVrlea 69 1967 Monte 
Carlo 

111 MeV 75 «(r.E.U) 
♦ß{r,E,n) 

COHORT 

Yajupolakll" 1967 Monte 
Carlo 

9 Energies 10 ♦ (r.E) 

Keith and 
Shelton70 

1968 Monte 
, Carlo 

111 MeV 15 D(r) ICHAT 

Keith and 
Shelton6 

1968 Monte 
Carlo 

12 Energies 155 ♦(r.B) 
♦ (r,t) 

KHAT 

Webster4 1969 Monte 
Carlo 

12 Energies 67    ■ ♦ (r.E) sons 

Stroker and 
Crltmer ^ 

1969 Discrete 
Ordlnatea 

6 Energies 
Flsalon 

lilO ♦ (r.E.O) 
«c(r,E,n) 

A.NISN 

Hansen. 
et al,i 

1970 !Monte 
Carlo 

111 MeV 50 «(r.E) 
D(r) 

sons 

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

Investigator Date Method 
Source 
Energy 

Source 
He'.Lht Pages Results» Code 

3lGßers, 
Erown, Kohr4U 

I960 Monte 
Carlo 

12 Energies 
Weapons Leakage 

300 ft 173 «(r,E,t)+ KHM 

yarcum'12 I960 Monte 
Carlo 

3, lit MeV 300 ft 55 *(r,E) RAND 

Klnney"1* 1962 Monte 
Carlo 

6 Energies 0 17 ♦(r.E) 05R 

mtchle, 
Arderson',4.6b 

1962 Monte 
Carlo 

ll» Energies 300 ft 
650 ft 

18 ♦ Ir.E) 
D(r,n) 

NIW 

Marcum''2 1963 Monte 
Carlo 

ll» MeV 0. 750, 
3,000 

1.0 «(r.E) 
D(r) 

CAPS 

DeVrles b* 1967 Monte 
Carlo 

lJ» MeV 116 ft 75 ♦(r.E.n) 
«g(r,E,n) 

COHORT 

Straker «nd 
KyMtx.Jl 

1967 Discrete 
Ordlnates 

Fission 300 ft 19 *(r,E) 
D(r) 

DOT 

Straker72 1968 Monte 
Carlo 

9 Energy 
Bands 

50 ft 250 «(r.E.n.t) 
D(r.t) 
«»(r.E.n.t) 
Dj(r.t) 

06R 

Straker 72 1968 Discrete 
Ordlnates 

9 Energy 
Bands 

50 ft 250 ♦ (r.E.fl) 
D(r,n) 
♦.(r,E,n) 
D*( r.E.Jl) 

DOT 

^ denotes fluence, n denotes secondary gamma ray, D denotes dose. 

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 Bollzmann's equation are 

identical) density-scaled configuration.   Relationships nrc given here 

between the solution to the given arbitrary configuration and the solution to 

the transformed configuration. 

The Boltzmann transport equation can be written 

üN(E, <\ ?, t) ^    ^ 
 -t =S(E, o, r, t) - v(E, *) •   ^N(E, r, r, t) 

-(Tt(E, ?) • p{r) • N(E, P, r, t) •   I v(E) I 

4JJ N(E', tf', r, i)op(E',r)'nCr)- |v(E') | 

O'E' 

• G(E', 0% E, 0) dE'dO' 

This equates the time rate of change of the particle differential 

number density, N(E, 0,r, t), to the source strength minus the losses due 

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

energy and dii action groups. 
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N is the number of particles per meter -Mev-steradi.an 
3 S is the source of particles per meter -Mev-steradian 

a.   is the total particle cross section in meter /target 
9 

o  is the particle-producing cross section in meter /target 
• 3 p is the target density in targets/meter 

v is the particle velocity in meters/second 

G is the probability that given a collision, the particle 
scatters from E', fl' to E, fi. 

If we perform the transformation 

PtCrt) = p(r)/K 

rt = K r 

tt = K t 

Nt(E, G, rt, tt) =  K'3 N(E, {$, r, t) 

St,(E, i^, rt, tt) = K"14 S(E, n, r, t) 

then the transport equation is merely multiplied on both sides 

by K  .  In other words, if N(E, n, r, t) is a solution of Boltz- 

mann equation given p(r), SCE, ^, r, t) , tlien N (E, i?, r , t ) 

is a solution given the configuration p  and S.(E, n, r., t.) 

as 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 it a scaled time and 

position in the transformed (scaled) problem.   The scaling of specific 

quantities derived from the number density follows from their definitions. 
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