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Rreface

Although x-ray air bulld-up factors can be an extremely important
tool in simplifying the x-ray air transport problem, no complete set of
build-up factors exists in current literature. Many computer codes also
exist to handle the x-ray air transport problem, but none have been used
to calculate a complete set of bulld-up factors.

I have used the least expensive code which retains adequate accuracy
to compile a conplete set of x=ray air bulld-up factors. I must acknowledge
the help of Dr. C. J. Bridgman for his help in guiding me in the correct
direction for making this study a success. I also must acknowledge the
help of Major Winfield S. Bigelow who was invaluable in getting the program

to run successfully.
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Abatract

This report is a compilation of time integrated x-ray energy build-up
factors from & ronoenergetic point source in infinite homogeneous air.
These factors were computed by the use of FHOTDIS, a moments method computer

code, and performed on a CDC €600. This code was chosen after a literature

gearch and a review of rany computer models. Energles from 12 keV to 1000
keV and ranges from | mean-free-path to 15 mean-free-paths are considered.
All results are presented on semi-log graphs with each graph containing

one energy. This program is estimated to have an error of at most 20%.

1 The results are compared to Monte Carlo and Discrete Ordinates calculations.
Even though the moments calculations do not completely agree with eny of
the Monte Carlo calculations, the moments calculation agree with the average
of the Monte Carlo calculations. A complete derivation of the moments

method from the Boltzmann Transport Equation is also included.

5
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I Intxeduction

Purpose
The purpose of this report is {to provide one complete set of time

integrated monoenergetic x-ray energy build-up factors in Infinlte homoge-
eous air. This study has used the moments method in the form of the
progran PHOTDIS (Ref 1). This program is written in Fortran and was run
on the CDC 6600 of the Aeronautical Systems Division at Wright-Patterson
Alxr Force Base, Ohio. This study was undertaken because of the lack of a

complete set of these build-up factors.

M - pal
The normal treatment of photon attenuation in an absorbing medium at
range r from an isotropic munoenergetic point source is

F(z) = 3{'—“: (1)
1th o

where
F(r) is the energy fluence at distance r in Joules/m2 (or Cal/cmz)
S is the total energy emitted by the monoenergetic source in Joules
(or Calories)
L 4s the total macroscopic cross section in m'i(or cﬁ_i)
r is the distance of interest in meters (or centlmeters)

This equation accurately describes the fluence if the X~rays interact only

by photoelectric absorpticn. So this equation is eccurate for low encrgy

x-rays, energy below about 12 keV where photoelectric absorption dominate«




For x-rays of energy above 12 keV, Conmpton scatter plays in increasingly

inmportant part. Thercfore, Eq (1) must be modified to account for the

! Compton scatter. One possible modification is

~ur
F(r) - 88— (2)
Yy
where B i3 the energy dependent build-up factor, or the correction factor

to acccunt for Compton scatter.

Eq (2) assumes a monoencrgetic source which is not realistic in
nuclear effects calculations. However the real polyenergetic sources
can be treated by using Eq (2) in a multienergy group calculations

“l,r '
B,S,e ' 1
F(x) = Z o (3)

where S1 represents the fraction of the continuous scurce energy spectra
emitted within tho bounds of energy group i. Eq (2) also assumes that

the x~ray fluence varies only with one spatial coordinate which becomes
increasingly invalid at larger energles and higher altitudes. This assump~
tion is made to prevent the calculational complication of a two dimensional

geometry. However, two dimensional effects can be approximated by rearranging

Eq (3) into a lmz? fluence and enploying mass integral scaling (Ref 2)

: r

F U ?F = Z 8,8, exp(-f uir'dr') (&)
0

1 - These equations also ignore the time variable of the x-ray because

) most targets respond to total x~ray dose not x-ray dose rate. Finally, the
calculations for tulld-up factors are presented in terms of meamfree~path

which makes them applicable to homogeneous air at any altitude.

Scope

Due to the 1limlits of the convergence of the mermenis method program, the
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ranges considered were from one to 15 mean-free-paths of the source photon
energy. The build-up factor for encrgies below about 12 keV is nearly cne,
so energies below 12 keV were not investigated. This program does not
include pair production, so energles used in the calculations are all
below 1000 keV. To facilitate the users' evaluation of the accuracy of
the build-up factors presented here, comparison to other calculations are

also included in this report.

Flan of Development

This report starts with an explanation of computer models which are
used in x-ray transport problems. A discussion of the progran PHOTDIS
follows. The graphs of the build-~up factors for each energy are the main
portion of this report. The discussion of the results contain a comparison
to others who have made x-ray transport calculations. Flnally a detalled
description of the derivation of the moments equation and the reconstruction

of the energy fluence can be found in the appendix.




Antreduction
Three numerical models have evolved which are applicable to compute

total fluence of x~rays where energy is greater than 12 keV. The three
models are Monte Carlo, Discrete Ordinates, and the Moments Method. Each
model has advantages and disadvantages which will be discussed along with
a brief description of each method. Since the moments method was selected
as the model used in this project, it will be presented in depth in

Appendix A as well as the btrief overview in this section.

Mente Caxlo

In the Monte Carlo method, a photon leaving the source is traced through

the medium of interest. As the photon is traced, a record is kept of its

energy, direction and position. Compton, pair production and photoelectric

events are experienced by the photons in accordance with the cross sections

for these events at a rate determined by statistical probability. The
photon 1s followed until it is absorbed or until it passes out of the area
of interest. Many photons are traced by this method. At a predetermined
distance r, the energy of all the photons recaching that distance is added
together and divided by hﬂrz. This 1s the total energy fluence at that
distance. To minimize computations without sacrificing accuracy,
statistical improving achemes are used. These schemes are used to sample
only “important” photons, which are determined by a "weight". The weight

of a photon is an artifical blasing which 1s introduced while tracing the

photon. Several statistical improving schemes are statistical estimations,

exponential transformations, Russian Roulette and non-absorptive welghting.

(Ref 3119-20)

Statistical estimatlon may be a last-flight estimator which calculates

n
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the protability that a photon which has Just undergone a Compton event
will travel a predetermined distance before absorption. Another statistical
estimation scheme 1s noxt-event-estimator. This scheme calculates the

probability that a photon which has just scattered will reach a predetormined

Glliigris i

distance after it is involved in another scatter. (Ref 3120)

Exponential transf{ormation blases the distance to the next event to
increase the probability of a long flight. The welght assoclated with a
photon 1s adjusted to correct for the blas. (Ref 3121)

If a photon has lost so much of its welght through adjustment for
blasing, Russian Roulette may be used. A random number is generated and
compared with a survival probability, which is also less than one. If the
random numter, which 1ls elso less than one, 1s leas than the survival
probability, the weight is nultiplied by the recliprocal of the survival |
probability and the tracking is continued. If the random number 1s greater
than the survival probability, the tracking is discontinucd. (Ref 3121)

In non-absorptive weighting, at each event the photon's weight is
sonled by a probability that the photon will not be absorbed. The scallng
factor ia the scattering croass section divided by the total cross section.

When weight correction reduces the photon's ability to contribute to a very

small amount, Russian Roulette is used. (Ref 3122)
The accuracy of the answer depends on many factors. The statlstical

fluctuation produced by the stochastic nature of the mothod along with the

t% type of wolghting used are two major factors. Other factors affecting the
accuracy are the cross sections and the number of photon tracked (histories).
The number of histories is limited by the size of the computer and the
amount of conputor time and money spent on the problem. But the Monte Carlo

mothod can treat a complex goometry conslsting of many different materlals.
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Discrete Ordinates Method
The Discrete Ordinates method deals with a numerical solution to the

Boltgmarn transport equation. The Boltzmann transport equation (which also
describes time independent fluence) is
Q-VF(r,Q,E) + p F(r,,E) = 5(r,Q,E) +ffu°F(r,"yE*) @' aE* (5)

where

F is the fluence

Q2 1 the direction vector

r 1a the coordinates

E is the enexgy

S is the source function

ut is the total cross section

u° is the scatter cross section from direction Q' and energy E' to
direction Q and energy E

The most popular Discrete Ordinates programs solve the Boltzmann

transport equation numerically by a method known as the SN methed. The SN

method expands the scatter cross section in the integral term in Legendre
polynomials. By using the addition theorem for the Legendre polynomial,

that integral reduces to one in energy and one in angle. Numerical quadrature
is employed to evaluate the angle integral. The equation is separated into

a group of equations by replacing the energy integral with a summation of
group to group scatter terms. Since the resulting equations are differential
equations, finite difference approximations are used to reduce these equations
to a group of coupled algebraic equations. The numerical quadrature and
finite difference approximations introduce truncation error. On the other
hand if more terms in the quadrature and a finer mesh are used, round-off |
error 1s increased and the answer may not converge. So some error is |

unavoidable. The computation takes less time than Monte Carlo computations

6




but can not handle complex geometries.

Xoments Method
The Moments method also produces a solution to the Boltzmann Transport

Equation by numerical methods but involves more analytical reduction than
does Discrete Crdinates. In this method, the scatter cross section and the
| fluence in al)l terms of Eq (5) are expanded in Legendre polynomials. Using '
the addition theorem, the scatter multiple integral reduces to a single

integral in energy. By multiplying through the equation by the appropriate |
powerset directional angle factors and integrating each term over direction,

the equation 1s reduced to a differential-integro equation set. By ;
multiplying this set of equations by the spatial moments and integrating \
over all space, the equatlions reduce to the moments equatlions. The moments i i
equations are recursive and bacause of the integration in energy, they must lj

be evaluated by numerical quadrature in energy space. Once the moments

have been calculated, the fluence is reconstructed by means of summing all ]
the moments of a particular energy after they have been multiplyed by a sct
of blorthogonal polymonials. A couplete derivation of the moments equation
and the reconstructlion of the fluence is given in Appendix A. (Ref 1i3-14)
Since only a finite number of moments can be used, this method is also
limited in accuracy. But depending on how many moments are used, the error

P can be 1imited. Thus a predetermined accuracy can be rcached. This method

1 is also limited to the time independent system and to & simple geometry and

a homogeneous infinite medium. The time used to evaluate the fluence by this

i1 method i1s usually less than elther Monte Carlo or Discrete Ordinates in such

eimple geometries.
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Literature Seaxrch
Monte Carlo. Many Monte Carlo programs were considered for this

compiiation of x~ray build-up factors. The MASTER program file (Ref &) is
a set of programs and cross section libraries used to solve radiation
transport protlems. The programs in this file are FASTER, BETA and TEMPER.
All the programs can hardle complex geometry, nonlinear and time dependent
photon flvences. But the generality of this file makes it difficult for
the user not acquainted with this file to provide data for a problem. The
DART ard DART II codes (Ref 5 and 6) are codes which handle time dependent
photon transport in air. DART is a one dimensional code which assumes

homogeneous air, while DART II assumes nonhomogeneous air and takes into

account the curvature of the earth. DART II is espically suited for high
altitude air transport. The THISTLE code (Ref 7) is a time dependent code
vwhich describes x~ray transpcert in exponential atmosphere.
The MORSE code (Ref 8) is a gamma ray transport code which uses
multigroup cross sections. This code can handle three or one dimensional
problens. It treats ihe atmosphere as a homogeneous medium and the answers
are in a time dependent form. The HAM code (Ref 9) 1s a modified MORSE code ;
which incorporates varying air density at high altitudes and to take into ,
account the curvature of the earth. One of the most popular Monte Caxlo
codes used for x-ray radiation transport is the PHOTRAN code (Ref 10,11 and 12).
This code handles time dependent radiation transport and calculates energy
deposition, photon flux, electron flux or tissue equivalent decse. It can
consider energies from zero to 100 MeV taking into account coherent and

incoherent. scattering, photoelectric effect, pair productiocn, fluorescent

and annihilation radiation. It can consider threz dimenslonal geometry in




a homogeneous medium. AMNDY is a series of transport codes (Ref 13) designed
for time dependent photon transpnrt which can handle three dimensional
homogeneous atmosphere.

A1l the codes listed above were considered but rejected because of the
amount of time and money involved in implementing and running these programs.

Discrete Ordipates. DIFXRAY is a one dimensional code (Ref 14) using I
Discrete Ordinates method of solutlon. This code does no% treat time {
dependence and assumes a homogeneous atmosphere. ANISN is a Discrete
Ordinates code (Ref 3) which treats a homogenecus aimosphere in one dimension.
It dces not handle time dependence.

Moments Method. PHOTDIS is a one dimensional code (Ref 1) for compating 4

transport in a homogeneous atmosphere. It does not handle time dependence
but it does compute the build-~up factors. This rrogram was selected because
of the ease of input and the direct output of Luild-up factors. The speed

of this program was another factor in its selectlon since iime dependence and
inhomogeneous atmosphgza are not considered. Another factor for choosing a
moments method program is the approximation of the error through convergence

analysis which is not available from the other methods cf solution.

Description of PHOTDIS
] The program PHOTDIS consists of two phases, Phase I and Phase II. 1In

Phase I, the moments for tne scattered fluence are calculated. Most of
Phase I 1s concerned with caiculating the integral iu Eq (28), which is
found in Appendix A. Phase II reconstructs the fluence from the moments
using Eqs (31),(32) and (33). The majority of Phase II is a numerical

calculation of Eq (33), which is made difficult since only values of s

are known. At the end of Phase 1I, the build-up factor is calculated using

Eqs (34),(35) and (36). A more complete description of the program can be




found in Ref 1.

Anput
The input to the program consists of 12 different sets of data. They

e e s A

1) Klein-Nishina, Photoelectric and Compton scatter cross section as a
function of energy.

2) Parameter determining if mesh parameters are to be input.
3) Altitude. ;
4) Density of the air at the altitude considered. 1

5) Energy above which no correction is to be made to the Klein-Nishina
scattering equation.

6) Parameters determining which phases are to be run.

7) Mumber of space points, angular variables and a parameter determining if
angular fluence is to be calculated.

8) Number of moments to be used.

9) Source energy and source strength.

10)¥esh parameterse.

11)Angles at which the fluence is to be calculated.

12)Distance at which build-up factors are to be calculated.

The cross sections used for this study are from UCRL-50174 (Ref 13) and from
AFWI~TR-67-11 (Ref 14). A 1isting of the code and a sample input are furnished

in Appendix B.

10




Cholce of Cptions
Enexregies. As stated in Section I, the magnitude of the build-up factor 3

is related to the amount of Compton scatter. For energies where Compton |
scatter 1s a major contributor to the total cross section, the build-up
factor is greater than one. Therefore, this study begins at 12 keV since

below that energy, Compton scatter is negligible. For energles below 12 keV,

Eq (1) can be used since the build-up factor is approximately one. The
Compton scatter cross section begins to decrease for energies above 100 keV.
This decrease continues until the Compton scatter is very low, but is the

only major contributor to the total cross section. Pair production, which

is zero below 1020 keV, increases very rapidly just above 1020 keV and
quickly becomes the major factor in the total cross section. Since the
program does not handle pair production, this study terminates at 1000 keV.
Ranges. For each energy, calculations were made of the build-up factor
for a distance from the source from one to 15 mean-free-paths in increments
of one mean-free-path. The answers are not converged well beyond 15 mean-
free-paths. The build-up factors at the varlous distances in mean-iree-paths
are valid at any altitude, but the mean-free-path varies with altitude. So
at any altitude of interest, the build-up factor can be obtained for any
distance in meters by converting the range in meters to meamfree-paths at
any altitude. Fig O shows the variance of the mean-free-path with altitude

for different energles.

Sravhs of Build-up Factors
Fig 1 to Fig 105 are the graphs of the build-up factors for various

energles ranging from 12 keV to 1000 keV. For energles between 12 and 100
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kev, the increment is 2 keV. For energies between 100 and 200 keV, the
increment is S keV. For energies between 200 and 500 keV, the increment is
10 keV and for energies higher than 500 keV, the increment is 50 keV. On
each graph, the points showr are the calculated results with the curve fitted
by spline-fitting technique performed by the computer and drawn by a Calcomp
plotter Model ?65.

Empixical Build-up Factor Equatlon
Taylor (Ref 19) has developed a simple equation to describe build-up

factors previously calculated. This equation is

- A, 1Y c2y
B=Ae "+ A (6)

where
y is number of mean-free-paths of source energy

A2 o Ai

Ai.c1 and ¢, are constants to be determined from calculated Bulld-up factors.
A calculation was performed using the build-up factors obtained in
this study to obtain these constants. A 1list of these constants and the

maximum percent difference is shown in Table I. (Text continues on page 121)
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Table 1.

Energy in keV

12
14
16
18

N
o

B3ITRNBEEBVRERERER

100
120
150
200
250

350
Loo

500
600
750

Constants for empirical build-up factor equation

A

-0.227
-0.370
=0.323
=0.634
-1.072
-1.048
-1.740
-2.673
-2.664
-6.038
-8.805
-8. 504
=75.83
-20.03
~16.94

14.59

11.31

109.2
-11.05
~11k.1
~113.1
-10.93
-8.153

13.14
~88.92
~6.308

19.89

72.37
~6.063

16.29
~57.58
-17.20

Ay

1.227
1.370
1.323
1.634
2.072
2.048
2.748
3.673
3. 664
7.038
9.805
9. 504
76.83
21.03
17.9%
-13.59
-10.31
-108.2
12.05
115.1
114.1
11.93
9.153
-12.14
89.92
7.308
-18.89
=71.37
7.063
=15.29
57.58
18.20

%
-0.400
-0.400
0,680
-0, 460
-0.360
-0.480
-0. 340
=0.260
-0.300
-0.140
-0.100
-0.100

0.000
-0,020
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0,140
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0.080
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0.100
0.200
0.160
0.180
0.260
0.280
0.100
0.200
0.260
0.120
0.140
0.220
0.080
0.120
0.120

Maximum % difference
below 8 NFP
0.35 %
0.89 %
1.78 %
0.91 %
2.71 %
2.90 %
0.75 %
1.85 &
3.87 %
2.90 %
1.45 %
1.63 %
0.97 %
3.77 %
6.93 %
13.7 %
2i.1 &
18.0 %
26.6 %
25.7 %
27'6 %
36.0 %
39.1 %
36.3 %
33.1 %
39.9 %
33.1 %
3.2 %
351 %
28.8 %
25.7 %
22.6 %
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