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Preface

Althougj~ x-ray air build—up factors can be an extremely important S

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 build—up factors.

I have used the least expensive code which retains adequate accuracy

to compile a complete set of x—ray air build—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 atud y a success. I al~io must acknowledge the

help of Major Wi nfleld S. Bigelow who was invaluable in getting the program

to run successfully.
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Abstract 
S

This rerort is a compilation of time integr~ttcd x—ray energy build-up

factors Iros a monoenergetic 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 C60o. This code was chosen after a literature

search and a review of many computer models. Energies from 12 keV to 1000

keY and ranges from I mean—f ree—p ath to 15 mean—free— paths are considered .

All results ara rrcsented on semi—log graphs with each graph containi ng

one energy. Thie program is estimated to hav e an error of at most 20;L.

The results are compared to Monte Carlo and Discrete Ordinat es calcul~tionz.

Even though the moments calculations do not complet ely agree with nny of

the Monte Carlo calculations , the moments calculation agree with the av erage

of the Monte Carlo calculationsl A complete derivation of the moments

method from the Boltznann Transport Equation is also included .
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X-BAL~BJJUD-UP FACT(.ES

I introduction

Furnose

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

integrated monoenereetic x—ray energy build—up factors in infinite homoge—

eous air. This study has used the moments method in the form of the

progran PHOTDIS (Ref i).  This program is written in Fortran and was run

on the CDC 6600 of the Aeronautical Systems Division at Wright—Patterson

Air Force Base, Ohio. This study was undertaken because of the lack of a

complete set of these build ut factors.

Theory of Bulld-u~u Fcctors

The normal treatment of photon attenuation in an absorbing medium at

range r from an isotropic m~noenergetic point source is

F(r) ~~
-
~~~~

— (i)
4rrr2

S where

F(r) is the energy fluence at distance r in Joules/m2 (or Cal/cui2 )

S is the total energy emitted by the monoenorgetic source in Joules

(or Calories)

U is the total macroscopic cross section in m~~ (or 1)

r is the distance of interest in meters (or ccnti;r~tc:~)

This equation accurately describes the fluence If the x—r ty s  interact only
S 

by photoelectric absorption. So this equation Is accurate for icr cncr:y

x—rays , energy below about 12 keV where phothelectric ab~orpt~on dominate.

— ~~~L.. 
~~~~~~~~~~~~~~~~~~~ 
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For x-ra~s of energy above 12 koV , Conpton scatter plays In increasingly

important part. Therefore , Eq (1) must be modif ied to account f or the

Compton scatter. One possible modification is

F(r) —~~~~--—- (2)
4~~2

where B is the energy dependent build—up factor, or the correction f actor

to account for Compton scatter.

Eq (2) assumes a monoenergotic source which Is not realistic In

nuclear effects calculations • However the real polyenorgetic sources

can be treated by using Eq (2) in a multienergy group calculations

B -t11r
F(r) ~~~ _~~S1e

4rT r

S 
where S~ represents the fraction of the continuous source 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 
S

increasingly invalid at larger energies and higher altitudes. This assump-

tion is made to prevent the calculations], complication of a two dimensional

geometry. However , two dimensional eff ects can be approximated by rearranging

Eq (3)  into a ~Iur
2 f]uence and employing mass integral scaling (Ref 2) .

4ryr2F 
~~~ 

S1B~ exp(-f u ir ’dr ’) (4)

- These equations also ignore the tine variable of the x—ray because

most targets respond to total x-ray done not x—ray dose rate. Finally, the

calculations for build—up factors are presented in terms of mean—free—path

which makes them applicable to homogoneous air at any altitude.

~cone

Duo to the limits of the converL’,onco of the ncr.ente method program, the

2
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ranges considered were from one to 15 mean—free-paths of the source photon

5 - energy. The build-up factor for energies below about 12 keV is nearl y one ,

so energies below 12 koV were not investigated. This program does not

include pair production, so energies used in the calculations are all

below 1000 keV. To facilitate the users’ evaluation of the accuracy of

S I the build—up factors presented here , comparison to other calculatIons are

also included in thIn report.

Plan of Devalopment

This report starts with an explanation of computer models which are

used in x-ray transport problems. A discussion of the program 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. Finally a detailed

description of the derivation of the moments equation and the reconstruction

of the energy fluence can be found in the appendix.

3
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II Comnuter Models

Introduction

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 ~1ll 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 brief overview in this section.

Monte Carlo

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 is followed until it is absorbed or until it passes out of the area

of interest. Many photons are trace~1 by thin method . At a predetermined

distance r , the energy of all the photons reaching that distance is added

together and divided by 4nr2. This is the total energy fluonce at that

distance. To minimize computations without sacrificing accuracy,

S statistical Improving achemes are used . These schemes are used to sample

S ¶ only “important” photons , which are determined by a “weight”. The weight

of a photon Is an artifical biasing which is introduced whIle tracing the

photon. Several statistical Improving schemes are statistical estimations 1

exponential transformations, Russian Roulette and non—absorptive weighting .

(Ref 3.19—20)

Statistical estimation may be a last—flight estimator which calculates

H

I I I I ISSSSSS SSSS L. ._.,..~~ L.,S.. .S .....I I I I I I



- 

-

the probability tha t a photon which has just undergone a Compton event

will travel a predetermined dintance before absorption. Another statistical

estimation scheme is next— event—e stimator. This schen~e calcullttes the

probability that a photon which has juut scattered will roach a predotormin.’d

distance after it in Involved In another scatter. (Ref 3*20)

ExponentIal transformation Mason the distance to the  next event to

increase the probability of a 1on~ flight. Thu weight associated with a

photon is adjusted to correct for the hia.~. (Ri f 3,21)

If a photon has lost 30 much of its wei~’ht through adjustment. for

biasing, Russian ~ouletto m a y  ho used. A random number is generated and

compared with a survival probability, which is also less than one. if the

random number , which is also lc~:rl than OIi~~ , is less than the survival

probability, tho weight is nult ipUod by the xectprocai of the surv ival

probability and the tracking is contInu~d. l~ the random number is ~rt~tter

than the survival probability, the tracking in discontinued. (~~~of 3.21)

In non-absorptive weighting, at each evoni. the photon’5 weight is

sealed by a probability that the photon wil l not be absorbed . The scal i ng

factor is the scattering cross section dIvided by the total cr~r~ section.

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

small amount , Russian Roulette is used. (Ref ‘~s :’2 )

The accuracy ot’ the answer depends on many factors. The statistics].

fluctuation produced by tho stochastic nature of the method along w i th  Lho

type of weighting used are two major factors. Other factors affecting the

accuracy are the cross seel ions and the number of photon tracked (hi~’torIeo).

The number of histories is limited by the size of the computer and the

amount of eouputor time and money spent on the problem. But the Monte ~nrlo

method can treat a complex geometry consIsting of many different materials.

5
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Discrete Ordinates Method

The Discrete Ordinates method deals with a numerical solution to the

Boltsmann transport equation. The Boltznann transport equation (which also

describes t ime independent fluence) is

~ •VF(r ,~~,E) + ~
tF(r,fi,E)  — S(r ,C~,E) .ff ~

5F(r ,c~’,E ’) dC~’ ~~~~
‘ (

~
)

where

F is the fluenca

Q is the direction vector

r is the coordinates

E is the energy

S is the source function

is the total cross section

Lt 8 is the scatter cross section from direction ~V and energy E’ to
direction Cl and energy E

The moat popular Discrete Ordinates progra~ns solve the Boltzmann

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

method expands the scatter cross section in the integral term in Legendre

polynomials. By using the addition theorem for the Le~endre 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 th3 energy integral with a summation of

group to group scatter terms. Since the resulting equations are differential

equations , finite difference approximations are used to red3ce 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 is increased and the answer may not converge . So some error is

unavoidable. The computation takes less time than Monte Carlo computations

6 
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but can not handle complex geometries.

Moments Method

The Moment s method also produces a solution to the l3olttu.ann 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 a)]. 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 is reduced to a differential—integro equatIon set. By

multIp]y~ng this set of equations by the spatial moments and integrating

over all oface, the equations reduce to the moments equations. The moments

equations are recursive and because of the integration in energy, they must

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

have been calculated, the fluonee is reconstructed by means of summing all

the momenta of a particular energy after they have been multiplyed by a act

of biorthogonal polynomials. A complete derivation of the moments equation

and the reconstruction of the fluence is given in Appendix A. (Ref 1,)-1L~)

Since only a finite number of mnon’ents can be used , thIs method is also

limited in accuracy. But d epending on how many moments are used, the error

can be limIted . Thus a predetermined accuracy can be reathed. This method

is also limited to the tine Independent, system and to a simple geometry and

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

method is usually less than either Monte Carlo or Discrete Ordiuates in such

simple geometries.
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III Proi~ram Used

Literature Search

Monte Carlo. Many Monte Carlo programs were considered for this

compilation of x—ray build—up factors . The MASTER program file (Ref ~i )  is

a set of programs and cross section libraries used to solve radiation

transport proUems. The programs in tnis f I) e are FASTER, BETA and TEMPER .

All the programs can har.dle complex geometry, nonlinear and time dependent

photon fivences. 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 and DART II codes (Ref 5 and 6) are codes which handle time dependcnt

photon transport In air. DART is a one dimensional code which assumes

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

account the curvature of the earth . DART II is espically suited for high

altitude air transport. The THISTLE code (flef 7) is a time dependent code

which describes x-ray transport in exponential atmosphere.

The MORSE code (fief 8) is a gamma ray transport code which uses

multigroup cross sections. This cod e can handle three or one dimensional

problems. It treats the atmosphere as a homogeneous medium and the answers

are in a time dependent form . The HAN code (Ref 9) is 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 must popular Monte Carlo

codes used for x-ray radiation transport is the P}IOTRAN code (Ref 10,11 and 12).

This code handles tJ me dependent radiation transport and calculates energy

deposition , photon flux, electron flux or tissue equivalent dose. It can

consider energies from zero to 100 14eV taking Into account coherent and

incoherent, scattering , photoelectric effect , pair production , fluorescent

and annihilation radiation. It can consider thre2 dimensional geometry in

8
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a homogeneous medium. AMDY is a series of transport codes (Ref 13) desIgned

for time dependent photon transport which can handle three dimensional

homogeneous atmosphere.

All the codes listed above were considered but rejected because of the

amount of tine and money involved in implementing and running these programs.

Discrete Ordinaj.~~ DTFX}JIY is a one dimensional code (Ref iii.) using

Discrete Ordinates method of solution. This code does not treat tine

dependence and assumes a homogeneous atmosphere. ANXSN Is a Discrete

Ordinates code (Ref 3) which treats a homogeneous atmosphere in one dimension.

It dces not handle time dependence.

Moments MetJjçsi. PHOTDIS is a one dimensional code (Ref 1) for computing

transport in a homogeneous atmosphere. It does not handle tine dependence

but it does compute the build—up factors. This program was selected because

of the case of input and the direct output of build-up factors. The speed

of this program was another factor in its selection since time dependence and

inhomogeneous atmosphere are not considered. Another 5~actor for choosing a

moments method program is the approximation of the error through convergence

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

Descriution of 1HOT~~~

The program PHOTDIS consists or two phases, Phase I and Phase II. In

Phase I, the moments for the scattered fluence are calculated. Most of

Phase I Is concerned with calculating the integral in Eq (28), which is

found In Appendix A. Phase II reconstructs the fluence from the moments

using Eqs (31),(~~) and (33) . The majority of Phase II is a numerical.

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

arc known. At the end of Phase II , the build—up factor is calculated using

Eqs (Yi),(35) and (3 6).  A more complete description of the program can be

9
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found in Ref 1.

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

are s

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

2) Parameter determining if mesh parameters are to be input .

3) Altitude.

li) Density of the air at the altitude considered.

5) Energy above which no correction is to be made to the K].ein—NlshIna
scattering equation.

6) Parameters determining which phases are to be run.

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

8) l umber of’ moments to be used .

9) Source energy and source strength.

1O)Mesh parameters.

1i)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 tJCRL—50174 (Ref 13) and from

AF rTR 67 11 (Ref 1k). A listing of the code and a sample input are furnished

in Appendix B.
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IV Results

Choice of Citions

Eaermiea. As stated in Section I , the magnitude of the build—up factor

is related to the amount of Compton scatter. For energies where Compton

scatter is a major contributor to the total cross section , the build—up

factor is greater than one. Therefore , this stud y begins at 12 keV since

below that energy, Compton scatter is negligible. For energies 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 keY, Increases very rapidly just above 1020 keY and

quickly becomes the major factor in the total cross section. Since the

program does not handle pair production, thia study terminates at 1000 keY.

Ranaes. 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—p ath. The answers are not converged well beyond 15 mean—

free— paths. The build-up factors at the various distances in moan-free-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 mean— free—paths at

any altitude. Fig 0 shows the variance of the mean—free—path with altitude

for different energies.

Cranh s of Build ui Factors

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

energies ranging from 12 keY to 1000 keV. For energies between 12 and 100

11
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key, the increment is 2 keV. For energies between 100 and 200 keY , the

increment Is 5 keY. For energies between 200 and 500 keV, the increment Is

10 keV and for energies higher than 500 keV , the increment is 50 keY. On

each graph , the points sho~m are the calculated results with the curie fitted

by spu me—fitting technique performed by the computer and drawn by a Calcomp

plotter Model 765.

J~mmirical Build-us Factor Eaunticn

Thylor (Ref 19) has developed a simple equation to describe build-up

factors previously calculated . Thi s equatIon is

B — + ~
2
~c2~ (6)

where

y Is nwnber of mean-free-paths of source energy

A2 — 1 A 1

and c2 are constants to be determined from calculated Build-up factors.

A calculation was performed using the build-up factors obtained in

this study to obtain these constants. A list of these constants and the

maximum percent difference is shown in Table I. (Text continues on page 121)
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Table 1. Constants for empi r~i-cal build—up factor equation

Energy in keY A1 A2 
C

~ °2 ~~~~~~ ~~~1ffaremce

12 —0.227 1.227 —0.400 0.000 0.35 %
14 —0.370 1.370 —0.400 0.000 0.89 %
16 —0.323 1.323 —0.680 0.020 1.78 %
18 —0.634 1.634 —0. 1460 0.020 0.91 ~
20 — 1.0 72 2.072 —0.360 0.020 2.71 %
22 — 1.048 2.048 —0 .460 0.040 2.9Ct %
24 — 1.740 2.748 —0.340 0.040 0.75 ~
26 —2.673 3.673 — 0.260 0.040 1.85 %
28 —2.664 3.664 —0.300 0.060 3.87 %
30 —6.038 7.038 -0.140 0.0)40 2.90 %
32 —8.805 9.805 —0.100 0.040 i.4~ %
34 —8.504 9.5011 —0.100 0.060 1.63 %
36 —75.83 76.83 0.000 0.020 0.97 %
38 — 20.03 21.03 —0.020 0.060 3.77 %
40 —16.94 17.94 —0.020 0.080 6.93 %

14.59 —13.59 0.120 —0.020 13.7 ~
50 11.31 —10.31 0.160 —0.0 140 21.1 ~
5.5 109.2 —108.2 0.120 0.100 18.0 %
60 — 11.05 12.05 0.000 0.200 26.6 %
70 —114.1 115.1 0.140 0.160 25.7 ~
80 —113.1 114.1 0.160 0.180 27.6 %
100 —10.93 11.93 0.060 0.260 36.0 %
120 —8.153 9.153 0.020 0.280 39.1 %

13.14 —12.14 0.260 0.100 36.3 %
200 —88.92 89.92 0.180 0.200 33.1 ~
2,50 —6.308 7.308 0.000 0.260 39.9 $
300 19.89 -18.89 0.200 0.120 33.1 ~
350 72.37 —7 1.37 0.160 0.111-0 31.2 %

• 400 —6 .06 3 7.063 0.000 0.220 35.1 %
500 16.29 — 15.29 0.160 0.080 28. 8 ~
600 —57.58 57.58 0.100 0.120 25.7 ~
750 —17.20 18.20 0.060 0.120 22.6 %
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V Discussion

Intrinsic Estimate of the Accuracy

To examine the accuracy of this program, the convergence of a finite

number of moments must be examined first. If all the moments could be

calculated from Eq (28), f ound in Append ix A, no error from this source

would be introduced . To estimate the error injected by the truncation of

terms, examination of the change of the values of the expansion coeff ~.cient

Fm(r,E) as more moments are used in Eqs (31) and (32 ) would be used. This - —

analysis was performed by Bigelow (Ref ii  116—119) on this program and his

findings indicate that the total error produced by the truncation of all

‘but the first nine terms results in a 5% error in the expansion coefficients.

The error introduced by calculating the scattered fluence by using the

polynomial reconstruction, Eq ( 3k) , is about 1%. The numerical error intro—

duced by the calculations performed in Eq (1), (29), (35 ) and (36) a,re from

1% at small distances for small energies to 15% at lai-ge distances for large

energies. The figures used above were also obtained by analysis performed

by Bigelow (Ret Ii 126-127).

Therefore, the total. maximum error for the build—up factors introduced

from all sources Is 20%, which only occurs at large distances for large

energies.

Collroarison of Results to Others

Introduction. Because of the limited amount of data for build—up factors

of the e:iergy range considered in this study for air , some modification of

the data obtained from other sources had to be made. In some cases, the

data obtained from other sources were in the form of energy fluence instead

of build—up factors. To obtain the build-up factors in this c~~e, Eqs (i)

121
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and (36) were used. In other cases, the results were presented as a fraction

of vacuum f],uonce that reached a certain distance. Then, the following

calculations were performed. The vacuum fluence can be defined as

- S/kyir2 (7)

By dividing Eq (2) by Eq (7) the fraction of the vacuum fluence V is

obtained s

V — B e ~~~ (8)

pr is equal to the number of mean—free—paths y. So..ving Eq (8) for B

B — V/e~~ ( 9)

So for any mean—free—pat h of interest , the build-up factor can be extracted

from data giving only fraction of the vacuun fluence to that distance.

Afl of the comparisons made below are in terms of percent difference

which is defined by the following equations

j~oiients— otl~~~result~) 
— (Result used. in comtarison) 

• 1(30% — PD 10)(Z~oments method result)

where PD ia the percent difference.

Monte carlo. Banks (Ref 1,5), using a modified CGRE Monte Carlo code,

performed photon transport calculations for energies from 20 to 300 keV.

He presented some of the results in the form of a graph of build—up factors

at 10 mean—free—paths. This graph as well as a similar graph of the build-

up factors calculated ‘by the moments method are superimposed and presented

in Fig 106. The percent difference for the energies below 50 keV are as

low as — 47%. But above 50 keV, the percent differences range up to 2b%

with the average being 23%. Taking into account the error of the build-up

factor calculation associated with the moments method, the rest of the error

can be attributed to the use of different cross sections.

Coleman did a study computing x-ray transport and the results are
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presented in Banks (Ref 15).  Since the results are presented as a fraction

of vacuum fluence in mean-free—paths, the conversion to build-up factors

must be performed. A comparison to the build—up factors calculated by the

moments method is presented in Fig 107. It can be seen that the percent

differences for 60 keV, which is the only energy range given, are from 17%

to 52%.

Krumbein (Ref 16) using SAGE performed calculations of x—ray air transport.

SAGE is United Nuclear’s spherical Monte Carlo photon code. The calculations

were carried out at various energies from 12 keV to 100 keV and out to 10

mean-free-paths. Even though the calculations for the fluence used to

calculate the build—up factors were perf rmed using the density of air at

an altitude of 22,860 meters, this had no effect on the build-up factors

since the energy build—up factor is independent of altitude when it is

reported as a function of mean—free—path. Con~parison to Krumbein’s

calculations is shown in Figs 108,109 and 110. For 20 keV, the percent

differences range from 7.5% to 17%. For 40 keV, the percent differences

range from 18% to 32%. For 100 keV, the percent differences range from 12%

to 27%. These differences can be accounted for from the different cross

sections used and by taking into account the error produced in the calculation

by the moments method.

One of the most extensive calculations using ~. Monte Carlo code to

solve the x—ray air transport problem in air was perfromed by Shelton and

Keith (Ref 17). This calculation was perl’romed by the HAT code. The

results are presented in comparison to the moments method calculation in

Figs 111—118. For 20 keV, the percent differences are frc.~.a —8% to —69%.

For 40 keV , the percent differences are from —2% to —413~t. 1~’or 60 keV, the

percent differences are from —8% to —76%. For 90 keV, the percent differences

are from ~~ to —70>~. For 120 keV , the percent differences are from 7;~ to
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—27~. For 150 keV , the percent differences are from 5;~ to — 9~ . For 200 keY ,

the percent differences are from 1~ to —63-”. For 300 keli’, the percent dif-

ferences are from —2% to —96%. The differences go up as range increases in

all cases execpt 150 keV. The absence of smooth curves in the range verses

build—up factor semi—log graphs indicates sizable statistical variation in

the build—up factors calculated by this Monte Carlo code. This can account

for the large amount of disagreement at some ranges and energies.

Discrete Ordii~ t..~~ Because of the limited amount of published results

of discrete ordinates calculations, only one comparison of the moments method

calculation to discrete ordinates will be presented. Dupree (Ref 18) used

DTFXRA Y to perform a limited calculation at 100 keV . Since energy fluence

was obtained for only three distances, a table of results along with the

results of the moments method and the percent differences are presented as

Table II. The results are in great disparity. The erratic aereement is due

to either the limited and truncated discrete ordinates calculation , which was

a P3S8 or opposite maximum error in the discrete ordinates and moments method.

Bigelow. Because the program used by Bigelow was the same one that was

used for this stuc~y, comparison would not be in order. But using the sane

input, the exact results were obtained, showing that the program was working

as programmed and any error calculations performed by Bi gelow are appitcabl e

to this study. When recent cross sections for energy range from 1 keV to

100 keY were used, deviation in results occurred at small energies.

Table II
Comparison of Energy Build—up Factors for 100 keV

Mean—free—paths Discrete Ordinates ~oments F ethod Percent Difference
2 480 9.12 47%

4 13.6 29.0 53%
10 97.6 20.5. 52%

— 
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VI Conclusion

PUrDQsc and Scone

The purpose of this report is to provide a complete set of monoenergetic

build—up factors which are used to simplify the x—ray air transport problem.

To compute these build—up factors, a moments method program was used. The

program PHOTDIS was chosen and run on a CDC 6600. The energies considered

were from 14 keY to 1000 keY. The ranges considered were from one to 15

aean-free-patns.

Results arid. Diacu~~ion

The results were presented in a set of graphs for each energy. The

intrinsic accuracy of the program e3timated by convergence analysis performed

by Bigelow was found to ‘be a maximum of 20%. Comparison to others found the

results of the moments method calculation to be higher than some Monte Carlo

calculations and lower than others. For 10 mean—free— paths, this is shown

in Fig 1194 To facilitate use of the data presented, selected energies are

presented together in Figs 120 and 121.

Reconu~iendat&ons and SummarY

Because of the limited time and the nature of the program, experimentation

with different number of moments and the number of polynomials used in the

reconstruction could not be performed. It is recommended that any other

extensive study that computes build—up factors using the moments method should

vary the number of moments and reconstruction [olynomials.
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APPENDIX A

SolutiQ~~of the Boltzmann Transoort Eouatlon ‘by the J~oments ~1ethod

Reduction of the Bolt~ir.arn Transoort EQuation

From Eq (,~
), the Boltzmarm Transport Equation integrated over a].]. time

for spherical coordinates can be extracted s

~F(r .E.u ) 
+ + u~F(r ,E ,~i) _ f f F(r ,E ,~~’)~i

3(~t 0;E t-.E)dE’d~j t

+ S(r,E,1,j)

where

~1 is the cosine of the angle 0 in spherical coordinates.
Since the virgin f].uence can be calculates without resort to computers by

Eq (1), the f].uence in Eq ( i i)  is the scattered fluence.

To expand the functions in Eq ( i i) ,  a set of’ polynomials is needed.

Legendre polynomials coriI’orin to the requirements for expansion polynomials.

These polynomials have the following propertiess

f P (x)P (x)dX 2 1  (12)

f(x) 
~~~ ~

‘
n~
’n~~ 

2n+i (13)

1+1 f(x)P~(x)dx (111-)

Therefore, the expansion of the fluence F, the Scatter cross section ~i
8, and

the source S in Lengendrs polynomials is

F(r,E,P) — ~~~ 
2

~~
1F~(r ,E)P~(I-I ) (i s)

1j%t 0~
E’-.E) — 

2!~*j . (E’
~
1E)P

m (Ro) (16)
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— S(r,E,~.i) E ~~~ 5m~~
E)Psn~1) (17)

Substituting Eqs (ii), (16) and (17) into Eq (ii) yields

aF~(r ,E) 
~~~~~~~~ + 

~~ ~~ 2 
~~

R
F~(r,E) .~~~~~~~~~~

+ ~~~~~~~~~~~~~~~~~~ — ~~~ S~(r ,E)P~(~i) 2ff ~
1 (18)

+

j[(~~~~~ 

Fn(r .E~ )P ~~~~~~~ (~ ~~(E~~~)P (I.L ~2~~1) d1,t ’dE,

By rearranging the scattering tn-cegra].(the second term on the right aide),

it becomes a

f [ (~;~ F~(r ,E’ )2r1) (~ ~~~~~~~~~~~ j
2

f

+1 
Pn(l~L ’)P m (l.Lo)d IL ’d4)

’]d
EI

By using the addition theorem on the double integral above , the integral

becomes -

j.2uj-+i 
{Pm~i)Pm(i~i ’) + 2 

~~~ ~~~ P~~ x)P~~~’) cos[k(ø 4
~ )JI P~ (1~’)~~ ’d.’

Upon performing the integrals
II

2r*1 ~~~~ 
binn

- 

- 

So the scattering integral in Eq (18) becomes

1

E [ (i; Fn(r .E)2~~1) (~ p~ (E’ ~ 2n+1

which equals

1E 
~~~ F~(r,E) ‘9~ ~

L~(E’-.E)P~(~1)dE’

Putting the last term into Eq (18), the full equation becomes

L ~~~~~~~~~ 
_ _ _ _ _ _  ~~~~~~~~~~~
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oo ~F~(r,E) 
P + v’ -

~~~~
‘
~ aP~~i) ___________ ____ ____ ______ 2nf 1

r ~ F~(r~E) ~~

E
_ 2~~i+ ~~~ ~~F (r~E)P~(~t) 2f
~ — f ~~ F~(r,E’)~~(E’-.E) ~~ 

P~~i)dE’(19)

00
V’~~2r*1 /

+ z~-,y Sn~~~~
(
~’)Pn (

~l)

By multiplying each term of Eq (19) by 2iiP~~~) d~ and inte~~~ting each term

from -1 to +1, the following equation is obtained a

~~~~ 2r*1 ~~~~~~ 
+1

2 or f 
~~(~ ) P2 (~ ) dM

+1
+ ~~~2~~1F~(r,E)f 

2 P~(~) 
R
tFZ(r ,E) — S2(E)6(r) (20)

E
+f  

F2(r ,E’)~~(E’-4E) dE’

To simplify Eq (20), the recursion relations for Legendre polynomials must

be employed a

2O~+1 
[(m+1)P~~i(~i) + mPm..i(~)] (21)

(1~~2)
op (~~~) 

________  
- 

2r~ 1 [(~
.i)P~ .1(~~ + mP~ .j(ii)]~ (22)a

op

By substituting Eq (21) into the first t~rm of Eq (20)and by substituting

Eq (22) into the second term of Eq (20) and perfro’ning the integration, the

final P
2 

equation is obtained a

~~~ 
OF1~1(r ,E) 

+ 
~ 8F~_ 1(r, E) (1+i) (f+2~ 

F,~~1(r ,E)

2~~1 Or 22+1 Or + 22+1 r
(23)

1(1 i~ 
P~_ 1(r ,E) -

~ 
E

— 22+1 r 
— 

+ p F2(r,
E) — 32(E)b(r) +J

~ 

F2(r,
E’)p5(E’-4E)dE’

It is necessary to introduce the definition of the moments of a function I s

- I M 
—J 

r~f(r)LFTrr
2dr (211.)

h u lL 
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where is the nth moment of the function f. To obtain the moments of’ the

fluence in Eq (23), it is essential to multiply each term in Eq (23) by

r’~11,rr
2dr and integrate from zero to infinity .

r’~ 
O~~~1(r ,E) 2 2 r~ 

OF~_1(r,E)kiir2dr
22+1 Or 

4i-rr dr + 22+1 Or

(r ,E) (~-1)2 (00 
~~ ________~(1+1)(~+2) r r~ 4iir2dr - 22+1 ,0 
r r 

Z+1(r2dr (25)22+ 1

E ~~eO 00

+ 4f  r~F2(r ,E)~~r2dr —f J r~ t SF2(r ,E)4i~r2dr~~ if  
rnS2(E)b(r)47Tr

2dr
0 0

Using the moments definition, Eq(24), the following equation is extracted.

~-°° OF 00 0F2_1(r,E) 2_~±i 
I r’~ 

1+1(r
~
E)

~~r2dr + 
~~ j  f  r Ll ’i-ir dr22+lJo

(26)
E(1+i)(L+2~ (2+1)1

+ 22+1 ~L+1,n-’1 22+1 ~L—1,n—1 
+ ptM — s2 ( E)  if M2 p5dE

where is the nth moment of the £th expansion coefficient. By applying

integration by parts to the first two terms of Eq. (26), they become

— — (na2) M 2~1,~~ 1 
— j(n+2)N2_1,~~122+1

So the full moments equation is -

[~:~~ (1+i~(2+2~1 M + 
[~~~

.
~(n+2) 

(2+1)2 1
+ 22+1 J 2+1,n-1 

- 

22+1 j M2_ 15~~ 1
(27)

+ ptM 
~ 

— s2(E) + jE 
M2~P8dE

Rearranging and combining terms, the recursion equation for the moments is

— 1
E 

~
8M 2~~~ + 

t2+42+F~ M~~1,~~ 1 +E) + 22+1 - 21+1 M1_i,n_i (28)

The integral is evaluated by numerical quadrature. With Eq (28) , all the

moments can be calculated. But only moments where 2-ri is even or 1—n is odd

are related . Also moments where 2—n are negative have no physical significance.
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• Reconstruction of the fluence

Even though Eq (28) is for the scattered contribution to the fluence ,

the once scattered fluence can also be calculated directly using (Ref 1*12)

P1(r ,E ,p) - 

~~~~~~~~~~~~~~~~~ 
{exP [_r(P

t (E O~~~~~~+ P t (E~~ 
a_

8))]~
j  

(29)

where -

- - iF is the once scattered fluence

a — co8~~[1 + (m0c2
/E ) — (m 0c

2
/E)]

u(x) is the unit step function —

is the source energy

ST iS the total source strength

is the mass of an electron

Therefore, all that is needed to find the total fluence is the multiscattered

fluence. This fluence can be calculated from the multiscattered momenta given

by

— — (30)

where

is the multiscattered moments

)11 is the once scattered moment calculated from the once scattered
f]~uence -

To find the multiscattered fluence fr om its moments, a moments

reconstruction must be performed. The first step is to define the expansion

function of the moments, G, which is

— 8
2
(E) ~~ (~~~~~

‘
~ (2j 2L)1(n-jkfi ~

1L,2+2J (31)

Using the available moments , the expansion function ’s values can be used

to calculate the expansion coefficients , F~(r ,E) for the rrn ].tiscattere d fluences
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F~(r,E) — G2~W~(y) (32)

where

i I dW 2
W~~1 — 2(nP1)

[ 
(2n~+ 2 2 + 1 —  ~) w ~ + 

~~and W~ I • It should be noted that in Eq (31), only the moments where

2—n are positive and even axe needed to calculate the expansion function.

The multiscattered flu ence is

F7(r,E,P) 
~~ 

2 1  F~(r,E)P2( p )  (34)

So the total fluence is

P(r,E,p ) — F°(r,E,p) + F1(r,E,p) + F’~(r,E,p) (35 )

where F°(r ,E,P) is the - virgin fluence calculated from Eq (1), F1(r ,E,p)

calculated from Eq. (29) and Fm(r ,E,p) calculated from Eq (34) . The ~iild-up

factor is given by th - following equations

B — 
r~~~ t) (36)

F°(r ,E,p)

-i

149 

— ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ .. ~~~~ - -_- - ‘--~~~~~~~ --_- --- - ._ L . i  -~~~~~~~~~ ___ -



F . 

~~~~~~~ _ _ _

APPENDIX B

Samtle inout andJ’ro~ram Listin&

Samole inout

The sample input listed on pages 151—154 is the input used in this

study. This listing is the data input into unit 5. UnIt 4 inputs the - 
-

number of energies to run, the energies and the ranges in mean—free—paths.

Provrai
~ L

isting 
— -~

The program listed on pages 155-177 is the version of PHC’TDIS used in

this study. This program is exactly the same as the prograr~ used by Bigelow

(Ref 1) execpt for format of input and output. Output is on units 2,3, and

6. Unit 2 is output for input of a plotting program used to generate the

- plots on pages 16- 120. Units 3 and 6 are printed output. Much intermediate

output is eliminated for this study, since fluence, moments and convergence

analysis are not desired . This program , run on a CDC 660C) takes 1+8 central

processor seconds and 260 input— output seconds per energy using five space

points.
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P R 0 G R ~ H PHOT9IS -N PUT ,O J T P U T ,TA P%~~,TA PE6, TA PC 0, TAPr~1 ,TAPE ’. ,t4P [3,
I I APE2 )

C
C ~~~~~~~~~~~ SU’1~C~JTINES US iTD ~3Y T hI S PR0GR -~t-1 ~$Z~~~~$$
C
C SIG... .. CA L CUL-\T N T O T A L  t~~C~~OSCO FI  C C?MS~ S~ CT I O U
C ~KERN.....CALC L’~~CS OI r FIRF 1 JTIA L S~~A TtE P IN G CROSS SECr ION
C (SC- ~TT~~flI~~G K2 PN2 L
C POLKER..,..~~tl,tj’UL~~T E S  P P O D U O I  OF L E G E~l1~~E POLYNOM IA .. A~4D SCAT— I - -

C Tr oI~ ‘(iRt~F 1
C ONCE • ....~~vAL ’~~~cS P.~R1 O~ P1% OuE_ S C t \ T T r R  FORMULA , %~

) (?1)
C ~XPAN. .. . .IJ~~rS CU”SIO l- 1E L .~TI 04 1? CA L Ct ’LA T r CO[ T7IEN T~ ~ORC P1E ~~2~~N S I C N  POL Y~ION ~~~L~ 

( Eli (‘~i4 )  )
C ‘~A I T A .  ... .CAL (~(3L~~7ES EX ’ ~~A N S I O N  c or ~~~r ct ~~~i or E’) ( ‘7)
C F I R S T . . . .  .C~~L C U L~~TES AUc- ULA:~ O I S T R I ~~1JT~~O FJ OF ONCE~~~~5TTE RF P 

7
~~O

C TD NJ S, ‘ISO A L L — A N G L E  FIRST SC- ’+ T T E R ,  A N D  ~ 1~~ST S C A T T E R
C E N E R Y ~0ENS ITY
C S P A C E . . . . . T N T r R L P 1 K A ( E CF T- ~E tO 9 ENTS
C ~U-7 . . . ..CO T~ OL~ I NP2XI~ ’G OF A R R A Y
C ro~~IAL.... .CALC~ L A T F S  F~~CTO~ IALS
C

0091-IOU P~iOT ( 3 , .!, 0 )  , ENERc . 3~ ”O ~~~~~~~~~~~ ,~~TA( 3 , 17),C !&PK( 3 917 ) ,ON (3
1) , r)) ~J 7 ( 3 ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
3NT ~~t+NS ,‘~‘-it ’ , XL A - ~C ,  (

~A P 0  ,N Y P  ,N~ UT ,F A C T D~~, ~‘- ,~T ( 10 ,1 9) ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C
DI1IENSI39 A °RA Y (1i ,19, ?~~) , fl % L T A f l ( 1 0 , 1 9 ) ,O P( % , 33 ,~~1) ,~~U M N ( 1 0 , 5 ,3 3

1) , PC (1 0) , P~) ( 1  0)  , ‘I 9% (10) , P L N % M  1 ( 1 0 )  , P L (M 7 ( 1 0 ) , PL~V~ ( 1 - 0 ) ,  7 3  ,N A T
3 O M ~ ( 3 )  ~~~~~ ( 3  ‘ ),  ‘!C ( 9 )  , P (~3 ) , 9 -I N [ ( 1 0 , 1 9 ) , I ~ T F G (  1 0 , 11) , ~S ( 1 0 , 1~’ >
(+1 (1O ,19) ,~~S1? (10,19) ,RS~~3(10,10) ,3O’-lE~~(10,lY), N S J M I 4 D (
5 1 0 )  ,I CO M ( 16)

C
REAL LA’I9DP~,T9?O,NATOM S ,INTEG
INTEGER C ,Gl,~~

7
DATA CLITE/?.9(37925~~1Of ,FORPInf1?. r;&~ 37,

C
C R IC U R S I D U  R~~LA TI )N FOR LEGE. NDRU PoL Y9oir~~Ls
C

ALEGRC (X ,ARC.,P(L.Yt ,POLYO )= ((2 .~~X+l.)~~A~~
GN PO LY i_ X 4 PO~.YO )/ (X+1.)

C
C
C ~~~~~~~~~~~~~~~~ 

~~~~ -~~~~ ‘ ‘C ~~~~~~~~~~~~~~~ 4~~~44 . 4 L 4 M ~~-~~’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~

C -

RFAO (’+ ,1U (17)JO~ (’
%-~RITE (3,?013)

~ R I T % ( 6 , ? 0 1 3)  ‘ -

00 99<3 J O~~ 1,J1 ’~~
F!+ CTO ~~~~l I • 0 0 6
00 906 ~4~~T I I C - ~ I , 1”
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~95 I4SU’~U fl ( ‘-1ST t JF) 1
A L PNA ~ 1.
NPOINT~ 1

C
C IN P U T  C~ Oc~ ‘~~J0NS FO~ NITROG1N,0~ YG%9 .~ND AR (;Ou. EtA AN )
C CA PK ARr pA rAP . I~ T ?~~~ USE D TO o~~T r~~1-lr’~2 1-if 9o u 9 o — r L ~~~r~~3u cC~~~rCT I0
C TO THE <LEf l I— NIc~~T N A  O I r F E R L N T I A L  C~~0S~ S ECT ION FO~ 1JLA
C

DO 1~ 0 I~~1,3R1AD (5,101O ) (’ (I, J),J~ 1,?),7(I),9~ T1HS (I) ,flN (I)
R I A O ( 5  ,I 0 0 0 )  ( ‘  T A  ( I , K )  ,Ct P K( I , K)  , K~~1, 17)
RE4)(5 ,1OO? ) !rY~r7C ,(I,~~),PHOTU,K ),I4~~0(I ,K) ,K:1 ,40)

180 CO9TINUE
C
C IPAS ’~~? ..... 1-I -~V~~L’ PJt~TH MESH PA ,~A l- 1rT rRS TO ~E I N P U T
C 1 0T)I~~~’1TS

R E A - ’i( 5 , 1 0 0 7 ) I ~~Y~~
C A L T I T U U E  A ’ -.’f l  PAT T ICL E DENSITY

RrAo (5, 1 O 0 ~~~A L T
14RIT%(3,l1fl~~ 411

~Et+fl (’ ,~~31W) D I V
C ENERGY ~

,1
~OV [  W HT Th ~- -O ~ CRRE~ T ION IS TO ~ E 1IADE TO PIE K LEI N—

C N I S H I N A  SCA ~T f lT ’ E. L A W
RFAD (5, 101W)rN~ N
X LNC’ FA r - T O r / 2 9 ’ ( 9 #  • 0 0 0 1  -

C JND~ 7 F3~ P ”~~~S2 TI ( R ECON ST R UCTION )  ONL Y
C ~i. DT H r RW T S ’ T

C UV P-1 .5 ... N(II~”R  O~ SrI~C % PO IN T S
C LEND~ 1 . . . A 9 G U LA ~ rHoTo~’ DENSITY IS TO PE CALCULATE )
C ~? CAL fltJ LAt r T!4F !IL 1 —A N~ L F D~~U S I T Y  O N L Y

Rr ,~f)( 5 , 1fl 0 1 ) ’ 1 Y~~,
4
~~1U ,LFNfl

C ‘4STOP/?~ I I I J M 1 R  :ir P’O~’ENTS TO OtT U SE ’) I N I T I A L L Y  I N  C 0 N S T F - U~~T T O H
C OF THE ~L t _ t~ ,~ Lr ‘F NSl TY . • .9A11/?~ ‘~ 1~~~E F~ OF MO9fl4~~ ID OF A f l f l~~D
C T O  T)if ~rCr) Ns T~ U lION  F~ CU T11 ~ T ’ I -~ DUG’ I W i lL  N1- ’ A X P 7  IS R . A C H F D .

REAO (5 , 1 0 0 1 )  N c TO~~, NA DO, M I- lAX
C E 7 F R O  SoU~~’F F4 J r RGY ~~~~~~~~~ Q7IRO SOURCE STRENG~~1

R E A O ( 5  ,l O f l f l ) 0 7 r~?0
RFA O(’. ,1 1 00 )  ~~~~~~~~~~~~~

IF (EOF (4) .‘if. 0.) GO TO 50-0
C

C

C

C ~~~~~~ tI~ ITS • 1~~~ Th G EN ERAL,  CGS U N I T S . . .  V W E R G I [ S  19 K%V
C

629 IND~~1
LP J~~1 

-

PT 3 . 1~11~~9

roL E~~.n o o t
I O L K ~~. 0 f l f l 1

l t ~1 LMf + X~~I1”’\ “~I’
103 L t 1 A X P ~~L ’ lA’ ~~I

N i l A ’ ~P:: 1i 9 AX 4- I
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NSTOPP~~1STO P’- I
00 72 I:t,UEL
ON (I)~~DEN STV ~~ONU )c-NATOVS (I)
0N 7( I) = C’ N( I) ’7 ( I)
00 72 K~ 1,17
CAP~ 1. — CA PK (T ,K) f~~(I)IF (CAP)131, 131 , 1.3?

131 C A P K ( I , < ) ~~f l . 1 E — 3 f l
GO TO 72

132 CAPK (I ,<) ~CA D
72 CONTIN UE

-
~~~ XLAtI O= FACTORIE’2R0

G= 1
C

C OETERMI9E TUE W~~V~~LENGT H MESH TO t3E USED )N C A L C U L A t I O N  OF MOM ENTS
C NT~~A NS . . . . .S T~~’ S IZE SHIFTS FRO1I .02  13 .0 1+
C N O L  ... SHIFT F~~’) !-’ .0 11 TO •0~
C N OL P2 1+  ... A LL U HENTS rEOUI~~E D FO~ IUTE (~’~AT ION CAN DE STOFED IN
C A R RA Y  ( ‘ 1O 42 NT~~ F0~~ 25 V~~LUES OF THE W A V E L ~~NG T I-’ )
C NCTOT ..- . 1 # 9 ’ iM~~~P OF I t - T E G R A T  ION S T E P  SI’E C HA NGES
C NCUT . •. NUNOER 0~r t- ’ESH POINT AT THE ~I~~ST S C A T T E ~ ~JT OFF

- 
C IIOC’J T •.. N’YI . OF MESh4 POINT W9E~~E SE ? O ’4 D S CATTE ’~ ~J T S  OF~- 

C U~~IGGP ... NU’11fl OF POT NTS IN T H E  ) - I A V S L E ? I G T H  MESH
C NC ... LOCA TION S OF STEP SIZE CHAN GES
C

CO ~~~~~~~~~~~~~~~~~~~~~~~~~
403 D ( t ) ~~. 0 2

1.) =1
N C ( 2 ) 21
NTRANS 2I
t-IC (3) 71

NCT OT :4
- 

- N0L 71
NDLP2 1+~~~5
N C U T ~~6l
NOC UT9 I
UBIGGP 33I
t O T O 40t,

C
C
C

791. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
RE4D (5,1011)(NC (T) ,I 1 , l~CTOT)

C -

C
C
C SET WA V FLE?-IG P1 V~ LUFS FCR T~~E M ESH A ’~D C A L C U L A T E  Cfl~~~F S P 0 N ? IN G
C TOTAL CROSS SECTIONS (C~~~-1)C
‘.04 ID~ 1

t1CC~ NC (?)
D1LTA ~~0 ( 1)
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NBIGG =N9IGr,p-1 —

NG M A X = U B I G G/ 1 0
LAM9 DA (1)~~X L r ,.P10
MGG~ 1

71 ENERGY= ~ A C T O R / L A ’ -1 fl !)1) ( NGG)
CALL SIG (F~IE~ GY ,~~TGMA T (NGG))
T F ( N G G — ’ -1 B I G G P ) 7 0 , 69, 69

— 70 NGG~ NGG4- 1
IF (NG G— ~4CC) L~06,00G ,1+05

~s05 flELTA~ flFLTA-i -flEL7 3
TD~ IDf I
O (ID)~~DELTANCC=NC ( I IO+ 1)

406 LA’-I rJI)A (‘-JOG ) =LA ’19~~A (NGG—1 ) +DELTA
GO TO 71.

69 CONTINUE
CALL PO KE R ( PC, X L A M O ,LA! ’ BDA ( NC UT ) )

— SIGO~ S I G M A T ( l )
SIGOSO~ SIGO’~SIGOfFORPIE
S I G O I N = . O l f S I C O  

-
_

WRITE (3,1102) ETF O ,SIGOIN
C

!F(JND .EQ. 2) 60 TO 126
C

WRITE (5) NB! ,L’-A XP ,NtIIIXP
% 4 R IT E ( t 3 ) N B I G G t~,L~iA X P ,NM ItX P

C -
• C -

C BEGIN p)1~ S~ i
C

- -  C
NGG I
MCTR ~ 2
NOUT~ 11
ASS IGN T S L . TO 16(3

k A SSIGN 7 8 3  TO IT 7 A P
ASSIGN ?59 TO IFOR
GO TO 1T

V

C RETURN ~OINT FO~ BEGINNING OF C A L C U L A T I O N  OF MOtIEIIT S FOR THE NEXT
C MESH POINT
C

361 3 t
L A S T I - - 

- -

00 352 L P 1, L M A X ”
DO 352 ~P=1,N~1~ XP

352 INTEG (t.P,UP)~~0. 
-

XL G~~~LA MO (IA ( MC T~~ )

N GG=MCTR
G O TO i;o, (~~6I , 7 8 4)

784 JUIP=1
A SSIGN 26 7 TO NS~
NDISCO~ 1

L LSEG~~0 - - - -

L 

- 
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t ISKIP= 1 
-

- C FIND W ’-IETHF~ OIS ONTINUITY AT FIRST SCATTER CUT OFF IS WITHIN THE
C RANGE OF IN TEGRATI ON AND LOCATE THE LOW E~ LIMIT OF THE INTEGRAL
C -

IFU-4CTR-  .GE. NOCJT) GO TO 300
. 301 P( 65 1

IF(MCTR—NCUT ) 305, 305,303
300 JU MP=2

XIA MG2=LA MB flA (MCT R)— 2 .
DO 30~. N0S~~9”tJ T ,MCTR

- 
T E S T = X L A H r ? — L A M ~~~A C N G S )
IF CA f3S (TEST) ~~~~~~ ‘ —  05 )  3 0 5 ,  305, 610

610 !F (TEST)30B , 30~~, 3 0 k
304 CONTINUE
303 U O I S C O = ~

~(LAMG 2~ LAM BOA (Mt~’R) — 2 .
NGS I.
IF (XLA M~ 2— XLAMO ) ‘05,305,313

313 00 307 ‘-1GS~~2,NCU
TEST=XLf.I~i G’—LA’1~~ A (UGS)
IF(ABS (trST)~~1.E~~C5)305,305,312

312 IF(T%ST)306,30 ,’07
307 CONTINUE
305 LI1ILOW :NGS

GO TO 302
306 L I M L OW ~~ N G S — 1

3 0 2  P4B K SP NG G - L I M L OW

• C

C 
- 

POSITI ON TA~ E 9 ~O PE~ D IN MOMENTS ... LOOKING FOR N! MOMEN TS -

C CORRESPONDI NG TO T HE LOHER LIMIT OF THE INTE G RAL
p C

I F(N B KS P  .01, L I ’ IL O W )  GO 10 750

751 00 752 t~~1,UBKSP
752 B A C K S P A ~~E ~

GO TO 753
750 REWIND ~READ (9)NBIG GP ,LM~ X P ,N MA YP - -

753 REAo (9)~ SS, ( (~~S (LP ,N0),LP= 1,L~ AX P),N~~~t,NMAXP )
TF (NSS .NE. LT ~- ( L C W )  GO TO 753
C A L L  PO EP (” (3 , Y L A M O , X L r - )

IF (LIMLOI-J .1-if. fl GO TO 35~no 355 LP~ 1,LMA X ~
355 PLNK (LP)~~PO (LP)

GO TO 310
35’. CALL POLKER (PLP1’~,LA MB flA (1IMLOW ),XLG ) - 

-

c -

C FIND WHERE DELTA LAMB DA CHANGE IS THA T IS CLOSEST TO M~ TR
C

310 DO 502 ID:1,PJCTOI
IF (MCTR—NC (IO)) 3I7 ,317,E02

5 0 2  C ONT I N (JE

- , 159 —
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C’ ~uIr,pr~JT,r r’~~ r’i~~FC.PA L  SO THA T SEGM~~JT A~~F FO~~P1FD 44I~~H )IA ’JE
C 1~~ CHA U~ F IN StF~ SIZE W ITHIN THEM tUO NO flISCO~ TIP IJ ITY

‘ C LNOSEG IS THE ME~~H POINT A T  T HE END ~ r SUCH A sEGw9r
C

317 NCC~~ NC( !0 - 1)
I F ( N C C — 1 ) 

~3~- ,136, 3j 9
336 LNDSEG=MCTR

GO TO 555
319 tF (LAMB DA (NG G — 1 )—LAHBDA(NC C ))76L+, 261 ,252
262 I F ( L A M 9 D 4 ( N G 0 — 2 ) — L A M ~~DA ( N C C ) ) 2 6 k , 2 63 , 2 6 C .
261 1-4 S K I P = 3

L SEG=NC ,—li
ASSIG N 266  TO PISK
GO TO E 7 2

263 NS K IP =2

LSEG~ NC~ —2
A S S I G N  266 TO NSK
GO TO 572

261+ MSKI P . 1
- 

- 

ASSIGN 267 TO NSK
572 NPOINT=1

00 562 IO=I ,P1CTOT
tF (NC (ID) — LtMI9W~ 562,E-6 2,563

562 CONTINUE
563 NCC~ NC (IO)

IF (MCTR—P-1 rC ) ~7j,- 70,570
57 1 N CC~ MCTR
570 GO TO (E-5 0,600 ,60!fl ,NSKIP
600 IF(LSEG—NCC ) 561,~~’0,560
5 6 0  LN-) S~~G = N C C

GO TO 56’.
561 LNDS EG~~ LSFG
56’. GO TO (5S5 , !5~ 7’,N~ TSC 0
567 I F ( N C UT - L N OS ~~~~) 06 , 566, 565
566 LND SEG= ’I CU T

N DISCO = I
565 C ONT I N U E

IF (LIML OI-I—MCUT ) 111, 314,311
311+ 00 315 L P= 1 , L ~~1 A X D

00 3~5 ‘-JP=1,F~ 44X~’
315 3 S ( L P , NP ) =~~ S ( LP , ’I°) — D E L 1 A O ( L P , NP)

311 I F ( L I M L O I 4_ L c ! G ) S t 0  , 5 68 ,~~~6O
568 3 2

N POINT ~~
LNDSEG ’ICTR

569 LIML LIMLOW -I- J
OEL TA=L~ NlflO t1 ( I t t - I L ’  —LA M B DA (LIMLOW )

328 X L L L A H D P A ( L I M L O W )

GO T O ( 3 3 9 ,~~~’ . 0
) , J

339 NPOIP4T =LNDSr E,_ L T M L O N , 1

CALC ULAT r P-I! CONTRIDUTION TO INT EG FR~~’-1 THIS S EGM~~j t
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C — -

C THIS CONTPOL S!C~~I0N C O N T R O L S  T~~E C D U ~~SE OF THE INT~~~~ATIO N OF THI
C SEGMENT IT E~~T~ UP THE PARTICULAR COI IINA TION OF INTE GRATION
C SCHEMES TO DE US~ O
C
340 IF (9—NPOIPJT) 201 ,209,210
210 30 TO (250 , 2 0 ? ,20’ , 204 ,205,206, 207 ,208) ,N POINT
202 ASSIGN 260 TO IS~GO TO 2??
203 ASSIGN 260 TO ~sr

GO TO 225
204 ASSIGN 260 TO tS~

GO TO 2?8 - -

205 A SSIGN 20 ’. TO T S r  -

GO TO 22?
206 A S S I G N  20’. TO t sr

GO TO 225
207 A S S I G N  204  TO 1ST

GO TO 228
208 ASSIGN 206 TO 1S T

GO TO 225
209 LLSIMP NPO INT— 1

- IF( (NPOINT/?) 3’?—NPOTNT) 211,212, 212
211 LSIMP~4

GO TO 213
212 LSIMP= 7

ASSIGN 213 TO 1ST
GO TO 2?8

213 ASSIGN 259 TO 1ST

G0 T0 228

259 IF (LS IMP— LLSIM °)’15, 204,20L,

21.5 AS S IGN 259 10 1ST
LSIIIP LSI MP +-?
G O TO 22 5

C
C END OF THE C O N T RO L  SECTION FOR A SPECIFIC SEGMENT

C
C THIS SECTION 15 USED ONLY AFTER NDLP2’. HAS BEEN REA~ H!0C

761 DELTA~~.08
XLL LA M ~ DA (NE,G—t’E )
ASSIGN 2?8 10 IS’

ASSIGN 781 TO TT~~A P
ASSIGN ?6!t TO IFIR
CALL P O _ K E R ( P O , X L A MO, XLG )
CALL PO FR (PL1-4K,XLL ,XLC-)
00 767 L P t , LM ~~X ’

-

- 
00 767 NP=1 ,NM~ XV~

767 ~S(L P,NP)~~AR RA Y (_ P,NP,G)
C

C TRA P 7OIDAL RUL E
C

“22 XLMI XIL
X LL ~~XLt-I1~~O E L T A

t61

——
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I F ( A B S ( X L L — X L r, ) — . 0 0 0 0i )2 1 7 , 2 1-3,218
217 L A S T 2
218 00 27 1. _ P= 1 , L M~ X ’

PLNK91 ( LP)~~PL NKLP)
00 271 NP 1, N94X ~’

271 3S~11(L0 ,NP ) BS (L~~,NP )
C A L L  PO~.K~~’ (PL K ,YLL, XL G ) I 

-

GO TO IT RA r’ , (791 ,783)
781 G=INC (G)

00 782 LP 1,LM~ XP
DO 782 N P= 1 , N I A X °

782 BS( LP ,N r ’ ) =A R P A Y ( L° ,NP ,G)
G0 T0 23 0 I -

783 GO 10 (22 0 ,2 2 1 ) ,  L A S T
220 A D(9) NG E E ,(flS(LP ,NP) ,L P = I , L M A X P ) , N P~~1,NM AXP )

GO TO 250
221 00 272 P 1 ,LMA X P

C
C A V O I D  fl tJNC A T TON A T  UPPER LIMIT OF INTEGRAL
C (NOTICE THAT THIS DOES NOT A PPLY WHEN TftE KLEIN—NIS-1 11-l& FO PMU LA IS
C BEING USED)
C

IF (XLG .GT. XLNC’~) PLN K (LP )=P L N K M 1 (i )
00 272 N r ’ 1 ,NMA X ~

272 ~S (LP,NP)=0.
250 H=D E L T A ~ XL 0#’2.

DO 349 LD 1,L M A X P
00 31~9 NP=I,P1HAX ~
IF (LP—NP) 350 ,151 ,349

350- L PNP= L P-I-NP
I F ( ( L P N P / 2 ) K 7 _ L c~N P ) 3 4 9 , 351 , 35t

351 INTEG LP ,NP =11T r0(LP ,N P) # H . ( P LNKM1( LP)~~D S M 1 ( L P , N P ) PX L M 1 # P L N K ( L P ) V
1~~S( LP ,N P)/ X L L )

349 CONTINUE 
-

60 TO 151, ( 04, ’06,2i3 ,259,260, 22 9 ,342)
C
C SIMPS ON S RUL E
C

225 X L M 2 X L L
X LM I = X L M ? +O E L TA
X1L X L M 1 + f l~~LTA
I F ( A O S ( X L L — X L G ) — . 0 0 0 0 1)!~1.2,~~’+3 ,51+3

542 LA ST= 2
51~3 DO 273 LP t ,LM A X~

P IN KM2 (LP) PL t-~< ( L r ’ )
00 273 N P= t ,N M A X P

273 ~IS’I2 (LP ,MP )=1 S(L ~~,t4 P)
READ g ) NG r r , ( ( ~~~M 1( LP ,NP) , L F = t , L M A X P ) ,N P=1 ,NMA XP )
CALL POLKE~~(~~LNK~~1,XLM 1,XLG )
CALL POLKER (r ’LNK,X LL, xLG )
GO T0(??3,??Ii-),L-~-ST

“23 READ (9)NGE !,((1S’LP ,NP),LP~1,LMAXr ’),N P~ t ,NMAX P)
G O TO 251

- 

162



221+ DO 271+ LP~~1,L M~ X~ 
—

IF (XLG .GT . XL’~C-~) PLNK (LP ’=PLN KM I (1 )
DO 271. t-1P=1 ,1-1MA X~’

271+ OS (LP,NP)=0.
251 ‘-I 0EL14~ XL G/ ~~.DO 31+6 ..P=1 ,LM&XP

00 31+6 N P=1 ,NMAX~’
IF( LP—Nr ’ )  31,7 , RL~R , 31+6

347 LPNP=LP+NP
IF ((LPNP/2)~~7—L 0 IP)34E~,348,3tt8

348 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1 (L0)~~BS~I t (LD ,N r ’) f X L M i+PLNK (L P)~~BS (LP ,N 2) / YLL )

31+6 CONTINUE
GO 10 151, (‘0’~,206,213,259,260,228,31+?)

C’
C FOUR PO NT RUL E
C
228 XLM3~ X LI..

X L M ? X L~43#fl!LTr4
X L M  1~ XL 92+0EL Tt%

- XLL=XL ’-~1+DEL 1A
IF (ABS (XL L — X L G )  — . 00001)E L ,k ,5L +5 ,545

- 5 11, L A ST 2
5 1.5 00 275 LP 1,LMAX ~’

P L N K~-13 (LP)~~~ L N’< (’ P)
00 275 NP=1,N~-’AYP

275 B S 1 3 C L ~~,N0 ) BS (L~~,NP )
CALL POLKE~~(r’~.~4Ku? ,XLt1 2,X1G)
CALL POLK!R (r’LN~~~1,XLM l, XLG)
CALL P0.,. KE~ (PL Nk’, XLL, XLG)
GO TO IFOR, (76C.,269)

764 G=INC (G)
1=INC (3)

62=INC (G1)
00 768 L~~~1,L’-i~ X~
00 768 NP=1, P I M A X C
B SM?~ LP,NP )=A~~~A Y (LP ,NP ,G)
BS~41 (LP,NP) A~~ AY (LP,NP ,G1)

768 3S (L0, NP = A P R A V  ~~ 
P ,NP ,G?)

6=62
IF (LAST .fl. ?) ASSIGN 3142 10 IS!
GO TO (25?.,227) ,L ’~ST —

269 READ (9)\!GEF ,((-1 2(LP,NP),LP 1.,LMAX~~),N P 1,t-IMAX P) I 
-

GO TO (257,~~?1) ,L~~ST
573 60 TO N5K,(!66,2~ 7)766 NSKI r’=NSKIP-1

ASSIG N 267 10 N SK
GO TO 2 59

267 REAO(9 )’IGE !, C (
~~~‘~1 (LP ,t-IP) ,LP=1,LMAXP) ,N P— 1 ,N P-IA XP)

GO T O ( ? 5 8 , 571.-) ,L’ ST
574 GO TO 2~e,270 ,u~ KIr’

-) N SK IP NS K Ir ’—1
60 T0 257
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268 GO TO ( 6,?~~’),L~~’-~I
226 REA0 (9)NGEr ,((~ S (LP ,NP),LP l ,Lt-~~X P),N P 1 ,NMAX P)

GO TO 2;2
- 

‘ 227 CON T I N U E
00 276 LP I,LMA X r ’

•IF (XLG .61. XL NC< )  PLNK (LP )=PLNKM1 (1)
— DO 276 NP=1 ,N MA’<°

276 ~S (LP ,NP) 0,
252 OELTA ’XLG~~1 ./’~.

90 31+3 LP= 1,LM .~X~
DO 31+3 NP :1, NMAXt ’
[F (LP—P1P) 344, ~~~ 143

31+’. L.PND=LP4N P
tF ((LPNP/2) *~~_L~~~P) $:~,:~‘45 ,345

31+5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1 (LP)eBSM? (LP ,NP )FXLM2 +3.#PLNKM1 (LP)~~~S’I1(LP ,NP )/XLM1 f2LNK (LP )~~DS (L
2P ,NP ) /X LL )

343 CONTINUE
60 10 1ST , (201+ ,?06,213,259,260,2 2 B ,31+~~)

C
C IS THIS THE L AST SEGMENT IN THE INTEGRAL ...
C
260 GO TO(3~.1 ,11+t’ ),L~~ST 

-
— 31 +2 P I C IR H C T R + 1

‘l H/XLG
GO 10 501

341 LIMLOW = LN OS EG
C

RETURN TO CA LC U L ~~TE THE NEXT SEGM EN T
C

60 TO 57 2
C
C CALCULATE MOM~ NT ~ IN THE DES I~~EO PD~~TION OF THE L,N ‘LANE
C
501 LL= 0

NN ~~0 - -

L 0
- 111=0

20 N P~~N-i 1 -

LP~ L+165 1 IF (UGG—2) 36~~, 1~ r) , ~65- - 366 0ETER=P (LP)~~L~~’~~DA (NCUT )

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
— 1AT ( NCI J T ) )

Ii  365 
- 

SIGMAG =SIG ’IAT (N(~~)
OTERM= XL G~~P0(LP) 

-

S1ER M=OTEPH4IN’ E~~(LP ,NP)
RSCA T (IP , NP) =5 C~~ (N , L, ~IGO ,STEEM,DSC-~T C L ,N) ,B SCA T (L ’ 11 , H ) , SIGMA G )

1/ (1.—H~~~LP4K (LP) /~~I Gt-’AG )
NP) ~SPA C~~(N,L ,SIGO,3T~~ ti , C L , P1) ,RONE (LPf 1, N) p S I G M 4 G )

BoNEP (Lr ,NP)=~~cCrT (LP ,NF )—B oNE (LP ,NP)
— 26 IF(N—NM ~ X)1~~,17 ,1~16 I F ( L ) i 9 , 19, 18

18 L L—1

i6~~~

~~~ :-~~~~~~
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M t - l# 1
GO TO 20

19 LL~~L L # 1
H N N P14 1
L L L
N N N
60 T0 20

C
17 CONTINUE

C
C L~SE OF A R R A Y  FOR M O M E N T S  STORAGE REDUCES PUN TIME
C

IF (P4GG .Lr . NOL ) GO TO 765
DO 76’ _ °1 ,L N ~~X~
00 76? N P 1, NM~~Y P

762 ARRAY (L’,NP ,G)~~~~CAT (LP ,NP)
G=INC (G)
IF (NGG .LT. NDL r”6) GC TO 765
A SSIGN 751 TO IGO
GO TO 766

765 ~RtTE (9)NGG,((~~~~~T (LP ,NP),L~ = 1,LMA X~~),NP=1 ,NMAXP )-
766 I F ( N G G  LI. NOUT ) GO TO 75’.

PIOIJT U OJ I+ I0
wR~ T E ( 3 )~ 1 Gr,,( (~~o T P ( L P ,p P ) ,LP=1 ,L M A x p ) ,NP= 1,NM~~X P)
ENERGY = CTOR fL’~-”1DA (NGG )

‘.30 CONTINUE
754 IF (I’JGG •LT. P1flIG~~P) GC TO 361

REWIND 8
126 00 1+38 NG I,13

DO 638 TY=1 ,5
DO 1+38 L P I ,10
DC 780 NP 1,19

780 A (LP ,NP)= 0.
438 SUII N (LP ,IY ,PJG )=0 .

C
C 

-

C BEGIN PH4S~ II
C
C
C RECONSTRUCTION O~ T~~E PHOTON DENSIT Y DISTRIB FROM Irs

- 
C M O M E N T S  BY 1”! P )LY N O t -~IA L M E T H O D
C

624 P1GCUT ( N C U T — 1 ) / 1 0
C
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C
C NPI’i ANGULA R VARIAB L ES (COS (THETA )
C PIYr’= NUMBER 0~ 5~~ACE POI NTS (HEAN ~SEE °ATHS)
C - - -

REA0 (5,1fl03 )CYM U (~~U),MU=1, NMU )
REA0 (4,100~e) (Y(IV ),IY=1,NYP )
IF (EOr (~~) .N .  0.) GO 10 500

- 

165
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~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

00 £i-4 MJ=1 , NMI J
PMU (1,MU) 1.

4 4 P M U (2 , M J ) = X H U ( M U j
1+12 1ND 2

NUN1T 8
C —

C IJNCOLLIOEO DHOTO’1 DENSITY
C

630 00 48 IY~~1,NYP
Y IY = Y(IY )
VI R GIN I Y ? = - ~ 7 r RO EXP (— ~~IY )-~- (S IGO /YIY ) ~~-2/ (CLITE’FO ~~’TE )

48 CONTINU E
C
C ONCE- SC &TT ~ R~~fl P’4 010N DENSITY
C

GAR B- O!ERO I0
~O/ (CL ITE-~ FDRr’ IE )

C A L L  F I R S T
NGST=NGCUT
A SSIGN 531 TO ~(ST
GO TO ~ S0

631 CONTIIIUE
DO 710 ~G 1 ,NGCUT
P11~ G 1i-10 PJG
ENERGY A C 1Or’/LAH~~DA (NGG )

710 CO NTINUE

00 1+11+ IY=1, N Y P

- DO 1+14 NG~ 1,UG’-1A)(
DO 1+2 1i- M U 1 ,N~-1’J 

-

424 O N E S C T ( I Y ,N3 ,’-4U) 0.
4114 SUMN (1,I Y,N’~

)
~~0.

00 1+15 NP=1 ,P4’-IAX ’
1+15 A (i,NP)~~0.C -
408 LSIOP PJ3T O P/ 2

IF (LEND .E). 2 LSTOP~~0
105 L STO PP= STO~’-~- 1

9EXT (NSTOP+7) /2
1+33 CO NTI NUE
436 CON TINUE

C
4 C RECONSTRUCTION O~ THE LEGENDRE EX PAN SION COEFFICIEPITS

C
00 140 LP~~1,t STO r’P
L = L P— i
T W O L = L  4 ..
X L = L

101 ~.FN9 :u~~.1—L
105 t1ST A R P~~NStJMUr ’ (LP)

188 00 621 NP~ P’~~T r-~~r’ , ~IEN~R E 4 D ( N U N IT ) ~ ifT Y~ ,L~~A X P ,N’ 1AXP
N 1IP-1 - -
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C C A L C U L A T E  CO EFFI~~IE1JTS CF THE EX PANS IO N POLYNOMIALS
C

CALL WX r ’A N
43 - DO 39 N = I ,N G M A X

NGG 1+10~~P~G
C

- - C BRING M J L T Y P L E — S O A T T E R  M OM E N T S  iN F~’OM OFF LINE STO RA GE
c

4 10 RFAD (NUNIT )NC S ,((DSCAT (LPP ,NP P),LP P :1,LMAX P),NPP 1,N H A X P )
I F ( N G S — 4 t ~f~) 1 i 1 O , L O D ,L~Q9

‘+09 X L A M G ~~L D ~~(NS
)

C A L L  E3 A I TA
00 39 IY~~1,NY°
YIY=Y (IY)
W SUM=0.
00 30 I=1 ,MP

38 WSUH=W SUM +A (L r’ , I) YIY~~ (I—I )qw~~=~ rr A~~WS IJM
39 S N (LP,IY,N~~)~~SJ MN (LP ,IY ,NG )#BWPR

RE W IND N U N I T
621 CONTINUE

NSUMNO (LP)rNENO 4~1
C
C OUTPUT S (JMN FOR ‘ISE IN CONVERGENC E ANALYSIS
C

DO 119 NGGE ,=1 ,NG UA X
NGG I+ IC ~N GG

119 . CONTINUE
189 CONTINtJE

I F ( N S T O P — N H A X )  1~ 0, 120 ,120120 CONTINUE
IF(L—1 ).6,46,li5

45 LPJ 2
C
C ‘JSING RECU R SION ~r LA T IOPJ FOR LEGEN O~~E POLYNOM IALS
C

DO 1~7 MJ 1,NM’J
T EM P= P HU ( ? ,MU)
PMU C 2, Mi ) =A L E G R O (  X L ,  X MU C MU) , TE PIP , PMJ( 1, MU) )

47 PMU (1, MJ)~~T E M P
GO TO 117

46 LPJ L.P -

11? CONTINUE
00 742 IY 1,NY~’
Y I Y = Y (I Y )

C -

C AL PHA= 1 •... CAL CULATING THE WEIGHT FUNCTION
C

FACT=YTY-4A L P HA
WT :SIGOSO~ rACT ~~~(1—2 )’A1PHA ’- ”2
I~7 T = W T~~E X P ( — E A CT )
00 £+ i i  N G=1 , N G 9 A ~

(
‘~~r~~1#1o’Nr,
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14TSU~-1=W t + S t ~MHf t P, IY ,NG)

RECONSTRUCT T O N  D~ THE ANGUL AR DEPE P1~~E N C E  ... THE FIRST TER M IN
C THIS E X P A N S I O N  IS THE ALL—ANGLE DEN~~ITY/ (1 

~PIE)
C

00 40 P1J 1, t-1~~U
ONEP (I Y, H G , MI ) -~O’-~IP CIV 1 N G ,MU) ~ CTW OL -4- t •) ~ W T SUM’ PMU (L’i, MU) /F DR~~IE

40 CONTI N U E
IF (L .E). 0) ~ JHP1 (1,!Y ,NG ) W T S U M

411 CONTIN UE
IF(L . U E . I’) (1  TO 71-.2
T S UM ( L A ~~1~~~~ A ( l 1 ) — Y L . t M O )~~~ S U M N C 1 , I Y , 1)/ ’ .

P-1G1 1
11G2 2
NGG1 I 1
NGG2 21

740 DLM=LA M ~ DA ( (’)-LA ~~°DA (NGG 1)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- 1GG2))/2.
I~~(N G2 .EO. ‘- 4 G M-A X )  GO TO 71.1.
P4 G1 U G 2

- N62 NG 2+1
UGGI NG 2
HG 6 2 : N GG? -4- t O

- G0 TO 7~~0
C
C 

- 

MIJLTIPLY—SCATT PED PHOTON ENERGY DENSITY

741 ALENGM (tY )~~~S(JM CTOR
742 CorIrINUE
140 CONTINUE -

-~ IF (NSTO P—NM~ X ) i1 ,115,116
115 NSTOP=N STOO+NAr )D

- — NSTOPP UISTOP#1
GO TO 1+ 08

- 
- 116 CONTINUE

— 00 71.8 IY =i,N Y P
C
C COMBINE MULTT P LY — S C A T T E P E D  AND O N C E_ S C A T T r R Ef l  PHOT ON ENERGY
C DENSITIES TO O’3I~~IN THE ENERGY D E N S T T Y  DUE TO A LL S C A T T E R E D  7 H 0—
C ION S
C
. 748 4LEN G (I~~)= A L F N G (IY )#A LEN GM (IY )
C
C CALCULATE UP-1COLL~ 0ED ENERG Y DENSITY AN’) ENERGY DENSITY BUILD- UP

H C FACTOR
C

DO 760 ~Y=1 , NYr ’
vrR G~~~V r R G r N ( r v ) -  EZERO

- 7 6 0  ALENGM (IY )= (ALEPfl (1Y )4V 1RGE )/V IRGE
CONTINUE

989 ~ RITE(~,, 1103) CV (TND) ,1N0 1,NYP )
-
, HRITE (2,110i) (Y(INt)),TNC=1 ,NIYP)
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988 ~1RI T E(€ , I 1 f l F7c % , ( A L GM ( T N T ~) , It10~~t ,NYP)
WRITF ( 2, 1101) ‘~~~o
W PITE ( 2,1101) (AL ~~~GH (IN1

) ,IND~~1,NYP)
JO= 1

7 146 -  00 1Z +5 ‘-JG ~~1, NGMAX
NGG= 141O~~N~
XL G Lt~ -1’~~~~( N Y~

)
ENERGY=~ AC P/XL~-~~G
IF (J O .F0 . 1) ~O TO 7L1 5
DO 71+6 1Y 1,NYP

— 
- IF(NG .LE. NGC’iT ) SUHN( 1,IY , NG) =SU MN (t ,!Y ,N G ) + A L A N I( IY ,N G )

746 CONTINUE
G O TO 1~.5

71~5 DO 7 1+ 3 IY=1, NV P
743 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 145 C O N T I N U E
IFCJO .NE. 1) )~O TO 7’—7
J 0 2
GO TO 7~.-1+

747 CO~~TIUUE
ASSIGN B9 0  13 KST
N GS T N  GM A X

680 00 121+ N~~=1 ,N~~ST 
-

PIG G 1+ 10
ENERGY -~~~C’f l R/ L A ’ -4 ’~D A ( N GG )

- 
DO 124 M’J~~1,NMU

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
124 CONTINUE

G O T O KST , C 990~~f’~~1)
990- REW IND 5
999 CONTINUE -

W RITE C 3 ,2013)
- ~iRITE (6 ,201~~

)
500  STOP

C
1100 FORMAT (~~6.1)
1101 FORMAT (5F8.6)
1102 FOR 1-1AT ( ’+ H F O~~,~~7.1 ,12H gFV ,t t1~~P= ,~~7 ,3 ,7H METERS )
1103 FO R MAT ( 3 3 X , 1 5~-~~U~~LO UP FACTO ,/ f ,10X, 11H~~NERG Y ( K E V ) , 1 1 + X ,2H’1

IR E E — P A T H S  FROM 5 ) L ’ R C E , / , 2 1X ,5 ( S X , F6 . 3) ~H 1101+ FO R HA TC13 X , . 1 ,’
~X ,5 (2X, F9.+))

1105 FORMAT (1SH TH IS ~UN IS I~T ,F7.0,7H METERS )
-C
1000 F O R M A T  C2 (E 11 ~.7,”Y))
1001. FOR MAT (~~~I2 ,?X))
1002  FOR MA T ( 3 (~~1?. F , IY )

- J  1003 FQ R M A T ( 1 ? ( ~~~.2, 1~~~
)

1004 FOR~~A T ( 1 0 F 7 . 3 )
1005 F O R M 4 T ( E 1 ? . 5 )  -

1007 FORNAT (I?)
1010 FOR’1AT (?AF ,L X ,~~~.0 ,3X ,F3.0 ,3X ,E13.7)
toll F O R r~A T ~~-3 IE+)
1012 FORMAT ( R6 ,4 ,7 I4)

I,’
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2000 FOR~1ATC / ,? < ,B~1O’J E MFP~~,F7.3,CH~1ETE~ S ,F/ ,(15X ,5 (9X ,~~7.3)))
2001 FO~~MAT (/// ,~~4 L~~~I2)- 

- 
200 ?  FOR MAT C 3X ,r1t .~. , 1X ,5 (1x ,E1l.6))
200 4  F OR M~ T (1~~M COS (T~~~TA )= -M1 ,6X ,1lHFOR LA M ~)0A~~,E1~~.5,9’4 (ENERGY : ,E12.~

1,5H KEy) ,//)
2009 FORMAT (/ ,I~~,?~~,i fl E 11.6 ,1,(5X,10 [11. ’~) )
2005 FOR’-IAT (?~~X ,-~B 9/I~~~IN CO~- -

~~O NE ’ J~ o~ T-F ‘HOTON DE NSI TY , 1, ~ 0~ U A V E L r N
IGT H (CU ) ~~~A N ~~r f ~ FT~ — P A T f t~ F R O M  ~ D f J c ~Cr ,// ,  ( 15X ,  ~

( K , F?. fl , 1)
2008 r O R M A T ( 2 , HMIJ T I P LY — ~~C A T T [ :~ ED CO O’ N’ ,/ ,2 8X ,3? ’-I D TO N5 ~~ R ( C ~1+~~~~~ V V ~ SIrT R~.flI ~-~fl
2009 FOR 1- 1AT (If , ?~.Y , ~PL~T O I A L  r HIJT O N P E N S I T Y )
2010 FORMA T (/ / , (- ‘M t - t A V E L E~ GTH r n S T A N r E  ~~~OM S O U R C E ,  / , E 0 9

1COMPTO N 1- INITS) ( IN ~-F~~”S DF v I R G t ’~ ‘14 0 1 0 N 5 ) )
2011 . FOR ~~A T ff// , r~H (14 ~~IE ?f (Y4~,L *E Y2 (_ Y ) ) ) # L F G E N D ~ E ExP N~~T ) ’  CO~

1FFICIENTS,I,1~~X, ’ - 7H (FOR L~~0, M O~-1ENTS r-j~~u ~
2,I2,l7H W E P E  UT ILI~~E0 ) )

2012 FOR MAT (PL- X , ~f ’ H- ~L L — A N G L F  S C A T T ERED ~~ O T O N  OENS 1T Y ,f ,2 L 4 X , ?7~~( P~-W~ ON~
1 PER C P-i~~~3 P~~~ K~~V ) ,I,~. (~H E N E R ( Y ( K E V )  M E A N _ F R E E ~.rA HS C R
20M couRCE ,,’~~~I;X , 5 x ,F 7 . 3 ,m -

2013 FORMAT ( I H 1 )
20~ ’. FC c U1A T ( ,f ,~’0X , I1HFOR LA M1 DA ~~,E12.5,99 ( E NF RGY ~~,E1?. 5 - 

-

1,SH KE’!) ,/ )
2015 F O R 9 A T ( ? ~~X ,LJ~Hv~A L r,u LAT:oN CF A PHOTEN DENEITY OIST- ’ I~~U T I O N ,/ f I ,?’.H

1 SOURC~ / POT N’  ~~~rT ROPIC ,,,1X ,E14 .7 ,2 2 H  P~-’OTONS PE? ~E~~DND ~ T , l X ~~r
- 2 t 1 + .7,1~ H Kfl / , / f ,~ -~ ~-4 MEDIUM/ INFiNIT E,  HO~~O~~ENFDUS , IS~~T~~O P IC ,  C3~:PT

30 N S C A T T E R E ’ ~,/ ,~,X ,43 HIC/ ~O St t ~~OAR ~J - T - I O S ° H E R E  A T  A N ~ L T I T U
1 .12 .5,7H M E T E Pc , ,, O X ,  1~~H F A R T I C L E  D E U S I T ’ f ~~ , Ei 2 .5  , ION ‘ER CM~ 3 ,/, qX
5,1’.HCONSTITUENJT~~/ ,7X ,4~ H ATOM DENSITY E~~ECrR Or: DEN~~TTY
6) 

-

2C16 F O R M A T ( 1 5 X ,? A 6 ,’Y ,E~~3.7, 11X ,E13.7)
2017 r O R M A T ( 9 X , L~~~HTkF M E A N — F R E E  P A T H  OF J NC~~) L L T D E D  PHOT ~) N S  IS , F 7 . 3 , 7 H  M

1ETERS ,/f ,
2 8?X,5HT~~tAL ,~~,30X ,t 2Ht~N~ RGY (KEV ) ,~~X,
3I6HWAVELFN (Y 4 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (CM ~~~— 1),/~

2018 FORMAT (21,X ,r1 ,1Y ,3 (F12.r ,1?X))
2019 FORMAT (~~0H 

• 1 !J (COMPTON UNIT) :COIPTON WAV ELEN T-1 OF HE ELEC
1TR0U ,/,3~~H E~~~~GY (KEV )~~511.O06 /WA V EL~~Ur~TH (CU))

2020 FORMA T (ff ,3EX ,t+C - H~1O MFNTE OF THE LEGEN ~1RE ~X P L~NSION CDE rr ICIENT~~,ff
I , EX ,(,’ H ( T H ~) S E F3~ N— L ~~~~~~~~
6THAN ZERO OR 010 HA VE NI T BEEN cALC J LATrfl ),/,5OX ,1~~-~(-N vs _ ) )

2021 FORP-iAT (ff ,~~1H ~~~~ ~ULTI PLY— SCATTERfl ~NOTONS ) —

202? FORMAT (/ f ,~~iJ-~ ro~ A LL S(~ATT rRE 0 PHOTONS )
- - 2023 FOR~ AT (?~~X , ’lNO’F— S C A 1 T E P  CO ’1~~ONENT ,/ , ’ 8 X ,3 2H?r1OT ONS D E R ( C H~~~3~~~ TV

1~~S T r RA 0 I A N f l
2024 FOR MAT (1 9X , ~ 0 HOM~~— S (~A 7 T F ~? CUT OFFS, / / ,~.3H W AVELE NS N MJ

1 ,f f )
2027  F O R MA T  (~~5 M A N AL Y~~ I C A L  A L L — A N G ~~~ F I R S T  S C A T T E R , f / )
2031. F O R M A T (~~7H A L L — A N ~~LF , ALL—EN ERGY SCA TTE R__ KEV P~~M~~~3,/ ,5 (2x ,r

114.7))
2034 FOR AT ( X, 4IHAL L - .ANGLE M U L T I P L Y — S C A T T E R T O  PHOTON O F N S I T Y ,, , (I c X , 5

i (5X ,F7.3),/ ) )
2035 F O R M A T  (f / f ,~~4 I-1 Nr RGY DtI ILD- UP FACTDR S AT TMI: SPAC’T PC,INTS, ,I,1L~X ,

15 (IX ,F 11. 13) )
20’+(i FOR -IAT (1&A ~~)
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04 1 FO RMA T (1EA5 , ///)
END

C
C
C 

-

C
J SUO ROUT INE c I r , (EN’~ W y ,STGMA )

C O M M O N  P~-~nT~~~,40 ,ENrRG (3 , t 0 ) ,INCO (7 ,t,1) ,rTA (~~,17),C~ 0K (~~,17) ,n’_ ( 3

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
2U,SIGMA ~ ,~~I1I T ,4L ,?~~((,uNr ,X LNCK, L, N , P ,iD ,YLA MG ,E E T ~ ,D7ER O,
3NTRAN S , ~ J, ~L - (A~~~,N~-P ,F UT , E~~CT DR,  ~S C A T ( 10, 10)
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~5 2j ) ,Y ’~~

) ,P M ~JV ’ , 1 ) ,V I,~G I N ( 5 ) ,A L L N G M ( - , ) , A ( 1 0 ,1D)
REAL INC O ,IN~’OH

C
C AR ITHMETI C ST~~~M~ NT FUNCTION FOP. LD —L flG INTERPOLATION
C

ALIP4TP (X ,Xl,Yl,X? ,Y?)~~EXP (A LOG (Y I )#ALOG (X /X1 )’ALO G (Y? /Y1 )/A ~_ OG (X ?/
I X I )

C 
-

SIGMA 0.
DO 58 I~ 1 ,N F L
CoNVF ~~DNu~~~1_ . r_

~~:’
- Ir (ENER ;Y_ TOLr)~~ ’,6?,63
62 PMOT O~~PHO T ( I,1)~~~ O N V F

INCOH 0.
-

~~~~ ~0TO 6S
63 00 56 K~~’,N X ~

I F (A ’ ) S ( E U F Y - ) P G ( I , K ) ) — T D L E ) 6 5 , 6~~,64
61+ rF (E~~~R;

y_ rN ~~~G (. ,Kn67,65 ,66
65 PH0T O P-~O T ( I,K)~~C ONVF

tNCO H=I\’ 0(!, K)’ ~O N V F
GO TO 65

66 C O N T I N U ~
67 PHOTO CONVF A L IN ’~~~(ENER C-Y ,ENERG (I ,K-1) ,2HOT (I,K—1 ) ,ENE SG (I, K ) ,PHOT

1(I,K))
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1(1,1<))

68 S IGM A St GMA4- ~~H O T~~+ INCOH
RETU RN
END

C
C
C
C -

SUBROUTINE A~~~?~H A ~~~RNL, X 1P ,XL)
C O M M O N  ~HOT( :~ ,-. 0) , E NEK G ( 3 ,4 0 ) ,INC ~,4)) ,rTA (3,17),~~~pK (3,17 ) ,0NC~
1) ,0U7(3) ,NXS ,~ L, T o L E ,T e L K ,~~IE,~~~rR D , L ’ t A X ,x MU~-~U, XH ’ t L  l, T f ~~U ,YIY ,flN

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
3NTRANS ,N H U , XLAiO , r,A~~B ,N Y P ,NCUT , FACTD ~~, -ISCA T (10 , 10),

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
621) ,Y C ~-)  , r- - IN( ‘, ‘

~~ 
) , V iRGiN C’;) , A L E N G~1 ( - ~ ) , A (10 , 1~~

)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
IXI )
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IF (XL—XLP—?.0 0~)fl1)95,65,6
85 IF C X L  .GT .  X L NCK )  GO 70 5
853 R:XLP/XL

O~~X L— X L ~’
0N7K~~0.
00 854 I=1, NFL

851+ DNZK ONZK+flN ’ (T )
GO TO 9E

5 IFCA !3S (XL—XL P )— 1 .E—0 5 )E- ,6,53
— - 6 AKE RNL~ 0.RETURN

53 R~ XLP/ XL
D=XL—XL P
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
LF ( O U M M Y — T O L K ) S , -’ , 55

55 DNZK:0.
DO 51.- I~ 1,NEL

C
C INTERPOLATION TO FIND THE CORRECTION FA CTOR (CAPKA ~~)
C

00 57 K~ 2 ,17
TF (ABS (~~UMM V—~~TA C I , K))—T0LK)58,5B ,5~

59 IF (DUMMY— ET .A (I,K) )60,58 ,57
- 57 CONTINUE
60 CA P1=CA ~ K (I,K— I)

CA~~2~ CA’K (I ,K)
I F ( C A P I— C / ’ P 2 )  61, 5,6 1

61 C A P K A Y = 4 L INT P ( 1 t J N M Y , E TA ( I , K — 1 ) , CA P 1 , E T ~~ ( I , K ) , C A P 2 )
- G0 T0 54

58 CAPK A Y=DA PK (T,K ) -

54 DN7K=DN7 K +ON7 (Tr’~A P K A V
56- AK ERNL~~~IE~~~7ERO R 2 ~~(~~+XLfXLP—D— ’)#D~ ’))~~DNZK

RETURN
END

C
C-
C -

C
SUBROUTINE D0LKF~ (P ,X L A M P ,XL A M G )
COMMON PHOT (

~~,40 )  ,E N E R G ( 3 ,L+ 0 )  ,INCO (~~,40) ,rTA (3 ,17),CA~~K (3 ,17) ,O~
- (
~

1), O N Z ( 3 ) ,N X S ,NEL ,~~OL E ,TC LK, PIE ,FZ E R D , L 1 AX , X t 1 U 9 U ,XM ’ l L A’ 1 ,T E M P ,Y I Y , T ~”j 2~~,SIG~1A G ,~~T UT H L,~~IGC ,O NF, X LNC K , t.,N ,L0 ,N P ,X X X X X ,BE TA ,D !ERO ,
3NTRANS ,NMu ,xLA ~1o,

p ,NyP ,NCuT ,rACTDR,~~Sc~~T (1e, 19),
3 5S IGMAT (3 31 )  ,LA’1 ’~1 

!~ ( 331) ,O N ES CT ( 5 , 33 , 2 1)  ,At ANGI (5,~~~
) , A L F N G ( 5 )  , XMU

621) ,Y ( 5) ,P N ’ t ( 7 ,2 1 ) ,” I R G I N ( 5 ) , A L E N G M ( 5 ) , A ( 1 O , 1 9 )
DIMENSION P ( 2 0 )
CALL AKERN (0 (1),(LAM P ,X tA MG )

- - ARG I.+X L t& H P-X LA’-IG
P(2)~ P(1)~~A RG
DO 181, L 2,LMAX

184 P L+ t ) = 2.~~X L + 1 . )~~A PG~~V ( L -X L~~Pf t -1 f l f lxL#1.
RETURN
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END

—
C
C

SU9ROtJTINE ONCE
COMMON PHOT (~~,

! ) ,ENEPG (3 ,4C),INCOC 3 ,~~3),FTA (3,17),~~~’((3,i7 ),
DNC 7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
3 MT RANS ,N~~!J , X L  A1O ~ ‘ A R B  , NYP ,NC’JI ,FACT , SCaR T (1 0, 19),
5SIGMAT (3 31) ,LA ’- 1 ’-Y~ A (331 )  O NESCT W , ~3 ,21) , AL A NG I (5 , 33J , A L E N G ( 5 )  , XM U(
621) ,Y ( 5) ,PN U( • ~~~~~~~~~ , 10, 13)
X M X PIUMJ
IF (XMU’-~J .EO . 1.

) XM (JHUz 0.999~ 9
IF (XMUML ~.LT. XM ’JL~~’-1) GO TO ~.8S
SINTHR~ SORT (A 5 (1 • —XM UMU~~ 2))
ON TEM P(~~YTY SINTHR +SIG S~~(XM UM t J ISTNTH L_ X MU LAM~~SINTHR )/SIGO

l)ISINTHL)IS!NTHR
X H U M U ~~XM 

- - -

RETURN
1.88 0NE 0.

H RETURN
END

C
-C
C
C

SUBROUTINE FIRST
COMMON PHOT (3 ,40),ENERG (3,40),INCO (3,~~0),FTA (3 ,17),C~~~< (3 ,17),DN

(3
1), DNZ ( 3 ) ,NXS , NEL, TO L E ,T C L K , PIE , R Z E R D , L M A X , X M U M U ,XMU L A 1 ,T E M V ,Y IY ,O M
2U,SIGMA ,STt HL,~~T G O ,ONE,XLNCK ,L,N ,LP ,N~~,Y L A M ~~,9EtA ,)TEEC ,
3NTRANS ,N’-’U ,X L - A M O ,- G A R P ,N~

yP ,NCUT ,F A C T D~~,icCAT (10 ,i9),
5SIGMAT (331) ,L AM’~~A (331) ,O NESCT (5 , 33, 21) , A LA NG I (5 , 31) , A L E N G ( 5 )  ,X MU (
621) , Y (5) ,PH 1 1(7,21) ,VIRGIN (5) , ALEN G -M ( 5 )  , ( 10,19)
REAL L4MBOA
00 488 IY=1, NY~

- 
- Y IY Y (IY )

ALEN~~0. -

NG=l
MGG~~lNGC~~11.
ASSIGN 731 TO JO N

730 X LAM G~~LAM Pfl A (NGG)
SIGMAG~~SIGMA T (NG~~)
TF (NGG .F~’. 1) XLAM G=XLAMO 4- .0001
!F(NGG .E0. t-4C’JT) XLAHr ,=LAMBOA (NCJT )— .001
CALl . A KERN (XKER , X LA M O, X tA MG)
X M U L A M~ 1 • —XL A H , +-~ L A ’-IO
SINTHL~~S I9T(A0S (l. — XM ULtM~~’-2))

- 
- 

- TEMP1 GA P~~~X KER/ r INTHL
IEMP TEMP I/YIY
ASSIGN 703 10 IO~4
ONETOT~~0Ø9 U 1
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X M U 1~~1.
XMUHU :1.

• flMU~ 0. 000 1
C

C CALCULATION OF AN~~LF—DE PENDENT ONCE-SCA TTERED AND INT~~~RA T JDN
C IC) FIND ALL _ ANG L r DENSITY
C

CALL ONC E -

HO N O N E
101 XMU’-1U~~XMU MlJ—DM ’J

IF (XMUHJ ~~~~ X M JLAM ) GO TO ION,(? 03 ,7 02)
709 CA LL ON C E

ON ETOT ~~DNF1O ’ + MJ~ (ONE+S4ON)f ..
IF (XMUHJ .LE. 0. 0901) OMLJ~~0~~00 l
IF(X MUM’J •L ‘~~. ~ .~~9 001 )  DNU=0.  01
IF(X M’J HJ .L~ T. O.~~0001) DM U=0. 02
IF(XM UMJ .1. 0.~~P 0 0 1 )  DMU~~0.1o

707 IF (NGG .NE. N(
~C)  GO T O 700

IF( S ( X M U ( N U ) — X ’ - ~Ul) .G’ . 0 . 0 0 01) 0 TO 700
0NESCT (IY ,N G ,-1 f J ,~~uO N f (2 . 4p Ir)
IF(M’J •FO . NM II) GO TO 706
M’J MU +I

7 0 0  W O N~~ONF
X MU 1=X MUM U
GO TO 7OI

703 X H U M U = X H U M ~J # r) MN
IF (DMU .GT . fl. 01 DMU=0.0 1.
CHECK~~A 3 S ( X M t J ’- i ) _ ’.’ M U LA M )
!F(CHEC< •L’ . 0.01001 ) DMU~~0.001
IF (CHECK .LT . 0 .00 101) DHLJ~~C HECK
XHUM1J~~X?1 UMU—D MI) -

!F(OMU .GE. CHEC~~) ASSIGN 702 TO ION
GO TO 705

702  tF (NGG .NE, NGO ) GO TO 498
XMUMU~~XMU (MU )- 

CALL ONC E
GO TO 707

706 A LANG 1 (IV ,NG )=OP4ETOT~ XLAM G~~ 2 !FACTOR
C
C FIND A L..L—ANELE ENERGY DENSITY DUE TO ONCE-SCATTEREO ~M D 1 O N S
C

NG NG + 1
NGC N GC 4- 1D

‘.98 CONTINUE
GO TO JDN ,(731,7~~

7, 734 ,735 ,736, 73 7)
731 ASSIGN 732 IC) JPN -

MGG=NG G+1
- ONET ONETOTfXLA’ 4’~

D1M~~LA M ~~’) A ( N G G ) - X L A H G
GO TO 730

732 A LE W ~ A LEN +f l LM P’~~O N ET + O N ET O T f X L A H G ) f 2 .
IF (NGS .L T. NT RA ~~S) GO TO 731

733 NGG NGG+10
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O N E T 1 = O ’ - J E T O T / X L A~~ G
ASSIGN 734 TO JO N
GO TO 730

734 A S S I G N  7 35 ~O JO N
DNET 2~~ONETOT ’XLA’-~G
NGG NGGf 10
GO TO 730

735 A S S I G N  736 T O JO N
ONET 3=O’~ETOt f XL A -l G
NGG~ NGG f10
D L M = L A M - I D A ( N C G ) — Y L A M G
50 TO 730

- 736 ASSIG N 737 ~O 10”
A LEN =A LEN- f (?NET1+3. 4 (ONET2 +ONET3 )fONETOT /XLAMG )’-~~.’DLM/5.

738 NG G NGG I- 2
01M~ LAM3OA (NCG ) -X LA ~ G
O N ET=O NE TOT / X LA
GO TO 730

737 A LEN~ ALEN + (1NET+ONFTOT/XLAMG) ’-DLH ~~2.
!F(NGG .LT. NOL 1T ) GO TO 735
A LENG (IY )=A LEN~ FACToR

488 C O N T I N U E  -

RETUR N
2025 FORtIAT IX ,E1?.c,3X ,F6.3)

END
C -  -

C
C

C
- 

SUBROUTINE W X PAN

COMMON P~~OI (1 ,40) ,FN ERG( 3 ,40 ),I~~cO (3 , ) ,~~TA (3 ,17 ),C~~P< (3 ,17 ) ,OU (3
1),ONZ (3),NXS,N~ L.TOLE ,TCLK ,PIE ,RZERD, L 1t\X ,X M U M U ,XM 1 ILAN ,TEN~~,\IY ,D-1
2L3 ,SIGMAS,STNTHL, GO ,ON E ,X L N C K ,L ,N , ,~~~~XLA M ,,B E T A ,)7~~RO ,
3HTRANS ,‘4MU , X L A M O ,  (~A R R ,NYP ,NCUT , FA CT OR , ISC AT ( 10, 19)
5SIGMAT (331 ) ,LA M ~~~A (331) ,ONESCT (E, 33 ,’l) ,ALAUG1 (5,33) ,A LENG (5 ) ,XMI J (
&21),Y(5),P”U (2,?1),VIRGIN (5),ALENGM(5),A(10 ,19)
IF( N)’+1, 41, 42

1+1 A (LP,1):1.
RETURN

42 ‘IIP N

T W O N P~~?~ NF’
CON~~2~ (L#N ) ft
A (LP ,NI~’-.- 1)~~—A (L’ ,NIP)/TWONP
IF(N)185,1~ c,15;

186 00 37 I:1,N
P1=1—I
X I N—I1l 

- 
-

II N IP— I M
37 - A (LP ,II) = - C C C O N # X T ) ~~A ( L P , II) - A( L P ,II-1)) f TW O NP
185 A (L °,1) COU’ A (L°, 1)/TW OU P

P1=N41
RETURN

2005 FORM4T (/,I1,2X , 1~~~11.4,/, (5X, iOEi1.~~) ) —
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END
C -

C

C

C

SUBROUT ILlr DA IT A
C OMMON ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1) , O N Z ( 3 )  , NX~~, J - L ,  OLE , T L K , — I E , E~~O , L1 , X 9 U ’ -i U , X M U L ’ 1 , T E ~ ik , Y I Y , PM
2u,sIG’-1 A~~,SI L,~~rGo ,oNE ,XLN K ,L, N ,LD ,1P ,xLAMG ,nETA , 7ERO,
3NTRANS, U, YLA’~O, F AR~3 ,N Y P , N L IT , FA CT OR , 1S~~A T ( 10, 19)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~6 ? 1 ) , Y C E ) ,PNUV’ , ’~~
) ,V I RG I N (5 ) ,A L E N G M ( 5 ) ,A ( 1 0 , 1 9)

CLIT E~ ?. 99 2”~- 1 0
SUM JN= 0.
00 36 J~~=1 , N P
J=JP-1
LP2J=L P+J-f J
TER9~1J~ T3Z !IAL (LO 1J_ I )-~OSCAT (LP ,LP2J)

- TERMJ=T rRMJ/~ O~ IrLU+ J+1+L
TER’lJ~ TER’-1i /T r)~~]~ L N -J

- TERMJ~ TER MJ/TORF-L (J)
JJ=Jf2
IF (JJ* 2 .~~O. J) GO TO 36
TERMJ -T ER’-IJ

36 S U M J N ~~SJ ”JNI- T F~~M J

~ETA=Q7ERO~~TORIA ~. (N) 4S’JL-~JNf (CLITE~ XLA1G )
RETURN
EN ~%

C

C -
C

C

FUNCTION SPACE (N ,L,SIGO, DETERM ,DE1 ,OE2, SI (~M )
xL=L
X N N
LP=L-I- 1.
XLP LP
LENO~~t
LLND~~1
IERM= 0.
I F( L_ N) 5 5 0 , r 51, r~F1

551 LEN O 2
550  I F ( L ) 6 5 0 , 6’ 0 ,651
650 LLND 2
651 IF (N)13~ ,I 3t~,t13

- -  133 GO T O C 6 , ’~~~~ ) , L L N D
652 T E 1 ~~X L ’ ( X N ~~XL ~~rf lE1
653 GO T O 5 ~~?,~~5 3 , Lr ND
552 t E R P I I E R M + X L P * ( X N _ X L ) 0F2

- 553 DEIERM ETrr9+ ’ E~ M4SIGO/(XN XL+XL~~)
131+ S PA C E= DE TE R M/ S! r ,9

RETURN
END
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- FUNCTION P40(K)

- 
IF (K .Gt . 25 ) K=j

- 
- 

INC K - - - - - . - - - - -

R E T U R N  -

END -

C

C

C
FUNCTION TORIAL (’)

tF (K)3?, 3?,33
- 32 TORIAL 1.

RETURN
33 ~~~TOR 1

00 3L4 I T = 1, K

34 ‘(1OR K T O R~~~~IT
- 

T0RIAL~~(TO
P

RETURN
- - END

r

- 

- 
- 

- 

- -.~- 

- 

-
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