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ABSTRACT
Update to ANSI/ANS-6.4.3-1991 for Low-Z

Materials and Compound Materials and
Review of Particle Transport Theory

by
Luis A. Durani
Dr. Charlotta Sanders, Examination Committee CoiCha
Professor of Nuclear Engineering
University of Nevada, Las Vegas
Dr. Brendan O'Toole, Examination Committee Co-Chair
Professor of Mechanical Engineering
University of Nevada, Las Vegas
The ANSI/ANS-6.4.3-1991 Gamma-Ray Attenuation Cisefhts and Buildup

Factors for Engineering Materials Standard (hekemwn as ANS Standard), contains
derived gamma-ray attenuation coefficients anddogilfactors for selected engineering
materials and elements for use in shielding catmna (ANSI/ANS-6.1.1, 1991 The
current status of the ANS Standard is withdrawn tduée lack of any updates since its
last publication. Since the last update of the Afthdard, more accurate codes for
particle transport and cross sectional data hagerbe available. As a result, this study
was carried out to update gamma-ray buildup fadtorgon and water as a function of
source energy that are presented in ANS Standausing ENDF/B-VI.8 photo-atomic
cross-section library data in Monte Carlo N Pagtiel(MCNP5) version 1.40. Another
code, Anisotropic Source-Flux Iteration Technigd&FEIT), was used as a benchmarking
tool to validate the MCNP5 results. The resultenfi@d CNP5 did vary from those of the

ANS Standard with the greatest differences for sad water being 10.48% and 13.83%,

respectively. These differences can be attribtdetie following:



» Differences in cross section libraries
* Method of solution for the codes
* Physics Assumptions
0 Bremsstrahlung
o Coherent Scattering
» Calculation methods
» Standard deviation
To obtain buildup factors for points not calculatetings were calculated using
a fitting function technique. After the buildup facfor each source energy was plotted
as a function of mean free path (mfp), the datafitiasl via Microsoft Excel. The fitting
method chosen for each was a polynomial of thd irtler to ensure the highest
accuracy and closest to 1 value for the regressiefficient, R. Tables and figures
representing energy absorption buildup factorsfdtmglg functions are attached to this

study.
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CHAPTER 1

INTRODUCTION

Purpose of the Study

ANSI/ANS-6.4.3-1991 Gamma-Ray Attenuation Coefintgeand Buildup Factors
for Engineering Materials Standard (herein knowthasANS Standard) sets forth
physical and nuclear properties that are apprapfata particular application in order to
form the basis for the selection of radiation ghirey materials. The ANS standard
presents evaluated gamma-ray attenuation coeftecaard single-material buildup factors
for selected engineering materials for use in dgingl calculations of structures in power
plants and other nuclear facilities. The data cewaerenergy range of 0.015-15 MeV and
depth of 0-40 mean free path (mfp). The informatierein are standard reference data
for use in radiation analysis.

The data presented in the ANS Standard is dernged fata that is at least eighteen
years old. Within the last eighteen years, newa tias been derived that will allow the
ANS standard to be updated and become more accubatr the past eighteen years,
cross section data and accuracy has greatly imgravieich allows for more accurate
buildup factors to be calculated. Computer techgylmas also significantly improved,
which will allow these intricate codes to be ugliz As a result, new codes model
radiation transport more accurately than older sod@roviding new buildup factor data
allows for validation of published values and irages the accuracy of the information
that is available to include in the next revisidriihee ANS Standard. This study will

attempt to provide the ground for a transition ta@e current code, MCNP5.



Concepts and Terms

Absorption — Process in which photons, as they ffassigh a medium, are absorbed in

the material.

Annihilation photons — The process that occurs wdneaobatomic particle collides with
its respective antiparticle. Since energy and maomemmust be conserved, the particles
are not made into nothing, but rather into newiplag. Antiparticles have exactly
opposite additive quantum numbers from particleghe sums of all quantum numbers
of the original pair are zero. Therefore, any $giasticles may be produced whose total
guantum numbers are also zero as long as consenadtenergy and momentum are
obeyed.

When a low-energy electron annihilates a low-eng@uagitron (anti-electron), they can
only produce two or more gamma ray photons, sineestectron and positron do not
carry enough mass-energy to produce heavier pestielowever, if one or both particles

carry a larger amount of kinetic energy; variouseotparticles pairs can be produced.

Attenuation — Gradual loss in intensity of any kofdlux through a medium via

interactions and energy depositions.

Binding Energy- The energy required to separatagbes which are bound by
electromagnetic or nuclear forces (infinitely faag). In the case of the nucleus of an
atom, these particles are protons and neutronstbgédher by the nuclear binding

energy. The neutron and proton binding energiesh@energies necessary to release a



neutron or proton from the nucleus. Electron bigdenergy is the energy required to

completely remove an electron from an atom or secwé.

Bremsstrahlung — Known as braking radiation. Eteutignetic radiation that is produced
by the deceleration or acceleration of a chargetich® such as an electron, when

deflected by another charged particle, such astapr(See Figurel).

Electr
ectron X Ray

& T
@

Proton

Figure 1. Bremsstrahlung

Compton scattering — The process of elastic stadgtef a photon by an electron, in

which both energy and momentum are conserved. Adidant photon with energy E and
wavelength, , is scattered through an angleand the struck electron recoils. Since the
recoiling electron acquires some kinetic energg,ghergy E’ of the scattered photon is
less than E, and since the wavelength of a phatorversely proportional to its energy,

the wavelengtid, of the scattered photon is larger than(See Figure 2).
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Figure 2. Compton Scattering

Dose (Absorbed) — A measure of the amount of enogy an ionizing radiation

deposited in a medium.

Evaluated Nuclear Data File (ENDF)- The ENDF ©0ee nuclear reaction database
containing evaluated (recommended) cross sectspegtra, angular distributions, fission
product yields, thermal neutron scattering, phdtovéc and other data, with emphasis on

neutron-induced reactions.



Elastic Scattering - In this process, the energyetic energy) of the incident particles is
conserved, only the direction of propagation is ified (by interaction with other
particles and/or a potential). An example of a reuengaging in this process is shown

below:

Neutron

@

Target
MNucleus

Neutron

@

Target
Nucleus

Figure 3. Elastic Scattering

Energy Absorption Coefficient- This coefficient &kinto account all possible modes of
energy transfer to electrons in a medium. Thisalde takes into account the escape of

fluorescence, Compton scattered, annihilation,Breidnsstrahlung photons.

Exposure (photon) — A radiation measurement quawtiich is proportional to the
electric charge of either sign that is createdr@ms a result of ionization by secondary

charged particles resulting from photon interaiona unit mass of air.



Fluorescence — The emission of characteristic skngr(or fluorescent) photons (X-
rays) from a material that has been excited by l@ydrbent of high-energy (higher) X-
rays or gamma-rays. The term is applied to a pmemon in which the absorption of

higher-energy radiation results in the re-emissiblower-energy radiation.

Particles

Flux- The amount of particles that travels throagimit area per unit time;———

cres
Fluence- Is the integrated flux or the number dfipies that intersect a unit area over

time.

Isotropic radiation — Radiation that is emittedabgource in all directions with equal

intensity or which reaches a location from all direns with equal intensity.

K-edge — This phenomena describes a sudden indrettse attenuation coefficient of
photons occurring at photon energy just above iheig energy of the K shell electron
of the atoms interacting with the photons. The snddcrease in attenuation is due to
photoelectric absorption of the photons. For thisraction to occur, the photons must
have more energy than the binding energy of thén&l&lectrons. A photon having
energy just above the binding energy of the eledsdaherefore more likely to be

absorbed than a photon having energy just belosviniding energy.

Linear attenuation coefficient — Probability oférdction per unit distance traveled by a

photon. It is a function of particle energy andissially expressed in units of &m



Linear Energy Transfer (LET) — Is a measure ofethergy transferred to a medium as an
ionizing particle travels through it. Typically,ishmeasure is used to quantify the effects

of ionizing radiation on biological specimens cgattonic devices.

Mean Free Path (mfp) — The average distance cowsredarticle (photon) between two

successive interactions. It is the inverse of iledr attenuation coefficient.

Pair production — An absorption process for photesnergies greater than 1.02 MeV in
which the creation of an elementary particle asaittiparticle (electron and positron,
respectively) occur, usually from a photon. Thisyatcurs provided there is enough
energy available to create the pair, at leastdts test mass energy of the two particles

and that the condition allows both energy and mdarerio be conserved, see figure 4.

Electron

Photon O

Mucleus
]
Positron

Figure 4. Pair Production



Photoelectric absorption — An absorption procespli@ton energies that occur below
0.5 MeV. In the process the photon loses all oéitergy to an atomic electron. The

electron leaves its atomic orbit and continues ew@rthrough the material, see figure 5.

Low-Energy

Electromagnetic

Radiation Ejected Electron
\,%fﬁiI

™~

Tonization

Absorbes of
High Atomic
Weight

Figure 5. Photoelectric Absorption

Photon — The quantum of electromagnetic energwrdegl as a discrete particle having
zero mass and no electric charge, which travedsviacuum at only the speed of light.
Examples of photons in decreasing order of energygamma-rays, X-rays, ultraviolet
light, visible light, infrared light, microwavesnd radio waves. In this study, our focus is

upon gamma-rays.

Point source — The most fundamental type of ramhiadource which is theoretical but is
often used as an approximation to a real sourcaged that the real source’s volume is

sufficiently small compared to the volume of theeatiating medium and there is



negligible interaction of radiation with the matterthe source volume. A point source
does not have any volume and is modeled as a jpospiace. In general, it can be

characterized as being dependent on energy, direetnd time [Shultis and Faw, 2000].

Significance of the Study

The buildup factor values that are provided in AMBIS-6.4.3-1991 are derived
from data that is approximately a couple decade@sTdie initial introduction of buildup

factor was by White in 1950, (Harima, 1993) to egsrpenetration 6fCo y -rays in
water. After that Goldstein and Wilkins publishedamprehensive set pfray buildup

factors calculated with a moments method code % {®larima, 1993). Following this,
buildup factors for point isotropic sources werepéged in point kernel method and

were widely used iry -ray attenuation calculations. In spite of the depment of

rigorous methods of transport calculations, thevalmtata has been used as a standard for
more than 30 years. Since the last update of #mlatd, the cross section data that is
used has been updated. Since 1991, computer tegynohs significantly improved,
allowing for more intricate and complex computaéiiy demanding codes to be utilized.
Consequently, new codes model radiation transporéraccurately than older codes.
Providing new buildup factor data allows for vatida of published values and will
increase the accuracy of the information that &lable. This study was performed for
the ANS-6.4.3 working group and the results willrbeiewed for possible inclusion in

the next revision of the ANS Standard. Since teepablication of the standard there has

been no revision and as a result it has becometmadnd inactive. In order to help alter



the status and allow for the standard to be usathatis study is carried out with the

intent of updating the values and helping the AN&3group reactivates the standard.

Buildup Factors

The practical calculation of -ray attenuation is a complex process, which isttye

simplified by buildup factors. The buildup factsra correction factor that considers the
influence of the scattered radiation plus any sdaonparticles in the medium during
shielding calculations. The buildup factor is treemultiplicative factor which accounts
for the response to the uncollided photons so asctade the contribution of the
scattered photons. Thus, the buildup factor caolb@ned as a ratio of the total dose to
the response for uncollided dose. This study valptcontribute to the buildup factor
data by modeling a point isotropic source of momogetic photons in an infinite
homogenous medium. Conventionally, buildup fact@age been compiled as a function

of mfp. In this study, the buildup factors will beserved in materials up to 40 mfp.

Buildup Factor Calculations

The calculation of buildup factors is based upanftow of a photon through a
medium and the number of interactions it partake¥\henever energy is used in
reference to a gamma-ray, it is indicative of ttaltenergy of the photon, which is
described by the following

E=hv 1)
Where,

E = Energy of the photoeV

10



h = Plank’s constant.135 x 13° eV*s
v = Frequency of electromagnetic wave of the phat*
The mfp is the inverse of the linear attenuatioefftcient, which indicates the
probability of interactions per unit path lengtiheTlinear attenuation coefficient is a
function of the particle energy before and after ¢bllision/scatter, the energy recoil of
the target particle, angles of deflection of theident photon and target particles, and the
angles of emission of secondary patrticles followgegain interactions. The linear
attenuation coefficient is described by the atomsdg and cross section of the
interaction, which is seen by the following equatio

HU=Nxg (2)
Where,

4 = Linear attenuation coefficieruri*

N = Atom density,atLTs
cr

o = Microscopic cross sectiobarns or cmh

The atom density for a single element is calcul@tgthe following

yo,
N=="xN 3
A< Na 3)
Where,
N = Atom density,&
(cm’)mol
p = Density,%1
cr

A = Atomic mass of elememngram

N, = Avogadro’s constan§.022 x 16 mol*

11



The microscopic cross section is a probability thaertain type of interaction will
take place based on the target atom and incidettlpaenergy (Lamarsh, 2001). The
cross section is a function of many things sucthasnaterial, particle direction, and
energy of incident particle. The values for crosstions are tabulated in a file known as
the cross section data library. The data usedisnstiady is the latest cross section library,
ENDF/B-VI.8, which is distributed by National NueleData Center (NNDC), which is a
part of Brookhaven National Laboratory.

The buildup factor can be obtained by expenimieut since the attenuation and
scattering cross section are known, it can be ddimethrough the solution of photon
transport equation. The total value of a specifadiation at some point in space is
predicted by the corresponding response of somed§/petector at that point in space,

that is, the detector resporiRe Ris represented by a flux densigfr, E) multiplied by
the detector response functio(E , Wherer is the distance from a source.

The detector response provides a relationship lestlex and dose. This study
employs two types of response functions; absorlose dnd exposure. The response

function for absorbed dose, Gy Gris captured by the following

Hen(E)

O, (E)=1602x 10 E( ) (4)

Where,
O, (E) = Response for absorbed dose, Gy cm

E = Energy, eV

U..(E) = Energy absorption coefficien,ﬁ
g

12



g
cm?

P = Density

To solve for the dose, the response function idiplidd by the flux at the detector.

The flux is set number of particles that peneteaseirface (spherical) of interest over

time. The following equation captures it

O — Sp 5
= ()

Where,

Particles
¢(r)=Flux, ———
cnes

articles
S, = Source strengthl,ot_i
ime

r = Distance, cm
The uncollided dose from a point monoenergetiaggnt source in an infinite
homogenous medium is given by the following

S,0, _
D°(r) = 4"”5 e (5)

Where,

D°(r) = Uncollided dose‘G—y
time

O, (E) = Response for absorbed dosg, cnf

articles
Sp = Source strengthl?‘i
time
r = Distancecm
e = Attenuation factownitless

13



The total dose for the same monoenergetic geonsetyiyen by
EU
D(r) = |, ®(E)D, (E)IE (6)

Where,

D(r) =Total dose,_G—y
time

E, = Upper energy boundary, eV

E. = Lower energy boundary, eV

¢(r, E) = Flux for total dose,PL'zCIeS
cn’s

U, (E) = Response for absorbed dosg, cnf

The energy absorption buildup factors is givenhzyfollowing

o) J;dED(E)go(r,E)

B(r) = = 7
=5 DEYFD ")

Where,

B(r) = Buildup Factor

D(r) =Total dose,_G—y

time

DO(r) = Uncollided dose->Y-
time

0 (E)= Response for total dosBy cnf

Particles
¢(r, E) = Flux for total doses———s
CIres

O (E,)= Response for uncollided dosgy cnf

14



Particles

¢ (r,E) = Flux for uncollided dose,———

cns

Buildup factors are not constant, but vary with fiblléowing parameters:

1.

2.

The energy absorption coefficient is an importaariable in the deciphering of
interactions pertaining to photons in a medium. atmunt of energy absorbed per unit
mass of the medium (absorbed dose) is a signifigarameter which provides a basis for
discussing radiation effects. The effects of gamaya on irradiated media are largely
indirect, since they occur via electrons that argated as a result of gamma ray
interactions with matter. They also dissipate epagthey are brought to rest. The shift
of energy from photons to electrons and vice versaurs in an intricate chain of events
as shown in the Figure 6. A complete energy dejoos#thould take into account all

indicated energy transfer routes leading to electallision losses and associated typical

The type of detector response function
The geometric configuration of the source
The material of the attenuating medium
The energy of the source photon

Distance of penetration through the attenuatingiomed

Energy-Absorption Coefficient

effects (Hubbell, 1969).

15
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Figure 6. Energy Shift from Protons to Electrons

The significance of the interactions is based dreihg a function of energy. At high
energies such as 10 MeV, the range of secondaciyr@hs tends to become comparable

with the y -ray mfp. Under these conditions the derivatiothef energy deposition in a

medium requires a cascade calculation involvingréesport equations. But at energies
lower than 10 MeV, where electron travel loosesiicance, it is sufficient to address
issues in terms of flux or the energy absorptioeffotent or any other coefficient as
deemed appropriate (Hubbell, 1969).

The mass energy absorption coefficient is the gnabgorption coefficient divided
by the density of the medium. This coefficient k&o account all the modes of energy
transfer to electrons such as the escape of Congaittered, fluorescence, annihilation,

and Bremsstrahlung photons. While other coeffisiércount for certain types of

16



interactions, the mass energy transfer coeffiaegsbunts for the interactions listed
above except Bremsstrahlung photons. While the malassrption coefficient accounts
for the escape of Compton-scattered photons othlg.fass energy absorption
coefficient is a more encompassing variable thaulte in accurate results compared to
the other two coefficients. Equation 8 capturescidieulation approach for the three
coefficients and weighting factors are insertedhow the significance of the principal

interactions.

/Jerl_

[ (5 ) @
P P P

SYRYIESRY

Where,

Hen — Mass energy absorption coefficieFCi{'i
P g

He - Mass energy transfer coefﬁcier%gﬁ
P

2
Ha Mass absorption coeﬂ‘icien%,ﬂ
0 g

2

Heo_ Photoelectric absorptiOF(I:,ﬂ
Yo, g

f_ = Average fraction of photon energy converteghotoelectric absorption

T

17



He - Compton collision absorptio%

f. = Average fraction of photon energy converte@tmpton collision

2

_ .cm
He = par production;

f. = Average fraction of photon energy convertegao production

The methods used to calculate the mass energygimsocoefficient are described
more clearly through the use of an intermediatentjtya the mass energy-transfer
coefficient. The mass energy transfer coefficiatoants only for the escape of
secondary photons produced at the point of intenaeind the quanta of radiation from
the annihilation of positrons (NIST, 1996).

The mass energy transfer coefficient is relateiti¢omass energy absorption

coefficient by the following equation:

Hen _ A= Q)M )
P P

Where,

Hen — Mass energy absorption coefficieFCi{'i
P g

o~ Mass energy transfer coefﬁcier%ﬁ
P g

g = Average fraction of the kinetic energy of @adary charged particles

18



The calculation of is an intricate process of integration of crosgieas related to
the radiative process of interest over the diffeadrack length distribution established
by the particles in the course of slowing down. Whwe quantitative values gfare
relatively small, the errors are truncated in thessenergy absorption coefficient. The

evaluation ofg takes into account the following interactions:

Emission of Bremsstrahlung

* Positron annihilation in flight

* Fluorescence emission as result of electron anirposnteraction

* Energy loss straggling and knock on electron pridoas the secondary

particles slow down

Boltzmann Transport Equation

The behavior of individual neutrons and nuclei aztrbe determined; however the
average behavior of a large population of neutoamsbe described if information about
neutron fluxes, cross-sections, and reaction e@&nown. This phenomenon is known
as Transport Theory and is based on the solutidheoBoltzmann transport equation.
Due to the intricacies involved in the equatiorgah be only solved purely analytically if
certain restrictions are placed. But a negativesequence of this approach is that the
restrictions limit the usefulness of the solutiotained. To obtain physically realistic
solutions to the transport equation, a numericdineue approach is necessary.
Numerical techniques are capable of providing swhstof certain accuracy based upon
computer time. These outputs are fundamentally raccerate than those obtained via

the diffusion theory approximation of the Boltzmaransport equation. The Boltzmann

19



transport equation is a conservation equation dfgbas in space. It is simply a
bookkeeping process of particles. The basic fora tte equation takes is:
QIlO¢(r,E,Q) + u(r,E)¢(r,E,Q) =

j dE’ L”dQ',uS(r, E' - EQ - Qr, E,Q)+9S(r,EQ) (10)
0

The Boltzmann transport equation is a powerful toolnalyzing transport
phenomena within systems that involve temperatndedensity gradients. The equation
above is a general solution for particles, eithetpns or neutrons, and accounts for all
type of interactions that are encompassed by thahlas. It is considered an
integrodifferentialequation due to the fact it has derivative (Dutdelts 1976).

The steady-state version of equation 10 can béenréds follows:
L @r,Q)drdQ + p(r)g(r,Q)drdQ = S(r,Q)drdQ (11)
where dR is the differential length along the di@t Q (i.e.,Q[0=d/dR). This

equation may be integrated along the directibifrom r, to r, to obtain
@(r,Q)dr =e " gr,,Q)dr, + je“”““”S(r',Q)dr' (12)

wherea(r',r )is the total number of mean-free path lengthsatbe directionQ

betweenr' andr :

a(r',r) =

I ,L/(R)d# (13)

Given an isotropic point source of stren@h (particles/s) located df, the
directional flux outward through the coni€ about directionQ is S,(dQ/4r). The

volume elementdr subtended by this cone at distariRe |r - r'| away is4/dQR*dR.
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The directional flux ar of uncollided particles from an isotropic point sciatr’ (such

that the direction fromr'to ris Q) is given by

Soe—a(r,r’) Soe—a(R,O)
= 14
dr -r|° AR -

Ou(R) =gl —11,Q) =

This set up for an isotropic point source is what study will entail and be modeled for.
There are two classes of computational technicuegsare used to solve the transport
equation numerically. In the first class, deterstigi method, the transport equation is
discretized using a variety of methods and thewesbtlirectly or iteratively. Different
types of discretization give rise to different dataistic methods such as discrete
ordinates, spherical harmonics, collision prob#bsdi nodal methods, and others. The
second class of techniques, Monte Carlo methodstaats a stochastic model in which
the expected value of a random variable is equintdtethe value of a physical quantity
to be determined. The expected value is estimatedebaverage of many independent
samples representing the random variable. Randonbers, following the distributions
of the variable to be estimated, are used to coctstinese independent samples. There
are two different ways to construct a stochastideh@or Monte Carlo calculations. In
the first case the physical process is stochastidlae Monte Carlo calculation involves a
computational simulation of the real physical pgxdn the other case, a stochastic
model is constructed artificially, such as the soluof deterministic equations by Monte

Carlo.
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Transport Equation for Photons

For most photon-transport calculations the quamtityiterest is the doubly
differential energy flux density(r,E,Q) = E¢(r,E,Q The Boltzmann transport

equation in integro-differential form multiplied f&/on both sides may be written as:

QO(r,E,Q) + u(r,E)I(r,E,Q) =

jowdE'de'gys(r, E'-E,Q-Q)xI(r,E', Q") + ES(r, E,Q) (15)

Where,

M = Total interaction coefficient,
U (r,E'- E,Q" - Q)dE'dQ'= The probable number of secondary photons atrat poi

r with energies idE aboutE’ in directiondQ aboutQ’

S(r,E,Q) = The product rate of photons.

The secondary photon production kerpglcan be written as the sum of the
contributions from the three dominant photon-medintaractions as (Harima,

1993):

4 (FE - EQ - QdEdQ'= 4. (r,E'  E,Q' - Q)+%T,upp(r,E')25(E—mcz)(16)
+%T,uph(r,E')N(r,E, E)

Where,

.= Compton scattering

H,,= pair production

U= photoelectric absorption coefficient
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N(r,E,E") = The number of photons in unit energy abByter photon of energy’

absorbed in a photoelectric interaction at r. (€gaation assumes that fluorescence
and annihilation radiation are emitted isotropigait the point where the primary

photon is absorbed).

ANISTROPIC SOURCE FLUX ITERATION

(ASFIT)

ASFIT-VARI solves problems of gamma-ray transporslab geometry. The method

is applicable to energy-dependent, multiple regaxhation transport with arbitrary
degree of anisotropy. Buildup factors and energydéar distributions at the spatial mesh
points are calculated. The code sets up a monoethespurce and is either normal or
isotropically incident at the surface or in a regi®he code accounts for secondary
sources such as annihilation, Bremsstrahlung, laogdelscence but coherent scattering is
not accounted for in this version.

The method of solution for ASFIT is that the tramdpequation is written in the form
of a coupled integral equation in which two terms separated, the spatial and energy-
angular transmission. For the radiation sourceflaxg the Legendre polynomial is used
for the approximation in the direction cosine aigtete ordinate representation in
energy and spatial domain. The space and enerdg-aagsmission kernels are
evaluated analytically and the integral equatiaessalved by a rapid converging
iterative technique. Quadratic interpolation of soeirces between space nodes is used
for spatial integration. The only cross sectioruinpeeded from the user is the pair

production and total cross sections. The Comptoascsections are computed internally
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(RSICC Computer Code CCC-336). The program isaipdrin the computing language
of Fortran 77 and a tutorial on how to write a sempput is enclosed in Appendix XII
and XIII.

ASFIT is a semi-analytical method that is derivedtie probabilities of collision for
energy dependent radiation transport calculatiBesentially the equation is not solved
directly but rather combinations of certain terms solved directly and others are
converged upon by successive iterations. The emuédr radiation transport, one

dimension setting, for ASFIT is written as follows:
, ., adx
AX, E, 1) =jS(x JEWT(E, 1, x—X)7 (17)

j S(x', E,u) = j dQ' j dE'¢(x, E',Q")G(E'-E,Q'-Q) + S'(x, E, 1) (18)
Where,
¢ = Flux densities

S =Source densities

S’= External source

T = Spatial transmission kernels

G = Energy angle transmission kernels

Employing discrete ordinate representation in sgackeenergy along with the

Legendre polynomial expansion p in equation 17 and 18, and the following is given:

Bon = 2.2 SygnT (@01 )) (19)
noj
Sj,g,n = zqoj,g',nG(n’ gl_g) (20)
.

Where,
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@ . =N'th Legendre coefficient for flux terms at th¢h andj’ th spatial nodes
S ,n=N'th Legendre coefficient for source terms atgha andj’ th spatial nodes

From equation 19 and 20, the spatial and energiedransfer matrices T and G are
evaluated iteratively (Gopinath, 1973). The T ntatsiare used to define the movement
of the photon with respect to its spatial directibhe G matrices described the energy
angle transmission of a photon or the interactiueh taavel of a certain photon in the
angular direction which is a direct function of $itsurce energy. The Legendre
polynomial expansion of the flux with respect te eimgular dependencies is appropriate
for the derivation of the collision integral witlhigotropic scattering. Discretization in the
direction cosine abridges the spatial transmiss@mnputation. To include the benefits of
both techniques, ASFIT was modified to ASFIT-VARhis code will employed for the
determination of buildup factors in this study.

The model setup angular sources at the zeros iwea grder polynomial and
calculates the fluxes at these given angles. Takiege calculated fluxes, the Legendre
coefficients of the resultant flux is obtained @aussian quadrature. Then from there,
the collision integral is evaluated for the Legendoefficients of the source. Now
working backwards, from the source coefficientsdabwial sources terms at the required
angles are computed and this process is iterated.

An ensuing study was followed for convergence #iedint orders of Gaussian
guadrature for the angular flux. From this studg figures, see below, were created that
essentially give the perturbations of the refledpdctrum and buildup factors of a
typical system with the order of the approximationf is shown that beyonal = 4 there

is no change at all and that evemat 2 convergence to within a percent is obtaindok T
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significance of these graphs is that with alteragithe computing time is reduced

anywhere from a factor 2 to 3 (Gopinath, 1973).
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An issue that arises with ASFIT is that it calcakathe buildup factor for a plane
isotropic source whereas for the ANS standard atsaurce is needed. To make this
conversion the following relations is needed fa talculated buildup factors from

ASFIT (Harima, 1993):
B™(¥) = B™ (%)~ x* eXpRE, (X B (¥ (21)

Where,

B” = Point source buildup factor

B”' = Plane isotropic source buildup factor
x =distance in mfp

E; = Energy buildup factors is being evaluated ¥t, e

Monte Carlo N-Particle 5 (MCNP5)

The Monte Carlo method for solving transport proidevas compiled at Los Alamos
National Laboratory (LANL) during World War II. Thtechnique is generally attributed
to Fermi, von Neumann, Ulam, Metropolis, and Ricygm MCNP, released in 1977, is
the progeny of their work and has been under ircgstevelopment for the past quarter
of a century. MCNP5 is a product of the Diagnostiplications Group (X-5) in the
Applied Physics Division (X division) at LANL (X-Monte Carlo Team, 2005).

MCNPS5 is a general purpose, continuous-energy,rgéped-geometry, time-
dependent, coupled neutron/photon/electron Monteo@ansport code. MCNP5 is a
code used for neutron, photon, or electron trarispaiuding the capacity to calculate
eigenvalue for critical systems. Essential featofdd CNP5 make it adaptable and

flexible and easy to use which include a powertnayal source, criticality source and
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surface source, geometry and output tally plottemsyerous variance reduction methods,
versatile structure, and an all encompassing @eston library (X-5 Monte Carlo Team,
2005).
The user inputs certain information into MCNP5. Téet file entails the following

information:

e Geometry Specification

» Material description & Cross-Section Evaluations

* Location and Characteristics of Neutron, Protoml, Blectron Source

* Types of Tallies Desired

» Variance Reduction Techniques to Improve Efficiency

MCNP5, as denoted by its name, employs the Mont @zethod of solving

intricate problems. This technique is used to rdpce a statistical process and
particularly expedient for involved problems thahnot be modeled and solved using
codes that utilize deterministic methods. Each agbdlstic event that combines a process
is simulated sequentially. The probability disttibns governing these events are
statistically sampled to describe the total phenmmeDue to the exorbitant number of
trials necessary to adequately simulate a phenomtir@omethod is performed on
computers. The arbitrary sampling process is basdtie selection of random numbers.
The method is analogous to gambling games sudirawsing a dice, hence the name
“Monte Carlo.” In transport of particles, MCNP isyamerical experiment. It starts with a
source emitting particles and actually followingle@f many of those particles from its
beginning to its termination in a certain typemeraction, i.e. absorption, escape,

capture, etc. Probability distributions are samptetiscriminately using transport
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information to decipher the consequence of eadestéits life. The figure below is a
visual demonstration of the random phases of agiarhcident on a slab that can result
in fission. The process steps below the figure stt@wrandom events that can occur in

the process entering the slab (X-5 Monte Carlo T,e005).

Incident Neutron

Figure 9. Life of a Neutron

Process Steps

1. Neutron scatter; photon produced
2. Fission; photon produced

3. Neutron capture

4. Neutron leakage

5. Photon scatter
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6. Photon leakage

7. Photon capture

Even with all these very useful applications thaINP5 offers to users it may not be
considered ideal for deep penetrations becaudedtatistical nature and for that reason
a transition to ASFIT was done, which is a detersticcode and can be used as a
validation reference for our MCNP5 results. Anotissue is the convergence rate, for
novice users this causes the software to appdse $tow. To create an efficient run one
must have a plethora of experience in the employmievariance reduction. It is
considered an “art” to utilize and create an effectvariance reduction technique.

Cross sections for photon interaction is requiaadcafl photon problems. Photon
interactions in this current version of MCNP5 apéeao account for both photoatomic
and photonuclear events. Due to the differencevefns in real world such as elemental
versus isotopic, the data are stored on sepatatsta

Directions and energies of atomically scatteredgm®information from sets of
angular and energy distributions can be found arrage interactions tables. The angular
distribution for different interactions such asditascence x-rays from the relaxation
cascade after a photoelectric event is isotrophe dngular categorization for coherent
and incoherent scattering comes from sampling tie@ison and Klein-Nishina
formulas, respectively. The default setting of MCb#ises sampling for the form factor
and scattering function data at incident energedevo 100 MeV. Anything above that
energy level that data is ignored, this is a coretere and reasonable approximation for
high-energy photons. Incoherent scattered photawe their energy calculated from the

sampled scattered angle. If necessary and availllglenergy is modified to account for
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the momentum of the bound electrons (X-5 Monte &€&dam, 2005). MCNP5 was
chosen to be the primary code used for this stedylse it is currently supported by the
Radiation Safety Information Computational CenRSI(CC) and is widely used by

professionals in the nuclear industry whereas AS& ot commonly used.

Differences between MCNP5 and ASFIT

For this study these two codes were employed dtieetdifferences in their method
of calculation of the particle transport equatid®FIT employs a deterministic method;
specifically discrete ordinates method and thesefmives the transport equation for the
approximately. By contrast, MCNP5 using the Mong&l@€ method simulates individual
particles and utilizing the tallies records diffieraspects of theaveragebehavior..
ASFIT outputs the buildup factor if desired whileCMP5 only gives out the total and
uncollided dose via the tallies and from there wales it by dividing the former by the
latter. MCNPS5 only gives out information based ba $pecific tallies inputted by the
user. ASFIT in deriving the solution uses quadretierpolation whereas MCNP5
employs logarithmic interpolations. The logaritlermterpolation is considered more
accurate for most applications. Another differeneesin the modeling of sources,
MCNP5 can treat a point source or any type of gégnas long as modeled as such but
ASFIT is designed for a plane slab source and emuaf. can be used to convert it to a

point source (X-5 Monte Carlo Team, 2005).
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Photon Interactions

The majority of buildup-factor data is for poirgptropic, and monoenergetic sources
of photons in infinite homogeneous media. Thaahdata was based upon moment-
method codes such as GAMMOM and only accounte@&mpton scattering. Early data
sets were based on moments-method calculationa@madinted only for buildup of
Compton-scattered photons. The buildup of anrtibitgphotons was accounted for in
subsequent moments-method calculations (Harim&)1Buildup-factor calculations
using ASFIT-VARI code account for Compton-scattgoédtons, annihilation photons,
fluorescence, and Bremsstrahlung. (Harima, 1993y Bp factors in the ANS Standard
exclude coherently scattered photons and treat @ongzattering according to the
Klein-Nishina cross-section for photon scatterinthviree electrons. There is a provided
correction factor in the back for each table tooaxt for coherent scattering.
(ANSI/ANS-6.4.3, 1991).

Dose to medium response functions used for thertuANS Standard shall be used
in this study by MCNP5; however, the cross-sectiata shall be from different sources.

(Hubbell, 1969).

Cross-Section Data Libraries

Various cross-section data libraries are avail&drieadiation transport computations.
PHOTX cross-section and Hubbell cross section dataries were used for the
calculation of buildup factors for the ANS Stand@dNSI/ANS-6.4.3, 1991). Since the
publication of the ANS Standard, a new data libtzag been developed. ENDF has

become a primary choice for data cross section®Hhas provided a medium for
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representations for cross sections and distribstiphoton production from neutron
reactions, a limited amount of charged particledpation from nuclear reactions, photo-
atomic interaction data, thermal neutron scattediatg, and radionuclide production and
decay data, which include fission product (Chadvatkl., 2006). The ENDF system
was created for the storage and retrieval of ev@tliauclear data to be used in nuclear
technology applications. ENDF/B data sets are eglv® replaced only after extensive

review and testing.
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CHAPTER 2

REVIEW OF RELATED LITERATURE

Literature Review

Since its origin, the compilation, precision, andthods of calculating buildup
factors have been debated. According to Harimaptaetical calculation of gamma ray
attenuations is often abridged by the use of bpilidctor, whose origins are shrouded in
the beginning of the Manhattan Project (1993). fEmm buildup factor was coined by
White in 1950 to express penetratio o gamma rays in water. Its magnitude was
acknowledged by Fano in 1953. From there the peewfi®uildup factors took off
starting with an extensive set of tables for bypldactors in 1954 by Goldstein and
Wilkins, which were derived using the moment’s noethTheir study had included data
for 6 elements and water; buildup factors for olements were obtained via
interpolation between the atomic numbers. Despiegrogress of computers and
transport calculations methods, this data has bsed as thde factostandard for more
than more than 30 years (Harima, 1993). A tremesdooount of work has gone into the
study of gamma-ray buildup factors in the last 4@rg. Tanakh of the Gamma-Ray
Buildup Factor Working group of the Japan AtomicEjy Society performed a
literature review encompassing all the works penmtgj to this subject from 1950 to 1987,
almost a span of four decades. The result canvidedi into three categories (Harima,
1993). The initial category includes numerous an®ohbuildup factor calculations that
are based on the transport equation and compaietipher the differences among the

different solutions to the transport equation. laipgents have arose in the calculations
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that usually cast a shadow of doubt in their acopeand hence their usefulness. In
reaction to this, excellent experiments have besmgcted that supplement these
calculations and help stimulate improvements withem. The second category of
results is for the numerous approximations of lupléactors by empirical formulas. The
final category is for the application of buildugtars (Harima, 1993). During the 1980s,
a working group ANS-6.4.3 was formed to developaadard on buildup factors
following the Three Mile Island Accident. But beéothe group was created to form the
standard, an available set of buildup factors esigt National Bureau of Standards
(NBS), which is now renamed as the National Ingitef Standards and Technology
(NIST), of which only concrete, air, water, andnoas been published. Again, this data
set was derived using the moments method. Thebedzda sets only took account of
Compton Scattering in their codes. But the NBS dataattempted to take into account
contribution from the secondary sources such aghaaton and fluorescence, yet left
Bremsstrahlung out of the loop (Harima, 1993). N&S data was contrasted with a
Monte Carlo method code and other transport canléglp further validate the data and
modifications were made accordingly by the workgngup. The PALLAS code was
utilized for inclusion of the contribution of seaary particles including Bremsstrahlung
for high Z materials. One thing that has been igdon the buildup factor data was
coherent scattering (Harima, 1993). The rationateHis exclusion was that coherent
scattering of photons were seen as not affectiniguqufactors because there is no
energy change and only a miniscule change in dmegtith coherent scattering. The
odds of a photon being coherently scattered aia#ively large angle increases

significantly below a few hundred keV, especiaty high Z elements (Harima, 1993).
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Correction factors accounting for coherent scattgreven though they maybe small or
negligible, has been included in the standard.

In a study conducted by Shimizu et al. (2003), m@e@hensive work was carried out
to help generate a new data set for buildup fadtwra point isotropic source in an
infinite medium using the Invariant Embedding (&¢thod. Its point of comparison was
the ANS Standard, which was setup in a similar reanfhe observations for
improvement were that an expansion in terms odoipilfactor depths for interaction or
mfps had been conducted. The ANS standard valedsamed upon a 40 mfp distance for
the gamma-ray attenuation, whereas this study wetd 100 mfp for evaluation
purposes but claims it had initially calculatedues up to 300 mfp (Shimizu et al., 2003).
The rationale behind this extension was intendeddwere accidents that required
buildup factors beyond the depths of 40 mfp whictr&sponds to an average distance of
2 meters (m) where the current extension of urhfp is equivalent to approximately
5 m. This would make the gamma ray buildup factoese practical in the real world. It
was demonstrated in a previous paper, accordigdntmizu et al. that the IE method is
very efficient and accurate in providing the bupdactors of depths to a 100 mfp and
more (Shimizu et al. 2003). Another point of deyehent that this study shows is that
full effects of Bremsstrahlung were taken into actovhereas for the ANS standard,
which was calculated using the moments methoddbpifactors for low-Z materials
neglected the effects of Bremsstrahlung. High-Zemals were calculated by a discrete
ordinate integral code, PALLAS, which did accoumt Bremsstrahlung but its
assumption was a simple model assuming that alébendary photons are emitted in

the same direction as the primary photon. The IEhoteused in this study is based on an
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energy-angle distribution of the secondary photaortontrast to the initial code that
Hirayama utilized, EGS4, which simulated generatiad transport of electron and
positron. The IE method is used for calculating gearay buildup factors for both low-
Z and high-Z elements. The buildup factors foredédiments are computed with the effects
of Bremsstrahlung of electron and positron alontip\the annihilation of positrons
(Shimizu et al. 2003). The buildup factors for higlelements were calculated with
fluorescence in the locality of the K-edge. InstdalK X-rays were used. A third point
of enhancement in comparison to the ANS standatteisiotion of consistency in terms
of the gamma ray cross sections used for matelmathe ANS standard, the buildup
factor of low-Z materials were calculated with tremma-ray cross section NBS29 while
PHOTX was used for high-Z elements. But in thaidgtall buildup factors were
calculated using PHOTX for all Z elements. Theltotass section is the sum of
Compton scattering, photoelectric effect, and peaduction while neglecting coherent
scattering (Shimizu et al. 2003). The current stddgs not account for coherent
scattering and electron binding effects in incoheseattering. The last two points of
improvement over the ANS standard with this stugdthat three types of buildup factors
are calculated: effective dose, exposure, and gradrgorption. Also the exactness of the
transport calculation is quantitatively assessduni&u et al 2003).

In a study conducted by Ahmet Bozkurt and Nichdlasulfanidis, the calculation of
exposure buildup factors for reactor fuels usingNMds conducted. The premise behind
the study is that attenuation of gamma rays irdiatgd fuel rods cannot be ignored and
their product, which is secondary gamma rays masba neglected. Their method of

calculation was to locate a point isotropic and o@rergetic gamma source in an infinite
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UO, medium which extends to 40 mfp thick (Bozkurt drsdulfanidis, 1996). Around
this source, ten concentric spheres were placeerttin radii for tallying reasons. As a
result, ten different source energies were studietherent and Bremsstrahlung effects
were included in the computation. The study goetoatescribe how to use the tallying
output in MCNP along with other data to derive bluddup factor at each distance
examined (Bozkurt and Tsoulfanidis, 1996). Thisgrapas a great forerunner in terms
of modeling for the current study, which emulatee geometries and attempted to solve
for the buildup factors in a similar fashion.

In the calculation of buildup factors for gamma-tegnsport calculations, the
coherent scattering process is not included dits toability to reduce the energy of the
photon. From studies that have included the coliesaaitering into their collision
process, it has been argued that the scattere@édleedates by an amount that reimburses
for the sudden attenuation of the beam due todddian of the coherent scattering
process (Subbaiah et al. 1989). In their studyp38iath et al. note that some general
observations have been made. The first is witheetsjo the practice of typically
ignoring the coherent scattering process, whichbeanghtly substantiated if there is no
alteration in the direction of the photon afteicattering incident has taken place. It can
still be approximated and valid for very small alagueflections. Yet, in the study by
Subbaiah et al. the coherent scattering procesgssa@onsiderable angular spread in
spite of the dominant peaking in the forward diitt Another observation deals with
the notion that even though the process may canlgesmall angular deflections, a large
number of such collisions occurring could increthgepath length traversed by the

photons and as a result increase the possibilitgrafination in terms of absorption. Due
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to these general observations, Subbaiah et aledayut their study to evaluate the
effects of coherent scattering on transport progedf gamma rays. These authors
focused mainly on the transport code ASFIT. Adjuesits to the computation scheme of
the existing slab geometry gamma-ray transport é8&lelT are introduced to include the
effects and influence of coherent scattering. Titexed code is then validated against
two model problems in their study and consequargBd to investigate quantitatively the
transport effects of coherent scattering as a fonaf the incident photon energy and the
atomic number Z of the medium (Subbaiah et al. 1988 materials under study for
their paper were an array of low and high-Z elemént photon energies ranging from
0.015 and 0.3 MeV. The system they created ism@m#&hick slab, which has entrenched
a strip of isotropic source located 4 mfp from e boundary. The results have been
reported in the form of scattered flux spectra dosk rates, both well deep in the media.
Due to the limited availability of transport codbat account for coherent scattering, the
modified ASFIT code is utilized in their study atuaction of incident photon energy
and atomic number of the medium. For the contrdngiof any type of scattering, the
influence can be significantly determined by theoraf the respective scattering cross
section, in this case coherent scattering, todted tross section (Subbaiah et al. 1989).
From this study, a few observations arose, firsirgtgiven distance or mfps, the spectral
shape is almost untouched by the inclusion of tdierent scattering. The shape of the
total cross section curve forms the shape of thdesed gamma spectra and since the
shape of the total cross section is not modifigdificantly by the addition of coherent
scattering, hence the spectral shapes are identitabr without including the coherent

scattering process. The major difference is note8ubbaiah et al. in their other
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observation, which pertained to the difference agmtudes of the fluxes with and
without coherent scattering. The addition of theerent scattering leads to a marginal
increase in the flux for points close to the inaitace, while anything beyond 4 mfp it
leads to a reduction, which increases marginalti @epth. The consequence of coherent
scattering is to deflect the photons from theiediion, which as a result increase the path
length between the source and any point of obgervat that geometry. The figure

below illustrates the inclusion and exclusion die@nt scattering to a system (Subbaiah

et al. 1989).
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Customarily, buildup factor have been derived &sation of mfp, this approach has
some disadvantages in assessing coherent scatt@nng the physical/linear length
associated with mfp differs depending on the totass section and its exclusion or
inclusion of coherent scattering. The earlier wdrld not accounted for coherent
scattering and therefore the ratios of buildupdegtvith and without the process can
serve as a correction factor for the earlier valuggsayama and Trubey carried out some
work in this respect using EGS4, a Monte Carlo mettode. Their works were
compared with ASFIT values and agreed within 10%rof energy or depth (Subbaiah et
al. 1989). The study conducted by Subbaiah etad. the initial attempt to use a discrete
ordinates code to account for the influence of cetiescattering via a modified version
of ASFIT. It can be summarized that Subbaiah dbald that the inclusion of coherent
scattering in the gamma-ray calculations lead terearmous reduction in flux and dose
in the deep penetration problems and essentidl hoagerials in low energy zones. A
crucial finding in the study was that the specstape is relatively unaffected by
coherent scattering, which lays the foundatiortti@ruse of correction factors to earlier
buildup factors to account for coherent scatteriig. the unchanging spectrum’s
magnitude is decided by the ratio of coherent sgatj to the total cross section. This
also gives insight to energy regions where cohesegitering is important and wherever
these vital energy regions exist are where the @lectron Compton scattering are vital
also.

In the study by Harima et al. the PALLAS code wakanced to include the effects
of secondary sources such as Bremsstrahlung ametficence in the gamma ray

transport calculations. The buildup factors for {@wnaterials in the low energy range,
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were calculated and were validated by the compangth the results of the EGS4 code
and ANISN code. The EGS4 code was improved toitatkeaccount the influence of
coherent scattering, which was evaluated by inalgithoth coherent and bound electron
incoherent scattering cross section in low eneagge. In Harima et al. the fitting
formula, geometric progression is developed. Thpleyment of this fitting function can
replicate the data over the full range of distaecergy and atomic number with a very
high accuracy (Harima et al. 1991). The attenuatmefficient expands as the photon
energy decreases by the successive scatteringslfound by them that coherent
scattering can be neglected for most calculatiateuthe condition that the total
attenuation coefficient used to the calculationsdoet include it, since there is no energy
change essentially and only a small change in tilineevith coherent scattering. This is
applicable to only photons above a few hundred lesyecially in high Z materials.

Harima found in her study that the inclusion of iaflation radiation enhances
exposure buildup factors by 4-5% and 5-6% enhannepfehe energy absorption
buildup factor. From Harima'’s study the effect aeBisstrahlung radiations has
impacted buildup factors by 7%. The contributiorBoémsstrahlung has a small and
wide bump within a few mfp from the source and dase with increasing penetrating
depth for water, concrete, and iron (Harima, 1993).

Yoshida carried out a study to find and developethmd for a fitting function for
gamma ray buildup factors. The fitting functiongylor and Geometric Progression
(GP), parameters are in the ANS standard. Out efyrfiting functions, GP is
considered the most accurate but requires an edirawy level of fitting technique. As a

result of this, Yoshida points out that the GP folarwas separated into a curved line and
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a part representing the base values. Yoshida exahaiplethora of methods ranging
from Taylor, Berger, parabolic, Harima formulaedahe GP method but it was found

that the GP method was more accurate (2006).
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CHAPTER 3

METHODOLOGY

Literature Review Criteria

The technical papers cited in this study wereedtnenced in the ANS standard or
part of a search criteria set forth per the authsmspe. For the study at hand, technical
papers that were related to MCNP, ASFIT, low-Z matduildup factor calculations,
and fitting technique were searched for this wassitope of the work. The literature
review helped establish an understanding of thgstimatter at hand, buildup factors,
and its history. In addition, it helps shed lightmany techniques and codes utilized to
derive the buildup factors along with the differétitng techniques used. This allowed
one to determine a viable code to use as a vahdaiint against MCNP5 and what type
of fitting to employ to help create an accurateTite literature review was limited to
English language publications and documents thaaiped to the study at hand. The
standard of acceptance was established as th&iogo

* The document is a journal, academic, or scholarhlipation that is peer-
reviewed and credible.
» Examines the gamma-ray transport equation, buifdaiors, ASFIT,
MCNPS5, ANS Standard, Geometric Progression fitfingction, and/or
transport codes.
The results that were encounter as part of thicbeaas reviewed and applied under this
criterion article by article. The internet was tirenary medium to help track down

plenty of articles and other pertinent data butiacaic textbooks and online data sources
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were used in addition to the articles. To mainthecredibility and legitimacy of the
online data sources they were limited to governnaéfiliated organization such as

national labs, scientific institutes, and any intgional scientific organizations.

Approach to Computation

For this calculation, the buildup factor is caldathand validated in the following

way:

Run ASFIT cases to ensure it works on the new oipgralatform by

recreating the same values in the ANS Standard.

» Update the ASFIT input cross section with ENDFdityrto calculate new
buildup factors and use as a benchmarking code.

» Compare a deterministic code, ASFIT, and a stoachestle, MCNP5, on a
one to one basis to evaluate buildup factors.

» Due to the old standard lacking the interactionBraimsstrahlung, cases were
executed in MCNP5 without Bremsstrahlung to accéoinsome of the
differences between the production runs and the AN®dard.

» All the MCNP5 results for the assorted source enarg considered to be the

official results.

Computations

The focus of this study is to compute buildup fast@lues for low-Z materials and
compounds. The material that shall be examinehlisstudy that is considered a low-Z

material by the ANS standard is iron and the complda water. The photon cross
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section, attenuation coefficients, and energy aligor coefficients data that was
published by the NBS will be used in ASFIT programtalculate the gamma-ray buildup
factors (Hubbell, 1969). Using the differences #dst between the NIST data and
Hubbell, which were miniscule, it was deemed thatNIST cross sections can be used
in conjunction with the Hubbell data to complete thput for ASFIT (Appendix V). Due
to the lack of the difference in mass energy cogffits in the NIST data, the data from
Hubbell will be used to help supplement the updateds section values. Table 7 of
Appendix V outlines the differences between Hubhell NIST. The techniques that
shall be laid out to calculate iron and water hyldactors may be applied to derive the
buildup factors for all low-Z materials and compdann the ANS standard. For this
study a point, isotropic, and monoenergetic soofgghotons in an infinite homogenous
medium was modeled for each energy level using MEaRI ASFIT which is
consistent with the ANS standard.

Photon mass attenuation coefficients {hwith and without coherent scattering
were calculated using ENDF/B-VI.8 photo-atomic ratgion cross-sections for energies
within the range of .010 to 30.000, which are cstesit with the ANS Standard. Not
only are these values included in the ANS Standhgy, are also necessary for the
calculation of mean-free path values and dose resubnse function that are used in the
input section of MCNP5A comparison between the new ENDF/B-VI1.8 photonsnas
attenuation coefficients and those of the ANS Stashdor iron and water without and
with coherent scattering are provided in Appendit, llll, and IV respectively

The buildup factor data in the ANS standard wasgsed using Hubbell's data for

cross section for low-Z materials (ANSI/ANS-6.11991). Per the author’s decision, the
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ENDF/B-VII.O library would be the choice for gengam of the new data. The election
of this library is that it is the latest versionlkte officially released. The gamma ray data
that is used in this study is the same as thatwisicsed in ENDF/B-VI.8. Since the data
for the latter is identical in terms of gamma rajues, it is sufficient to employ here and
also would be in line with the latest version of [ ENwhich is not released yet. The
photo-atomic interaction data used in ENDF/B-VIt8 that of the EPDL97 (Evaluated
Photon Interaction Data Library-1997) (Cullen, 199he ENDF library series was the
first version to employ EPDL97 data, while the poes release used a decade old EPDL
data, EPDL89. The ENDF/B-VI.8 are ACE-formatted (A5 and their files are readily
available whereas ENDF/B-VII.0 ACE-formatted filies photo-atomic interactions are
not available yet (Cullen, 1997).

To study the effects of using the ENDF/B-VI.8 phatomic data and Hubbell’s
photon cross section, the cross sections were cathpae to another, see Appendix IV.
The following bullets explain the rationale for cpaming the two different sets:

» First, the use of Hubbell's cross section was talate the code and reproduce

the same values as those in ANS and account fodiffieyence if they do exist.

» Second, compare the differences in Hubbell's csestion and the ENDF/B-VI.8
cross section, which will be used to update thédiopifactor data, to record the
explicit difference that exists in the input values

e Third, use the ENDF cross section to compute updabddup factors and
compare those to the ANS Standard, account foerdifices that exist by the pure
difference in the old and new cross section angttysics of the updated cross

section.
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The ENDF/B-VI.8 data were converted into a fornietttis readable by the softwares
through elementary equations which convert crosieses (barns) to attenuation
coefficients (crfyg). Appendix IV showshe percentage difference between the Hubbell
data and the ENDF/B-V1.8 data at each energy vaMass energy-absorption and mass
energy-transfer coefficients using ENDF/B-VI.8 EMDF/B-VII.0) data were not found.
To provide mass energy coefficient values thanaoee current than those previously
used, data from the National Institute of Standarts$ Technology (NIST) (Hubbell &
Seltzer, 2004) were used (Appendix X).

To study the effects of using two different compigtaal codes, the ASFIT program
was operated with the same values to simulateaime ®ffects but with a different
method of solving the transport equation. The tssuere expected to show some
differences due to the two different methods o@isoh that were employed. The NIST
values for the mass energy coefficients were useidectly in MCNP5 via the dose card
which incorporates the NIST data in its derivatiddeally, ENDF/B-VI1.8 values would
be used for the mass energy coefficients to beistems$; however, ENDF/B-VI.8 mass
energy coefficients are outside the scope of tiidysand for purposes here the NIST
values are the most current that were found. Taeltseand differences between the two
programs are shown in Appendix VIIL.

MCNP5 was used to calculate a new table of buildgpors for iron and water. The
energies examined were the same as those usesl ANt Standard and as follows:
0.015, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.15,012, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.5, 2.0,
3.0,4.0,5.0, 6.0, 8.0, 10.0, and 15.0 MeV. Irod water were chosen as the materials of

interest and mfp thickness values from 0.5 to 4@ewsed, which is consistent with what
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had been done in the ANS Standard. All mfp valuere calculated manually using the
total microscopic cross-section data from ENDF/B8Appendix X). An isotropic
monoenergetic point source was used in all inpes fiFor ASFIT, the results were
computed for a planar monoenergetic isotropic sobrt converted to a point source by
using the equation 21 outlined by Harima (1993he Variance reduction technique
known as importance mapping, specifically geomspiitting (LANL, 2005), was used

to improve statistics. Hirayama'’s studies shows tiia technique of particle splitting is a
very effective variance reduction method for bugdactors that demonstrate deep
penetrations (1995). Total absorbed dose and udedlabsorbed dose calculations were
performed simultaneously by the use of energy bihe.same method may be used for
total exposure and uncollided exposure calculatidbsorbed dose card values were
calculated using NIST values and can be seen ifeTabf Appendix Ill. The values
used in the absorbed dose cards are logarithmicgdlypolated when values fall between
the discrete values that are given in the cardsproévide acceptable statistics without
excessively long run times, 48ource particle histories were used for each inprd. In

a few instances where the source energy was alibMeY, more source particle
histories were run to improve results.

Surface tallies (f2) were used to calculate flukeathan point detectors or ring
detectors. Next event estimators such as pointiagdietectors are known to be
unreliable when calculating the flux at large nunshaf mean-free-paths in scattering
medium. If next event estimators are used, the usles under-sampling coherent
scattering which is characterized by many low sstoethe detector when the photon

trajectory is away from the detector and a very,femormously large scores when the
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trajectory is nearly aimed at the detector. Sudtemsampled events cause a sudden
increase in both the tally and the variance, afadlare to pass the statistical checks for
the tally (X-5 Monte Carlo Team, 2003).

Concentric spheres were used with the point sdooaged at the origin (0 0 0)
similar to a study carried out by Bozkurt and T&anildis (1996). The radius of each
concentric sphere was determined by the mfp valdelzey were manually calculated
(Appendix X). In order to simulate an infinite hogemous medium, the thickness of the
material went beyond 40 mfp, which was designased @id. An example of an input
file used in MCNP5 is shown in Appendix XII. Ondestsurface tally outputted both total
and uncollided dose, those were taken and useal¢alate the buildup factor at each
mfp. The buildup factor was calculated by dividihg total dose by the uncollided dose.

The values generated by MCNP5 were then comparttgktpublished values in the
ANS Standard and are shown in Appendix VII. ASFldswhe other code used to
compare and benchmark buildup factor values witlh oh MCNP5. ASFIT was designed
to calculate buildup factor and angular energyrithstion. The input required for ASFIT
is the pair production and total cross sectionsoihputes internally the scattering cross
sections. The code is setup for slab geometry ladser defines how the source will
interact with the slab. The mesh points at whi@hhhildup factors are to be specified
and whether they should be in mfps or cm. The senergy is specified. The user also
specifies what type of secondary interactions talke place.

The input to ASFIT is divided into two files. Indtiirst file, the user has to define
what kind of cross section they will input, whetltds point or group cross sections. For

this study point cross section was chosen, Thenesals to specify the order of Legendre
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polynomial and the number of angular nodes, whaetttis study was 6 and 10,
respectively. These values can be altered to lwigerge better. The energy and space
nodes need to be specified. This helps the resaolati the calculation but can slow down
the calculation time. The number of material regiarust be specified and in this study
single layered materials are being analyzed. Foimput a plane isotropic flux, this will
be converted to a point isotropic simulation byatepn 21. The units of defining the
space nodes are in cm rather then mfp. After asuser specifies the necessary
secondary interactions that shall partake in thdeho The user will go on to define
what information to print in the output. Finallyetluser goes on to define what source
energy the model will have and at what mesh pdiesuildup factor will be calculated
at.

The second input file contains the cross sectida.déne user defines the title
followed by the units being specified for the crgsstion. The user goes on to define the
description of the material such as density, atamimmber, and atomic weight of the
material of interest. For compounds, this can bssue and iterations are needed. For
water, the buildup factors at the higher mfps wareiating greatly and this was due to
the fact that water does not have an atomic nunilter.atomic number of Hydrogen was
proved to reproduce the most accurate results wasetiee atomic number of Oxygen or
the summation of the atomic numbers resulted imvekeresults. The rest of the inputs
are the photoelectric cross sections, total cressas, and the energy absorption
coefficients.

For a more detail discussion and description ofrtbet requirements please see

Appendix XII and Xlll. The results of the companmsare seen in Appendix VIII.
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Fitting Functions

Generated buildup factor data are commonly fittedurves to provide a method of
determining buildup factor for values that fall\ween generated data points. Buildup
factor coefficients using both Geometric Prograsg®P) method and Taylor fitting
function coefficients were presented in data talsidee ANS Standard. To maintain the
consistency with ANS Standard, the data generatdd®NP5 shall be fitted to a curve.
(Yoshida, 2006).

The buildup factor is a comparison of gross gamaya-to an uncollided gamma ray.
When a gamma ray transverses through a mediumeaicties a desired point, it always
exceeds unity (Yoshida, 2006). The mathematicaldton for the GP method is
derived by the premise that when a thickness X (nsfpdded to a similar medium, dX
(mfp), and the gamma-ray buildup factor x is Bmylahat X + dX then the build up
factor can be established to be B(X+dX), as a tegubllowing is ascertained:

B(X+dX)=B(x ) 22}

Essentially, egn. 22 is stating that the buildugidaremains constant and only
increases proportionally to penetration depth sihgle material. Assuming the buildup
factor isB(E,1) at a certain gamma ray energy, E and unit patn@ depth, X An
increment of the buildup factor at a certain peatein depth is supposed to be expressed
by the sum of the geometric progression of geomedtioK, with initial term (B(E,1)-

1):

AB(E,x) = (B(EL) -1)

K*-1
K -1 K=l (23)
AB(E,x) = (B(E) -Dx K =1

Where,
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AB(E, x) = Change in Buildup factor

K = Geometric ratio

x = Ratio of the penetration depth, X, to the y@hetration depth X x=X/X;
The geometric progression ratio, K is defined adleves:

tanhxé ~2)-tanh(2)

K(E,x) =cx® +d L —tanhe2) (24)

Where,
K(E,x)= Geometric Ratio
c,a,%,d= GP parameters

The sum of geometric progression is assumed teaser by the geometric ratio from
the initial term. Curve fitting shall be completiedan extent by this study and completed
by members of the ANS-6.4.3 working group. The ewpient of geometric progression
would be implemented by the ANS-6.4.3 working grolr this study, the fitting
function used is a polynomial that goes to tReofder to derive the fitting. Thé"@rder
polynomial provides the highest accuracy providedhe Excel program. The equation
for the fitting function and the linear regressimefficient, R, is given in each graph.
Almost all the fittings had a regression coeffi¢ieh0.99 or greater, deeming the
function very accurate. These function can be osdichd buildup factors at those

sources energies at mfps deeper than 40.
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CHAPTER 4

FINDINGS OF THE STUDY

Analysis of Data

The comparison between the ENDF/B-VI.8 derived phahass attenuation
coefficients and the ANS standard showed slightrdgancy for iron and water, see
Appendix | and II.

There was a maximum percentage difference of 2.&t%.100 MeV) and a
minimum percentage difference of 0.01% (at 4.000/M&etween the ENDF/B-VI1.8
photon mass attenuation coefficients without cafieseattering for iron, which was used
to calculate mfp values for MCNP5, compared to ¢hoflsthe ANS Standard.

There was a maximum percentage difference of 0.@t%.080 MeV) and the
minimum percentage difference was in exact agreebetween the ENDF/B-VI.8
photon mass attenuation coefficients with coheseattering for iron, which was used to
calculate mfp values for MCNP5, compared to thdde@ ANS Standard.

There was a maximum percentage difference of 4.(@8%.030 MeV) and a
minimum percentage difference of 0.05% (at 5.000/M&etween the ENDF/B-VI1.8
photon mass attenuation coefficients without cafeseattering for water, which was
used to calculate mfp values for MCNP5, comparatidse of the ANS Standard.

There was a maximum percentage difference of 0.G8%.150 MeV) and the
minimum percentage difference was in exact agreebetween the ENDF/B-VI.8
photon mass attenuation coefficients with coheseattering for water, which was used

to calculate mfp values for MCNP5, compared to ¢haisthe ANS Standard.
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There was a maximum percentage difference of 3.62%.010 MeV) and the
minimum percentage difference was in exact agreebwween the NIST data library
and Hubbell library photon mass attenuation coigffits for iron. There was a maximum
percentage difference of 3.59% (at 0.010 MeV) &edninimum percentage difference
was in exact agreement between the NIST data Vilanad Hubbell library absorbed dose
response function.

There was a maximum percentage difference of 10.48%5 mfp for 0.015 MeV)
and the minimum percentage difference was in exgietement between the energy
absorption buildup factors for iron calculated iSIAT-VARI and MCNP5 using
ENDF/B-VI.8 data library cross-sections.

There was a maximum percentage difference of 1&880.0 mfp for 1.50 MeV)
and the minimum percentage difference was in exgietement between the energy
absorption buildup factors for water calculatedBFIT-VARI and MCNP5 using
ENDF/B-VI.8 data library cross-sections.

The percentage difference in the range of 0.50MtB00 mfp at various energies in
the range of 0.015 MeV to 15.000 MeV were calcadatecompare the energy
absorption buildup factors calculated in MCNP5 withse of the ANS Standard. The
energy absorption buildup factors calculated witdi@NP5 and from the ANS Standard
are provided along with their percentage differsnoeAppendix VI.

Due to the statistical nature of MCNPS5, each tallyput has been solved for in a
statistical manner. Therefore associated with eatput is a statistical error. This is
given in the standard deviation associated witlh elfxse value, total and uncollided.

Now from a review of the statistical deviation agated with each dose a few

55



observations were noted. The overwhelming majafityalues related to the standard
deviation were under 1.5% except for the caseswiilabe stated. All the higher values

of deviation occurred at the higher interval of :f@5-40 mfp. All the cases of which
the standard deviation was higher than 1.5% ocddaethe uncollided dose whereas the
total dose standard deviation was less than 1.3% .standard deviation is a partial
attribute and explanation of the some of the défifees that exist between the ANS
Standard and the calculated buildup factor.

The cases in which iron exceeded 1.5% for the stahdeviation occurred in three
source energies. The first was at 0.5 MeV for 3% 40 mfp in which the deviation was
no greater than 3%. The next case was for a 1.5 8éelce and it occurred at the range
of 25-40 mfp in which the standard deviation was lthan 3%.

For water, the following cases exceeded 1.5%. ireedccurs at 0.02 MeV for 30-40
mfp in which the standard deviation did not excadi0%. For 0.04 MeV at 25 mfp the
deviation was 3.77%. For a 0.1 MeV source the stahdeviation did not exceed 4% for
the range of 30-40 mfp . For a 0.5 MeV the standi@ndation occurred at 35 and 40 mfp
in which it was no more than 3.00% Another caseétthia occurred at was at 1.5 MeV
for 35 and 40 mfp which the standard deviationrbtdgo higher than 2.50% The final
case was for 2.0 MeV at 35 and 40 mfp the deviatidid not exceed 2.50%.

In order to capture a physical visualization of tegults from all of these tables one
needs to examine what kind of interactions occwrhat energy interval and what their
effects are on the buildup factor. There are tleféects that take place in terms of
interactions. The first is the Compton scatterirfgoll causes an increase in the buildup

factor and the other two are photoelectric effext pair production. These latter two
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interactions have absorption effects on a matdfi@a low-Z materials at low energy the
Compton scattering is more pronounced and as # thete should be higher buildup
factors at the lower energy intervals for the npzst. The photoelectric effect is
dependent on the material but usually observedib8l& MeV. No matter what type of
scattering takes place the effects on the buildeof is that it will increase in
magnitude, whereas absorption diminishes the madmiof the buildup factor.

The MCNP5 calculated buildup factors showed trehds matched the interactions
in the respective energy intervals. To demonsttegee effects the calculated buildup
factors were divided into two energy intervals,1601.00 MeV and 2.00 -15.0 MeV for
both iron and water. In the first interval set, #ffects of scattering are more pronounced
and as a result the buildup factors should refl@stby a high value but below 0.5 MeV
the photoelectric effect is observed. This is regticn how the buildup factors are low in
the initial part of the lower energy spectrum biekpuip in magnitude as the Compton
scattering takes more effect. Whereas in the sertdad/al set, the effects of pair
production takes hold and the buildup factor distieis in value. For iron in the lower
energy interval, it is shown that the MCNP5 valaes higher and the magnitude in
comparison to the higher energy interval is muaatgr. When coherent scattering
which is accounted for in this lower energy inteéngaaken into consideration that
magnitude only rises as expected. The higher enatggval of 2.00 -15.0 MeV
demonstrates the effects of absorption. Past 1 €2 e effects of pair production come
into play and as a result there is a decreadeimiagnitude of the buildup factor which

is observed in the tables representing that enatggval.
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The effects of scattering are much greater in wateone notices by the sheer
magnitude of the buildup factor in the lower eneirggrval. As one notices the
calculated buildup factor from 0.015 MeV to 1.00Wies significant. The buildup factor
increases from about 1.91 at 40 mfp at 0.015 Mealnwost 19,000 at 40 mfp at a source
energy of 0.15 MeV (Table 10a and Table 10i). Thidue to the effect of Compton
scattering but also during this lower energy ind¢there is a diminishing effect on the
value of the buildup factor that is attributed he photoelectric effect, which occurs at
the lower energy interval also. Then the effeétgshmtoelectric absorption kick in and
the buildup factor diminishes. In the higher enarggrval the buildup factor begins to
diminish greatly due to the fact that pair prodoistabsorption effect is taking place and
it has a pronounced effect on the buildup factor.

The ANS standard demonstrates these physical ati@na in its values as the shift
from a lower energy source to a higher one sedre in buildup factors especially for
water. The values that have been calculated fomibst part are aligned or close to the
values, first demonstrating that it reflects thieiactions partaking correctly. Secondly
the differences for the most part in the resultsltt®o be skewed more towards the

reflection of the interaction.
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CHAPTER 5

SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

Discussion of Results

The photon mass attenuation coefficients derivechfENDF/B-V1.8 for the case
when coherent scattering is considered as well@asdse where coherent scattering is
omitted showed good agreement with the valueseANS Standard. The percentage
difference between the values was relatively sfoalthe case for iron and water.
Although the latter showed a bit more differencd #rese relatively small differences
can produce large differences in the final resultsis was explicit in the difference
water had, especially in higher mfps, in comparisnthe ANS, MCNP5, and ASFIT.
This acceptable difference was necessary to etisaréhe mass attenuation coefficients,
which were used to calculate the mfps for the hwalthctor, were accurate. The reason
for this was the lack of updated data for the neasgy coefficients. Analysis of the
output data was viewed in three intervals, whighdefined as:

* Low Energy, 0.015 to 0.80 MeV
* Intermediate Energy, 1.0-8.0 MeV
* High Energy, 10.0-15.0 MeV

In the lower energy range a defining trend wasaotserved that is explicit in all
energy sources but one that is common is in thel@md of the lower energy bracket is
that as the photon goes to higher mfp the divergéetween the MCNP5 and ANS

standard is more pronounced but within the accéptabits. But within the lower
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energy range as the transition occurs to the mialadehigher end of the range what is
observed is that the two data sets becomes magpeedlieven at higher mfps. This
divergence of values at higher mfps is due toherent uncertainties that each
interaction has. Each mfp represents an occurrehicéeraction and as one travels
through the medium further and further the incidgnnteractions increases and thus the
uncertainties propagate and compound which resuttee divergences that is observed
at higher mfps. Due to the low source energy, ttenaation that occurs throughout the
medium has a higher uncertainty associated withhi& higher energy intervals, the
photon has more power to attenuate further witltgreaccuracy. While the inclusion of
coherent scattering appears to decrease the vithe buildup factor at higher mfps just
like the ANS Standard and is more align with trendard.

In the intermediate interval, there is not a didtinend that emerges between the
different energies or in the mfps. The only thihgttwas common was that the calculated
buildup factor and ANS buildup factor were verysgty align and no divergence
emerged at any rates.

In the higher energy range, as the same as abexeithno definite trend that
emerges but only that the values that were cakedlay MCNPS5 are similar to those of
the ANS Standard and there is no divergence thatduvoake one suspicious of the
values.

The difference that exists between the calculateldilop factor and the ANS
Standard is partly due to differences in cross@eahput. The cross section values that
were used in the ANS standard were updated anst ldé¢a, ENDF/B-VI.8, are

necessary to input to ensure the latest and moatate buildup factor values is
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calculated. The reason for the upgrade from theigue cross section is that more
empirical experiments and new computing capalslitias allowed for far more accurate
cross section to be derived. The differences isxe®ction are due to three essential
reasons:

1. There have been improvements in our nuclear da@ay's data has become
more detailed then it was a decade ago let alonaldgades. There is new
measurements and methods of analysis, as wellgadasirand energy
distributions. Also it is common today to includeudble differential data to
describe the information more accurately.

2. The application code that they use to derive thescsections has greatly
improved in accuracy and ability to handle newgetyof data in newer
evaluations.

3. Lastly the exponential increase in computing sgeedallowed analysts to
run problems they would never have a few years Agexample of this is
the TART Monte Carlo code run to output cross sestiwould take 8-10
hours in 1996 to run but today on a regular perscoraputer (PC) it only
takes about 47 seconds. Allowing for more intricaides to be processed and
netting more accurate data.

These factors have allowed the newer cross seittigive us more accurate data and
therefore a difference compared to the previoua da¢d in the ANS Standard, which is
a partial cause of the differences that exist @ullL997).

The difference between ASFIT and MCNP5 when bottesaused the ENDF/B-VI.8

values demonstrates that the solution method ftrinsport equation that both codes
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employ cause the discrepancy. Some of these diifesrecan be accounted for in the
physics models used by each code while othersral@bly due to differences in the
computational techniques.

Another factor that can be attributed is the equratised to convert the ASFIT-VARI
results, which are outputted for a planar source point source like the one used in the
ANS standard. Some of the factors employed inrdnestormation equation had
inaccuracies which were further compounded whepudtihg the buildup factors for
point source. The equation itself is an approxiorathan accurate conversion (Harima,
1993).

Another reason for the difference between the Al®i&rd and the calculated
buildup factor is that the ANS Standard did notoactt for Bremsstrahlung for low-Z
materials and compound materials whereas the ea¢zlbuildup factor did account for
Bremsstrahlung (Shimizu, 2004). Appendix XI shaatulated buildup factor that did
not account for Bremsstrahlung like the ANS staddard from these runs, a noticeable
trend emerges over the 40 mfps, the differences blyca half or more. Therefore, the
lack of Bremsstrahlung interactions in the ANS dtad can be accounted for the major
difference between the calculated buildup factar dn@ ANS Standard.

As discussed before, ASFIT allows the user to a@etfire space nodes in either cm or
mfp. In the course of this study an issue was disad in regards to this option. When
employing ASFIT to calculate buildup factors attasr mfps, ensure that the calculation
of mfp at those space nodes is performed usingrthequivalent of the mfp rather than
the mfp itself. The reason for this is that whempsnivere chosen to describe the space

nodes, its equivalent distance in cm did not métehcalculated value of mfps in cm.
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This discrepancy will not allow a one to one congaar. There was a difference noted if
one was to use the mfp option instead of inputtifeggequivalent cm value for the space
nodes. If the mfp is used for the space nodes thirbe a difference of less than 1% for
iron’s buildup factor and difference of 3% for wasebuildup factor.

As stated above, the standard deviation is anstiaice of divergence for the buildup
factors that were calculated. Since the MCNP5 e¢edtatistical in nature, it has inherent
uncertainties with it in the form of the standasVi@gtion. For the most part, these
deviations were under 1.5% but for some casesnbigg documented in Chapter 4, they
exceeded 1.5%. But a review of all the standardatien deemed them acceptable.

For the most part, the energy absorption buildgpofa calculated in MCNP5 had
good agreement (<10%) with those of the ANS Stahdahere were large relative
errors for values near at deep mfp lengths.

The large relative errors can at least partiallgkglained by the stack-up of
uncertainty as particles scatter within the medand travel to deeper mfp depths. The
increase in the photoelectric cross-section is@ngnal to an increase in the number of
interactions. There is uncertainty associated @gth interaction and with more
interactions comes more uncertainty. The mfp isne@efas the distance between two
successive interactions. Each interaction haslaremt uncertainty associated with it.
As the code ventures deeper in the medium to higthes, the uncertainties are
compounded at each mfp and propagated it out.CEmde seen as one of the rationales
behind the higher relative differences in the uppés region. There were no general
trends noticed in the calculated values exceptdhaverage the MCNP5 values were

greater than those of the ANS Standard.
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Conclusions

Updating the ANS Standard buildup factors usinglaitest cross section library is a
necessity to obtain more accurate values. Therdiifees between the energy absorption
buildup factors calculated in this study and thokthe ANS Standard can be explained
by differences in cross-section data libraries;ulakion methods, and physics
assumptions. Also the two methods of solution fier software is another explanation of
the discrepancies. While some inaccuracies wesergbd in the new data, it is believed
that most of the new values (other than those pusly noted as being inaccurate) are
more accurate than those published in the ANS atan#1CNP5 performs calculations
with much greater detail and resolution than ASFARI, due to it being relative
antiquated and not updated and maintained. Théio@tion of using a detailed
computational code with more accurate cross-sedaba than was used in the ANS

Standard justifies the proposed use of the dafdNi§ Standard.

Recommendations for further Study

Seltzer's method (1993) should be reviewed to sieésiapplicable for use with
ENDF/B-VI.8 cross-sections. Calculation of theséues from ENDF/B-VI.8 will
provide the most accurate data available for bgildetor calculations and consequently
will increase the accuracy of results as well asxsfood consistency in the calculation
method. When new mass energy-absorption and masg\etransfer coefficients that
are derived from ENDF/B-VI1.8 (EPDL97) data beconaaikble, the calculations
performed in this study should be repeated to imptbeir consistency and accuracy. It

is essential to the success of the newest reveditihe ANS Standard that mass energy-
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Absorption and mass energy-transfer coefficier@dsfENDF/B-VI.8 data be calculated.
Following the step by step explanation in NISTeavaluation of the coefficients and
recalculation of them are imperative to reactivgitime ANS Standard. Curve fitting
should be performed using GP due to the accuradyemel of detail it provides.

A comparison between the data from this study shbalmade with data from recent
studies (studies performed after the 1991 ANS Stahdas published) which include
new codes such as EBUF (a new Monte Carlo codehawdmethods of calculating
buildup factors such as the Method of Invariant Edding and the Angular Eigen value
Method. (Chibani, 2001; Shimizu, 2004; Shimizu, @00

Data should be generated for some of the “new’Idinig materials that are not
included in the ANS Standard. Many of these “nemndterials are used in the medical
industry and it would be of great value to haveriteelded to the ANS Standard.

In addition to current data contained in the AN&n8iard, consideration should be

given to adding a section for values pertinenaeeted shields.

65



REFERENCES

. ANSI/ANS-6.1.1-199]1 American National Standard for Neutron and Gammg-Ra
Fluence-to-Dose Factoy®\merican Nuclear Society, La Grange Park (1991)

. ANSI/ANS-6.4.3-1991 Gamma-Ray Attenuation Coefficients and Buildup &iact
for Engineering MaterialsAmerican Nuclear Society, La Grange Park (1991)

. Bozkurt A, Tsoulfanidis N. Exposure Buildup Factors of $)@sing the Monte Carlo
Method.Nuclear Technolog$996;116:257-260

. Chadwick M, Oblozinsky P, Herman Mgt al. ENDF/B-VII1.0: Next Generation
Evaluated Nuclear Data Library For Nuclear Sciesmog TechnologyNuclear Data
Sheet006;107:2931-3060

. Chibani O. New Photon Exposure Buildup Factdsiclear Science and
Engineering2001;137:215-225

. Cullen D, Hubbell Jet al “The Evaluated Photon Data Library, '97 versiodCRL-
50400,Vol. 6, Rev. 5 (1997).

. Duderstadt J, Hamilton L. (1976)Nuclear Reactor Analysid st ed.). New York:
John Wiley & Sons, Inc.

. Goldstein H, Wilkins J. Calculations of the Penetration of GaaRaysNuclear
Development Associates, 11@54;NYO-3075

. Harima Y. An Historical Review and Current Status of Buildtgctor Calculations
and ApplicationsRadiation Physics and Chemistt993;41:631-672

10.Harima Y, Trubey D.et al Gamma-Ray Attenuation in the Vicinity of the Kdgdin

Molybdenum, Tin, Lanthanum, Gadolinium, Tungsteead, and UraniunmNuclear
Science and Engineeriri91;107:385-393

11.Harima Y, Hirayama Het al. A Comparison of Gamma-Ray Buildup Factors for

Low-Z Material and for Low Energies Using Discr@edinates and Point Monte
Carlo MethodsNuclear Science and Engineeritn§87;96:241-252

12.Hirayama H. Calculation of Gamma-ray Exposure Buildup Factgrgo 40 mfp

using the EGS4 Monte Carlo Code with a Particlett8pd. Journal of Nuclear
Science and Technolod®95;32:1201-1207

13.Hubbell J, Seltzer S. Tables of X-Ray Mass Attenuation Cogdfits and Mass

Energy-Absorption Coefficients (version 1.4). 2QQhline] Available:

66



http://physics.nist.gov/xaamdi [2008, NovemberNgtional Institute of Standards
and Technology, Gaithersburg, MD.

14.Hubbell J. Photon Cross-sections, Attenuation Coefficieats] Energy Absorption
Coefficients from 10 keV to 100 GeV,” NSRDS-NBS-2Mjtional Standard
Reference Data Systems, U.S. National Bureau ofdatas (1969).

15.Lamarsh J, Baratta A. (2001)introduction to Nuclear Engineerin@rd ed.). New
Jersey: Prentice-Hall, Inc.

16.LANL (Regents of the University of California at LosaAlos National Laboratory).
MCNP5 User’'s Manual, Version 2.510A-CP-05-0369 Los Alamos National
Laboratory, Los Alamos (2005).

17.NIST (National Institute of Standards and TechnoloOTX: Photon Interaction
Cross-Sectiond)LC-136, Radiation Shielding Information Center Data Paeka

18. Seltzer S Calculation of Photon Mass Energy-Transfer andgdv/ianergy-Absorption
Coefficients.Radiation Research993;136:147-170

19. Shimizu A, Onda T,et al Calculation of Gamma-Ray Buildup Factors up tpte
of 100 mfp by the Method of Invariant Embeddindl) (Generation of an Improved
Data SetNuclear Science and Technolag§04;41:413-424

20.Shimizu A. Development of Angular Eigenvalue Method for Raidin Transport
Problems in Slabs and Its Application to PenetratibGamma-raydNuclear
Science and Technolo@®00;37:15-25

21. Shultis K, Faw R. (2000)Radiation Shielding1st ed.). lllinois: American Nuclear
Society, Inc.

22.Storm E, Israel H. Photon Cross-Sections from 1keV to W&Y for Elements Z=1
to Z=100. Nuclear Data Table4970:A7:565

23.Subbaiah K, Natarajan Aget al. Impact of Coherent Scattering on the Spectra and
Energy Deposition of Gamma Rays in Bulk Mediaclear Science and Engineering
1989;101:352-370

24.Subbaiah K, Natarajan Agt al. Effect of Fluorescence in Deep Penetration of
Gamma RayaNuclear Science and Engineerii§87;96:330-342

25.Subbaiah K, Natarajan Agt al. Effect of Fluorescence, Bremsstrahlung, and

Annihilation Radiation on the Spectra and Energp@stion of Gamma-rays in Bulk
Media.Nuclear Science and Engineerith§82;81:172-195

67



26.Gopination, D.V., Subbaiah, K.V. ASFIT-VARI: Gamma-Ray Transport Code
System for One-Dimensional Finite Systemnslira Gandhi Centre for Atomic
Reasearch and Oak Ridge National Laboratb®g9; CCC-336.

27.X-5 Monte Carlo Team MCNP — A General Monte Carlo N-Particle Transport
Code, Version 5, Los Alamos National Laboratorys l&damos (2003).

28.Zaidi H. Comparative Evaluation of Photon Cross-Sectidordties for Materials of

Interest in PET Monte Carlo SimulatiodBEE Transactions on Nuclear Science
2000:;77:2722-2735

68



APPENDIX |

PHOTON MASS ATTENUATION COEFFICIENTS,

COHERENT SCATTERING INCLUDED

Table 1. Photon Mass Attenuation Coefficient f@nliCoherent Scattering Included

ANS-6.4.3-1991
MCNP5 Photon Photon Mass
Energy Mass Attenuation Atenuation Difference
(MeV) | Coefficient (cm */g) | Coefficient (cm °/g) (%)
0.010 170.110 170.700 0.35%
0.015 56.749 57.080 0.58%
0.020 25.678 25.680 0.01%
0.030 8.177 8.176 0.01%
0.040 3.632 3.629 0.07%
0.050 1.959 1.957 0.12%
0.060 1.206 1.205 0.05%
0.080 0.596 0.592 0.61%
0.100 0.372 0.372 0.07%
0.150 0.196 0.196 0.00%
0.200 0.146 0.146 0.04%
0.300 0.110 0.110 0.16%
0.400 0.094 0.094 0.11%
0.500 0.084 0.084 0.12%
0.600 0.077 0.077 0.21%
0.800 0.067 0.067 0.15%
1.000 0.060 0.060 0.10%
1.500 0.049 0.049 0.25%
2.000 0.043 0.043 0.23%
3.000 0.036 0.036 0.29%
4.000 0.033 0.033 0.29%
5.000 0.031 0.031 0.27%
6.000 0.030 0.031 0.26%
8.000 0.030 0.030 0.22%
10.000 0.030 0.030 0.21%
15.000 0.031 0.031 0.20%
20.000 0.032 0.032 0.18%
30.000 0.035 0.035 0.17%
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Table 2. Photon Mass Attenuation Coefficient fortévaCoherent Scattering Included

ANS-6.4.3-1991
MCNP5 Photon Photon Mass

Energy Mass Attenuation Atenuation Difference
(MeV) Coefficient (cm %/g) | Coefficient (cm ?/g) (%)
0.010 5.33E+00 5.328E+00 0.04%
0.015 1.67E+00 1.673E+00 0.18%
0.020 8.10E-01 8.098E-01 0.02%
0.030 3.76E-01 3.756E-01 0.11%
0.040 2.68E-01 2.683E-01 0.11%
0.050 2.27E-01 2.269E-01 0.04%
0.060 2.06E-01 2.058E-01 0.10%
0.080 1.84E-01 1.836E-01 0.22%
0.100 1.71E-01 1.707E-01 0.18%
0.150 1.51E-01 1.505E-01 0.33%
0.200 1.37E-01 1.370E-01 0.00%
0.300 1.19E-01 1.187E-01 0.25%
0.400 1.06E-01 1.061E-01 0.09%
0.500 9.69E-02 9.687E-02 0.03%
0.600 8.96E-02 8.956E-02 0.04%
0.800 7.87E-02 7.866E-02 0.05%
1.000 7.07E-02 7.072E-02 0.03%
1.500 5.75E-02 5.754E-02 0.07%
2.000 4.94E-02 4.941E-02 0.02%
3.000 3.97E-02 3.969E-02 0.03%
4.000 3.40E-02 3.403E-02 0.09%
5.000 3.03E-02 3.031E-02 0.03%
6.000 2.77E-02 2.770E-02 0.00%
8.000 2.43E-02 2.429E-02 0.04%
10.000 2.22E-02 2.214E-02 0.27%
15.000 1.94E-02 1.936E-02 0.21%
20.000 1.81E-02 1.808E-02 0.11%
30.000 0.017 1.706E-02 0.23%
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APPENDIX Il

PHOTON MASS ATTENUATION COEFFICIENTS,

COHERENT SCATTERING NOT INCLUDED

Table 3.Photon Mass Attenuation Coefficient for Iron Comgr8cattering Not Included

MCNPS5 Photon ANS-6.4.3-1991 Photon

Energy Mass Attenuation Mass Atenuation Difference
(MeV) | Coefficient (cm */g) Coefficient (cm */g) (%)
0.010 168.883 169.600 0.42%
0.015 55.957 56.410 0.80%
0.020 25.130 25.220 0.36%
0.030 7.881 7.930 0.62%
0.040 3.446 3.478 0.92%
0.050 1.832 1.854 1.19%
0.060 1.112 1.131 1.67%
0.080 0.539 0.551 2.18%
0.100 0.334 0.343 2.47%
0.150 0.179 0.183 2.36%
0.200 0.136 0.138 1.92%
0.300 0.105 0.106 1.29%
0.400 0.091 0.092 0.85%
0.500 0.082 0.083 0.61%
0.600 0.076 0.076 0.56%
0.800 0.066 0.066 0.34%
1.000 0.059 0.060 0.28%
1.500 0.049 0.049 0.22%
2.000 0.042 0.043 0.13%
3.000 0.036 0.036 0.14%
4.000 0.033 0.033 0.01%
5.000 0.031 0.031 0.10%
6.000 0.030 0.031 0.07%
8.000 0.030 0.030 0.04%
10.000 0.030 0.030 0.06%
15.000 0.031 0.031 0.08%
20.000 0.032 0.032 0.06%
30.000 0.035 0.035 0.06%

71



Table 4. Photon Mass Attenuation Coefficient fortevaCoherent Scattering Not

Included
ANS-6.4.3-1991
MCNP5 Photon Mass Photon Mass

Energy Attenuation Atenuation Difference
(MeV) | Coefficient (cm ?/g) Coefficient (cm /g) (%)
0.010 5.100 5.157 1.11%
0.015 1.54E+00 1.579 2.47%
0.020 7.21E-01 0.751 3.93%
0.030 3.29E-01 0.346 4.78%
0.040 2.40E-01 0.250 4.08%
0.050 2.08E-01 0.215 3.21%
0.060 1.92E-01 0.197 2.69%
0.080 1.75E-01 0.179 2.02%
0.100 1.65E-01 0.167 1.43%
0.150 1.48E-01 0.149 0.67%
0.200 1.36E-01 0.136 0.07%
0.300 1.18E-01 0.118 0.25%
0.400 1.06E-01 0.106 0.09%
0.500 9.66E-02 0.097 0.07%
0.600 8.94E-02 0.089 0.03%
0.800 7.86E-02 0.079 0.05%
1.000 7.07E-02 0.071 0.11%
1.500 5.75E-02 0.057 0.05%
2.000 4.94E-02 0.049 0.16%
3.000 3.97E-02 0.040 0.23%
4.000 3.40E-02 0.034 0.15%
5.000 3.03E-02 0.030 0.20%
6.000 2.77E-02 0.028 0.25%
8.000 2.43E-02 0.024 0.29%
10.000 2.22E-02 0.022 0.27%
15.000 1.94E-02 0.019 0.21%
20.000 1.81E-02 0.018 0.11%
30.000 0.017 0.017 0.23%
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APPENDIX IlI

ABSORPED DOSE RESPONSE FUNCTIONS

Table 5. Absorbed Dose Response Functions-Iron

Photon Mass Energy-

Energy : - Absorbed Dose Respons
Absorption Coefficient (cmf/g) . MY
(MeV) (NIST) Function (Gy*cm")
0.01 1.369E+02 2.19E-10
0.015 4.896E+01 1.18E-10
0.020 2.260E+01 7.24E-11
0.030 7.251E+00 3.48E-11
0.040 3.155E+00 2.02E-11
0.050 1.638E+00 1.31E-11
0.060 9.555E-01 9.18E-12
0.080 4.104E-01 5.26E-12
0.100 2.177E-01 3.49E-12
0.150 7.961E-02 1.91E-12
0.200 4.825E-02 1.55E-12
0.300 3.361E-02 1.62E-12
0.350 3.184E-02 1.79E-12
0.400 3.039E-02 1.95E-12
0.450 2.972E-02 2.14E-12
0.500 2.914E-02 2.33E-12
0.550 2.872E-02 2.53E-12
0.600 2.836E-02 2.73E-12
0.650 2.802E-02 2.92E-12
0.700 2.770E-02 3.11E-12
0.800 2.714E-02 3.48E-12
1.000 2.603E-02 4.17E-12
1.400 2.400E-02 5.38E-12
1.500 2.360E-02 5.67E-12
1.800 2.257E-02 6.51E-12
2.000 2.199E-02 7.05E-12
2.200 2.161E-02 7.62E-12
2.600 2.096E-02 8.73E-12
2.800 2.068E-02 9.28E-12
3.000 2.042E-02 9.81E-12
3.250 2.027E-02 1.06E-11
3.750 2.002E-02 1.20E-11
4.000 1.990E-02 1.28E-11
4.250 1.988E-02 1.35E-11
4.750 1.985E-02 1.51E-11
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5.000 1.983E-02 1.59E-11
5.250 1.987E-02 1.67E-11
5.500 1.987E-02 1.75E-11
6.000 1.997E-02 1.92E-11
6.310 2.006E-02 2.03E-11
6.750 2.019E-02 2.18E-11
7.000 2.025E-02 2.27E-11
8.000 2.050E-02 2.63E-11
9.000 2.080E-02 3.00E-11
10.000 2.108E-02 3.38E-11
11.000 2.134E-02 3.76E-11
13.000 2.180E-02 4.54E-11
15.000 2.221E-02 5.34E-11
20.000 2.400E-02 7.69E-11

Table 6. Absorbed Dose Response Functions-Water

Photon Mass Energy- Absorbed Dose Response
Energy | Absorption Coefficient (cm2/g) Function (Gy*cm2)
(MeV) (NIST) (Shielding Text 5.26)
0.01 4.07E+03 6.51E-09
0.015 1.37E+00 3.30E-12
0.020 5.50E-01 1.76E-12
0.030 1.56E-01 7.48E-13
0.040 6.95E-02 4.45E-13
0.050 4.22E-02 3.38E-13
0.060 3.19E-02 3.07E-13
0.080 2.60E-02 3.33E-13
0.100 2.55E-02 4.08E-13
0.150 2.76E-02 6.64E-13
0.200 2.97E-02 9.51E-13
0.300 3.19E-02 1.53E-12
0.350 3.24E-02 1.82E-12
0.400 3.28E-02 2.10E-12
0.450 3.29E-02 2.37E-12
0.500 3.30E-02 2.64E-12
0.550 3.29E-02 2.90E-12
0.600 3.28E-02 3.16E-12
0.650 3.26E-02 3.39E-12
0.700 3.25E-02 3.63E-12
0.800 3.21E-02 4.11E-12
1.000 3.10E-02 4.97E-12
1.400 2.80E-02 7.95E-12
1.500 2.83E-02 6.81E-12
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1.800 2.70E-02 7.74E-12
2.000 2.61E-02 8.36E-12
2.200 2.54E-02 8.88E-12
2.600 2.41E-02 9.92E-12
2.800 2.35E-02 1.04E-11
3.000 2.28E-02 1.10E-11
3.250 2.23E-02 1.15E-11
3.750 2.12E-02 1.27E-11
4.000 2.07E-02 1.32E-11
4.250 2.03E-02 1.38E-11
4.750 1.95E-02 1.48E-11
5.000 1.92E-02 1.53E-11
5.250 1.89E-02 1.58E-11
5.500 1.86E-02 1.63E-11
6.000 1.81E-02 1.74E-11
6.310 1.78E-02 1.80E-11
6.750 1.75E-02 1.88E-11
7.000 1.73E-02 1.93E-11
8.000 1.66E-02 2.12E-11
9.000 1.61E-02 2.32E-11
10.000 1.57E-02 2.51E-11
11.000 1.52E-02 2.83E-11
13.000 1.44E-02 3.46E-11
15.000 1.44E-02 3.46E-11
20.000 1.38E-02 4.43E-11
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APPENDIX IV

COMPARISON OF HUBBELL AND ENDF/B-VI.8 IN ASFIT-VARI

Table 6a. Comparison of Hubbell & ENDF in ASFIT10.MeV-Water

ENDF/B-
Hubbell V1.8 % Difference
ANS Buildup Buildup between Hubbell

MFP | Standard Factor Factor & ENDF/B-VI.8
0.50 2.36 2.37 2.41 1.70%
1.00 452 4,53 4.59 1.31%
2.00 11.70 11.81 12.04 1.92%
3.00 23.50 23.63 25.02 5.55%
4.00 40.60 40.74 42.14 3.33%
5.00 64.00 65.02 67.13 3.14%
6.00 94.80 95.84 99.21 3.40%
7.00 134.00 136.21 143.21 4.89%
8.00 183.00 184.13 191.21 3.70%
10.00| 314.00 315.12 328.12 3.96%
15.00| 917.00 917.52 921.87 0.47%
20.00| 2120.00 2148.21 2201.31 2.41%
25.00| 4260.00 4271.19 4397.19 2.87%
30.00| 7780.00 7821.12 8039.78 2.72%
35.00| 13100.00 13002.12 13753.21 5.46%
40.00| 20300.00 19983.63 20932.44 4.53%

Table 6b. Comparison of Hubbell & ENDF in ASFITQOQ.MeV-Water

Hubbell ENDF/B-VI.8 % Difference
ANS Buildup Buildup between Hubbell

MFP | Standard Factor Factor & ENDF/B-VI.8
0.50 1.47 1.49 1.52 1.89%
1.00 2.08 2.09 2.15 2.83%
2.00 3.62 3.65 3.78 3.33%
3.00 5.50 5.53 5.64 1.89%
4.00 7.66 7.69 7.81 1.55%
5.00 10.10 10.12 10.34 2.12%
6.00 12.80 12.93 13.01 0.62%
7.00 15.70 15.72 16.02 1.87%
8.00 18.90 19.01 19.45 2.28%
10.00| 26.00 26.25 27.78 5.52%
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15.00] 47.40 48.12 50.32 4.37%
20.00] 73.50 74.01 76.12 2.78%
25.00] 104.00 105.23 107.61 2.21%
30.00] 138.00 139.62 141.14 1.89%
35.00] 175.00 176.83 183.42 1.89%
40.00] 214.00 216.12 231.23 6.53%

Table 6¢. Comparison of Hubbell & ENDF in ASFIT,.QMeV-Water

Hubbell ENDF/B-VI.8 % Difference
ANS Buildup Buildup between Hubbell &

MFP | Standard Factor Factor ENDF/B-VI.8
0.50 1.21 1.23 1.28 4.05%
1.00 1.38 1.40 1.44 2.30%
2.00 1.70 1.72 1.79 3.75%
3.00 2.00 2.04 2.10 2.51%
4.00 2.29 2.34 2.41 2.98%
5.00 2.57 2.61 2.74 4.72%
6.00 2.85 2.98 3.08 3.14%
7.00 3.13 3.19 3.35 4.57%
8.00 3.40 3.63 3.81 4.73%
10.00 3.94 4.02 4.32 6.94%
15.00 5.24 547 5.81 5.87%
20.00 6.51 6.68 6.83 2.21%
25.00 7.75 7.91 8.12 2.60%
30.00 8.97 9.07 9.93 8.66%
35.00] 10.20 10.78 11.42 5.59%
40.00 11.30 11.81 12.32 4.13%
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APPENDIX V

COMPARISON OF NIST AND HUBBELL DATA

Table 7. Comparison of NIST and Hubbell Data

9%
D%
B%
D%
(%
P%
[ %
[ %
D%

D%

3%

3%

5%0

b%0

1%

D%

b%0

?%

b%0

D%

D%

b%0

b%0

D%

Absorbed Absorbed
Photon Mass | Photon Mass Dose Dose
Energy- Energy- Response | Response
Absorption Absorption Diff Function Function Diff
Coefficient Coefficient (%) (NIST) (Hubbell) (%)
(crPig) (crPig) (Gy'em?) | (Gy*em?)
(NIST) (Hubbell) (Shielding | (Shielding
Energy Text5.26) | Text 5.26)
(MeV)
0.01 136.90 142.00 3.59% 2.19E-10 2.27E-10 3.5
0.02 48.96 49.30 0.69% 1.18E-1( 1.18E-10 0.6
0.02 22.60 22.80 0.88% 7.24E-1] 7.31E-11 0.8
0.03 7.25 7.28 0.40% 3.48E-11 3.50E-11 0.4
0.04 3.16 3.17 0.47% 2.02E-11 2.03E-11L 0.4]
0.05 1.64 1.64 0.12% 1.31E-11 1.31E-11 0.11
0.06 0.96 0.96 0.57% 9.18E-12 9.24E-1p 0.5]
0.08 0.41 0.41 0.87% 5.26E-12 5.31E-1p 0.8]
0.10 0.22 0.22 0.59% 3.49E-12 3.51E-1p 0.5¢
0.15 0.08 0.08 2.20% 1.91E-12 1.96E-1p 2.2
0.20 0.05 0.05 2.53% 1.55E-12 1.59E-1p 2.5]
0.30 0.03 0.03 0.33% 1.62E-12 1.61E-1p 0.3
0.40 0.03 0.03 0.36% 1.95E-12 1.95E-1p 0.3¢
0.50 0.03 0.03 0.55% 2.33E-12 2.35E-1p 0.5!
0.60 0.03 0.03 0.84% 2.73E-12 2.75E-1p 0.84
0.80 0.03 0.03 0.59% 3.48E-12 3.50E-1p 0.5¢
1.00 0.03 0.03 0.65% 4.17E-12 4.20E-1p 0.6"
1.50 0.02 0.02 0.42% 5.67E-12 5.70E-1p 0.4
2.00 0.02 0.02 0.05% 7.05E-12 7.05E-1p 0.0"
3.00 0.02 0.02 0.10% 9.81E-12 9.80E-1p 0.1
4.00 0.02 0.02 0.00% 1.28E-11 1.28E-11 0.0
5.00 0.02 0.02 0.15% 1.59E-11 1.59E-11 0.1"
6.00 0.02 0.02 0.35% 1.92E-11 1.91E-111 0.3"
8.00 0.02 0.02 0.49% 2.63E-11 2.61E-111 0.4
10.00 0.02 0.02 0.869 3.38E-11 3.35E-11 0.8

5%
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COMPARISON OF XCOM AND ENDF DATA

APPENDIX VI

Table 8. Comparison of XCOM and ENDF Cross Sections

Total microscopic

Total microscopic

Photon Energy cross-sections (cm2) cross-sections Difference
(MeV) XCOM data (cm2)-ENDF data (%)
0.015 5.29779E-21 5.26523E-21 0.61%
0.020 2.38447E-21 2.38241E-21 0.09%
0.030 7.58948E-22 7.58673E-22 0.04%
0.040 3.36795E-22 3.36943E-22 0.04%
0.050 1.81851E-22 1.81785E-22 0.04%
0.060 1.11337E-22 1.11855E-22 0.47%
0.080 5.52047E-23 5.5259E-23 0.10%
0.100 3.45145E-23 3.451E-23 0.01%
0.150 1.81851E-23 1.82215E-23 0.20%
0.200 1.3546E-23 1.354E-23 0.04%
0.300 1.02059E-23 1.018E-23 0.25%
0.400 8.72141E-24 8.71158E-24 0.11%
0.500 7.80288E-24 7.79688E-24 0.08%
0.600 7.14413E-24 7.133E-24 0.16%
0.800 6.21632E-24 6.206E-24 0.17%
1.000 5.55758E-24 5.552E-24 0.10%
1.500 4.52771E-24 4.519E-24 0.19%
2.000 3.95247E-24 3.948E-24 0.11%
3.000 3.35867E-24 3.35E-24 0.26%
4.000 3.07105E-24 3.064E-24 0.23%
5.000 2.9226E-24 2.911E-24 0.40%
6.000 2.8391E-24 2.829E-24 0.36%
7.000 2.79271E-24 2.786E-24 0.24%
8.000 2.77415E-24 2.769E-24 0.19%
9.000 2.77415E-24 2.765E-24 0.33%
10.000 2.77415E-24 2.772E-24 0.08%
11.000 2.79271E-24 2.783E-24 0.35%
13.000 2.82054E-24 2.819E-24 0.05%
15.000 2.86693E-24 2.863E-24 0.14%
20.000 2.98755E-24 2.986E-24 0.05%
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APPENDIX VII

MCNP5 CALCULATED BUILDUP FACTORS —-IRON

Table 9a. Buildup Factor w/o Coherent scattering40.015 MeV

Calculated

MFP | ANS Standard | Buildup Factor |% Difference
0.5 1 1.05 4.76%
1 1 1.05 5.05%
2 1.01 1.06 5.01%
3 1.01 1.06 5.12%
4 1.01 1.07 5.23%
5 1.01 1.07 5.34%
6 1.01 1.07 5.44%
7 1.01 1.08 6.72%
8 1.01 1.08 6.83%
10 1.01 1.09 6.94%
15 1.01 1.09 7.04%
20 1.01 1.09 7.15%
25 1.01 1.10 8.28%
30 1.01 1.10 8.38%
35 1.01 1.10 8.49%
40 1.01 1.10 8.59%

MCNPS5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng),

0.015 MeV
1.12
1.10 A M—‘
_ 108 P
§1-86 — —e—MCNP5 BF
£ 1.04
—=ANS BF
2 1.02
S 100 e " OFOEETETETETETEEETEE
m 0.98
0.96 |
0-94 T T T T T T T T T T T T T T T
051 2 3 4 5 6 7 8 10 15 20 25 30 35 40
MFP

Figure 11a. MCNP5 vs. ANS Buildup Factor w/o C@mrScattering, 0.015 MeV
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Table 9b. Buildup Factor w/Coherent scattering 100015 MeV

Calculated
Corr. ANS ANS Buildup %
MFP Factor Standard WICS Factor Difference
0.5 1 1 1 1.02 2.06%
1 1.01 1 1.01 1.02 1.42%
2 1 1.01 1.01 1.05 3.38%
3 0.99 1.01 0.9999 1.05 4.56%
4 0.99 1.01 0.9999 1.05 4.77%
5 0.98 1.01 0.9898 1.05 5.94%
6 0.98 1.01 0.9898 1.05 6.14%
7 0.97 1.01 0.9797 1.06 7.30%
8 0.96 1.01 0.9696 1.06 8.46%
10 0.95 1.01 0.9595 1.06 9.61%
15 0.91 1.01 0.9191 1.06 13.60%
20 0.87 1.01 0.8787 1.09 19.39%
25 0.83 1.01 0.8383 1.09 23.25%
30 0.79 1.01 0.7979 1.09 27.11%
35 0.75 1.01 0.7575 1.10 30.94%
40 0.71 1.01 0.7171 1.10 34.52%

MCNPS5 vs. ANS Buildup Factor (w/ Coherent Scatterin  g),
0.015 MeV
1.2
1 . .
g 08 AT S .
R ¢ & ANS BF
5 0.6
E; ® MCNP5 BF
S 04
>
® 02
0 ; ; ; ;
0 10 20 30 40 50
MFP

Figure 11b. MCNP5 vs. ANS Buildup Factor w/Cohé¢r@aattering, 0.015 MeV
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Table 9c. Buildup Factor w/o Coherent scatterimg10.02 MeV

.02 MeV Buildup Factors (No Coherent Scattering)
Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.50 1.01 1.03 1.94%
1.00 1.01 1.03 2.20%
2.00 1.01 1.04 2.79%
3.00 1.01 1.04 3.00%
4.00 1.02 1.07 4.43%
5.00 1.02 1.07 4.66%
6.00 1.02 1.07 4.78%
7.00 1.02 1.09 6.70%
8.00 1.02 1.10 7.17%
10.00 1.02 1.10 7.45%
15.00 1.02 1.11 7.74%
20.00 1.03 111 7.12%
25.00 1.03 111 7.41%
30.00 1.03 1.12 7.69%
35.00 1.03 1.12 7.97%
40.00 1.03 1.12 8.26%

MCNPS5 vs. ANS Buildup Factor (w/o Coherent Scatter ing), 0.02
MeV

1.14
1.12 - -
1.10 = u 8

1.08 - « ANS BF

L
1.06 - = MCNP5 BF

1.04 A (L]
[ L . . .
1.02 - 00 o 3 * *
XX

1.00 T

0.00 10.00 20.00 30.00 40.00 50.00
MFP

Buildup Factor

Figure 11c. MCNP5 vs. ANS Buildup Factor w/o CamrScattering, 0.020 MeV
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Table 9d. Buildup Factor w/ Coherent scatteringnd0002 MeV

Calculated
ANS Buildup
MFP | Corr. Factor |ANS Standard WICS Factor % Difference
0.50 1.00 1.01 1.01 1.06 4.54%
1.00 1.00 1.01 1.01 1.07 5.61%
2.00 1.00 1.01 1.01 1.09 7.17%
3.00 1.00 1.01 1.01 1.08 6.31%
4.00 0.98 1.02 1.00 1.05 4.80%
5.00 0.98 1.02 1.00 1.04 3.88%
6.00 0.97 1.02 0.99 1.05 5.68%
7.00 0.96 1.02 0.98 1.05 6.65%
8.00 0.95 1.02 0.97 1.06 8.50%
10.00 0.93 1.02 0.95 1.01 6.08%
15.00 0.88 1.02 0.90 0.93 3.48%
20.00 0.82 1.03 0.84 0.92 7.95%
25.00 0.77 1.03 0.79 0.84 5.58%
30.00 0.71 1.03 0.73 0.80 8.73%
35.00 0.66 1.03 0.68 0.74 8.42%
40.00 0.61 1.03 0.63 0.68 7.91%

MCNPS5 vs. ANS Buildup Factor (w/Coherent Scattering ), 0.02
MeV

1.20
|
1.00 EJ!!:::—;

0.80 -

on
on

on

¢ ANS BF
= MCNP5 BF

on
on

0.60 -

0.40
0.20

0.00 T T T
0.00 10.00 20.00 30.00 40.00 50.00

MFP

Buildup Factor

Figure 11d. MCNP5 vs. ANS Buildup Factor w/Cohé¢r@aattering, 0.020 MeV
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Table 9e. Buildup Factor w/o Coherent scattering40.03 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 1.02 1.04 1.59%
1 1.03 1.03 0.16%
2 1.03 1.04 0.55%
3 1.04 1.04 0.16%
4 1.05 1.04 0.85%
5 1.05 1.04 0.86%
6 1.05 1.05 0.42%
7 1.06 1.07 0.52%
8 1.06 1.09 2.36%
10 1.06 1.10 3.84%
15 1.07 1.12 4.66%
20 1.08 1.13 4.78%
25 1.08 1.15 6.26%
30 1.09 1.16 6.20%
35 1.09 1.18 7.89%
40 1.09 1.20 8.83%

MCNPS5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng), 0.03
MeV
1.25
1.2 [
g .
8 115 . . = + ANS BF
S 11 = = MCNP5 BF
i) ’ ] N * * . 3
3 Se o
m 1.05 F".m
1 T T T T T
0 10 20 30 40 50
MFP

Figure 11e. MCNP5 vs. ANS Buildup Factor w/o C@mrScattering, 0.03 MeV
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Table 9f. Buildup Factor w/Coherent scattering b3 MeV

Calculated
Corr. ANS Buildup
MFP Factor ANS Standard WI/CS Factor % Difference
0.5 1.00E+00 1.02 1.02 0.96 6.47%
1 1.00E+00 1.03 1.03 0.97 6.19%
2 1.00E+00 1.03 1.03 0.99 4.25%
3 9.90E-01 1.04 1.03 0.98 5.28%
4 9.80E-01 1.05 1.03 0.95 8.32%
5 9.70E-01 1.05 1.02 0.94 8.35%
6 9.60E-01 1.05 1.01 0.93 8.15%
7 9.40E-01 1.06 1.00 0.90 10.15%
8 9.30E-01 1.06 0.99 0.88 12.15%
10 9.10E-01 1.06 0.96 0.87 11.51%
15 8.30E-01 1.07 0.89 0.84 6.11%
20 7.50E-01 1.08 0.81 0.75 7.86%
25 6.70E-01 1.08 0.72 0.68 6.41%
30 6.00E-01 1.09 0.65 0.62 6.00%
35 5.30E-01 1.09 0.58 0.64 9.73%
40 4.70E-01 1.09 0.51 0.55 6.00%
MCNP5 vs. ANS Buildup Factor (w/Coherent Scattering ), 0.03
MeV
1.20
. 1.00 Jﬁ"::::.
g 080 . t .
i - « ANS BF
o 0607 : * s = MCNP5 BF
S 0.40
>
© 0.20 -
0.00 ‘ ‘ ‘
0 20 30 40 50
MFP

Figure 11f. MCNP5 vs. ANS Buildup Factor w/Cohdr8nattering, 0.03 MeV
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Table 9g. Buildup Factor w/o Coherent scatterimg10.04 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 1.04 1.10 5.08%
1 1.06 1.11 4.90%
2 1.08 1.13 4.04%
3 1.09 1.14 4.00%
4 1.10 1.14 3.73%
5 1.11 1.15 3.41%
6 1.12 1.15 2.89%
7 1.12 1.16 3.33%
8 1.12 1.16 3.41%
10 1.14 1.26 9.76%
15 1.16 1.27 8.67%
20 1.17 1.28 8.30%
25 1.18 1.28 7.54%
30 1.19 1.28 6.78%
35 1.20 1.27 5.78%
40 1.20 1.27 5.83%

MCNPS5 vs ANS Buildup Factor (w/o Coherent Scatterin  g), 0.04
MeV
1.40
1.20 1 S S
' 85858 o . ¢ ¢
& 1.00 @
8 0.80 -  ANS BF
2 0.60 - = MCNP5 BF
S
= 0.40
0.20
0.00 : : : :
0 10 20 30 40 50
MFP

Figure 11g. MCNP5 vs. ANS Buildup Factor w/o CamrScattering, 0.04 MeV
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Table 9h. Buildup Factor w/ Coherent scatteringnd0004 MeV

Calculated
ANS Buildup
MFP | Corr. Factor |ANS Standard WICS Factor % Difference
0.5 1.01 1.04 1.05 1.07 1.57%
1 1.00 1.06 1.06 1.09 2.38%
2 1.00 1.08 1.08 1.05 2.60%
3 0.99 1.09 1.08 1.06 1.64%
4 0.98 1.10 1.08 1.07 0.80%
5 0.96 1.11 1.07 1.07 0.81%
6 0.95 1.12 1.06 1.03 3.30%
7 0.94 1.12 1.05 1.02 3.11%
8 0.92 1.12 1.03 1.01 2.02%
10 0.89 1.14 1.01 0.98 3.74%
15 0.79 1.16 0.92 0.86 6.81%
20 0.70 1.17 0.82 0.84 2.27%
25 0.61 1.18 0.72 0.76 5.71%
30 0.53 1.19 0.63 0.68 7.56%
35 0.45 1.20 0.54 0.58 7.23%
40 0.39 1.20 0.47 0.53 12.05%
MCNPS5 vs ANS Buildup Factor (w/ Coherent Scattering ), 0.04
MeV
1.20 b
1.00 ,M._'
g 0.80 § ¢ .
£ 560 s * ANS BF
g : = MNCP5 BF
S 0.40
>
@ 0.20
0.00 T T T T
0 10 20 30 40 50
MFP

Figure 11h. MCNP5 vs. ANS Buildup Factor w/ Comtrgcattering, 0.04 MeV

87




Table 9i. Buildup Factor w/o Coherent scatterirgni.05 MeV

Calculated
Buildup %
MFP | ANS Standard Factor Difference
0.5 1.08 1.14 5.52%
1 1.10 1.18 6.54%
2 1.14 1.21 5.49%
3 1.17 1.22 4.37%
4 1.19 1.24 3.84%
5 1.21 1.25 3.07%
6 1.22 1.26 2.92%
7 1.23 1.26 2.64%
8 1.24 1.27 2.60%
10 1.26 1.28 1.57%
15 1.30 1.35 3.70%
20 1.33 1.36 2.17%
25 1.35 1.36 1.05%
30 1.37 1.37 0.27%
35 1.38 1.37 0.79%
40 1.39 1.37 1.61%

MCNP5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng), 0.05
MeV

1.60
1.40 ' v - » » o

1.20 #33eRRse ¢

1.00 ¢ ANS BF

0.80
0.60 = MCNP5 BF

Buildup Factor

0.40
0.20
0.00 T T T T

0 10 20 30 40 50

MFP

Figure 11i. MCNP5 vs. ANS Buildup Factor w/o CadrdrScattering, 0.05 MeV
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Table 9j. Buildup Factor w/ Coherent scatteringim05 MeV

Calculated
ANS Buildup
MFP | Corr. Factor | ANS Standard W/CS Factor % Difference
0.5 1.01 1.08 1.09 1.19 8.38%
1 1.01 1.10 1.11 1.22 8.95%
2 1.01 1.14 1.15 1.25 8.20%
3 0.99 1.17 1.16 1.27 9.04%
4 0.98 1.19 1.17 1.29 9.36%
5 0.97 1.21 1.17 1.30 9.66%
6 0.95 1.22 1.16 1.25 7.22%
7 0.93 1.23 1.14 1.20 4.61%
8 0.91 1.24 1.13 1.15 1.81%
10 0.87 1.26 1.10 1.14 3.84%
15 0.77 1.30 1.00 1.09 8.17%
20 0.67 1.33 0.89 0.96 7.50%
25 0.57 1.35 0.77 0.82 6.27%
30 0.48 1.37 0.66 0.70 6.50%
35 0.40 1.38 0.55 0.60 8.19%
40 0.33 1.39 0.46 0.54 15.37%
MCNP5 vs. ANS Buildup Factor (w/ Coherent Scatterin @), 0.05
MeV
1.40 -
1.20 J::::.:g‘ S )
& 1.00 - . -
5 0.80 * ]  ANS BF
_§' 0.60 - : | : = MCNP5
5 0.40 -
m
0.20 -
0.00 T T T T T T T T
0 5 10 15 20 25 30 35 40 45
MFP

Figure 11j. MCNP5 vs. ANS Buildup Factor w/ Coher8cattering, 0.05 MeV
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Table 9k. Buildup Factor w/o Coherent scatterironi.06 MeV

Calculated

MFP | ANS Standard Buildup Factor | % Difference
0.5 1.12 1.22 8.01%
1 1.17 1.26 7.04%
2 1.23 1.32 6.60%
3 1.28 1.35 5.14%
4 1.31 1.38 5.12%
5 1.34 1.40 4.23%
6 1.37 1.42 3.32%
7 1.39 1.43 2.81%
8 141 1.44 2.13%
10 1.45 1.46 0.83%
15 1.52 1.50 1.23%
20 1.57 1.52 3.58%
25 1.61 1.53 5.25%
30 1.65 1.55 6.79%
35 1.67 1.55 7.77%
40 1.68 1.56 7.85%

MCNPS5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng), 0.06
MeV

1.80
1.60 =
140 | 4g388°® ¢
120 9 ¢
1.00 + ANS BF
0.80 = MCNP5
0.60
0.40 -
0.20
0.00 : : : : : : : :
0 5 10 15 20 25 30 35 40 45

MFP

He
e
He
He

Buildup Factor

Figure 11k. MCNP5 vs. ANS Buildup Factor w/o CadrdrScattering, 0.06 MeV
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Table 9l. Buildup Factor w/ Coherent scatteringi#b06 MeV

Calculated
MFP | Corr. Factor ANS Standard |ANS W/CS Buildup Factor | % Difference
0.5 1.01 1.22 1.23 1.21 1.26%
1 1.01 1.26 1.27 1.26 0.70%
2 1.01 1.32 1.33 1.32 1.02%
3 0.99 1.35 1.34 1.35 1.19%
4 0.98 1.38 1.35 1.38 1.81%
5 0.97 1.40 1.36 1.40 2.92%
6 0.95 1.42 1.35 1.42 5.03%
7 0.93 1.43 1.33 1.37 2.74%
8 0.91 1.44 131 1.37 4.03%
10 0.87 1.46 1.27 1.36 6.74%
15 0.76 1.50 1.14 1.21 6.00%
20 0.65 1.52 0.99 1.00 1.87%
25 0.55 1.53 0.84 0.88 4.40%
30 0.46 1.55 0.71 0.75 5.24%
35 0.37 1.55 0.57 0.61 6.31%
40 0.31 1.56 0.48 0.51 6.05%
MCNP5 vs. ANS Buildup Factor (w/ Coherent Scatterin @), 0.06
MeV
1.60
L40 I —Seesdyy s
5 120 i ¢ ]
|_‘,_QU égg | v (] o ANS BF
S O
£ 0.0 ] ¢ ' . = MCNP5
32 0.40
0.20
0.00 T T T T T T T T
0 5 10 15 20 25 30 35 40 45
MFP

Figure 111. MCNP5 vs. ANS Buildup Factor w/ Coher8cattering, 0.06 MeV
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Table 9m. Buildup Factor w/o Coherent scatterirmgi0.08 MeV

Calculated

MFP | ANS Standard | Buildup Factor |% Difference
0.5 1.23 1.31 6.02%
1 1.34 1.42 5.62%
2 1.51 1.55 2.32%
3 1.61 1.64 1.75%
4 1.70 1.71 0.47%
5 1.78 1.76 1.15%
6 1.84 1.82 1.28%
7 1.91 1.86 2.42%
8 1.96 1.89 3.49%
10 2.06 1.96 5.10%
15 2.26 2.08 8.84%
20 241 2.39 0.84%
25 2.54 251 1.20%
30 2.65 2.58 2.71%
35 2.73 2.68 2.06%
40 2.77 2.72 1.73%

MCNP5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng), 0.08
MeV

3.00
2.50 - . ¢
2.00 - Jont
1.50 t&*
1.00 -
0.50
0.00 : ‘ ‘ ‘

ue

= MCNP5 BF
¢ ANS BF

Buildup Factor

MFP

Figure 11m. MCNP5 vs. ANS Buildup Factor w/o CamrScattering, 0.08 MeV

92




Table 9n. Buildup Factor w/ Coherent scatteringnd0008 MeV

Calculated
MFP | Corr. Factor | ANS Standard ANS W/CS Buildup Factor |% Difference
0.5 1.01 1.23 1.24 131 5.08%
1 1.01 1.34 1.35 1.42 4.88%
2 1.00 1.51 1.51 1.55 2.61%
3 0.99 1.61 1.59 1.64 2.56%
4 0.98 1.70 1.67 1.71 2.46%
5 0.96 1.78 1.71 1.76 2.96%
6 0.95 1.84 1.75 1.81 3.54%
7 0.93 1.91 1.78 1.85 4.16%
8 0.91 1.96 1.78 1.89 5.87%
10 0.87 2.06 1.79 1.81 0.98%
15 0.75 2.26 1.70 1.69 0.09%
20 0.64 241 1.54 1.57 1.66%
25 0.53 2.54 1.35 1.37 1.70%
30 0.44 2.65 1.17 1.17 0.22%
35 0.36 2.73 0.98 0.94 4.20%
40 0.29 2.77 0.80 0.83 2.81%
MCNP5 vs. ANS Buildup Factor (w/ Coherent Scatterin  g), 0.08
MeV
2.00 =
""0 . -
. 150 | @° L
g ® ‘.
‘- 1.00 . = MCNP5 BF
§ ¢ + ANS BF
Z 0.50
0.00 : : : :
0 10 20 30 40 50
MFP

Figure 11n. MCNP5 vs. ANS Buildup Factor w/ Comtrgcattering, 0.08 MeV
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Table 90. Buildup Factor w/o Coherent scatteriogi0.10 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 1.38 1.44 4.14%
1 1.60 1.62 1.33%
2 1.94 1.86 4.20%
3 2.13 2.02 5.27%
4 2.31 2.15 7.59%
5 2.48 2.36 5.21%
6 2.63 2.57 2.45%
7 2.77 2.78 0.26%
8 2.90 2.99 2.92%
10 3.13 3.15 0.74%
15 3.61 3.59 0.53%
20 4.00 3.89 2.89%
25 4,34 4.29 1.19%
30 4.63 4,53 2.16%
35 4.85 4,72 2.69%
40 4.98 4.88 2.05%

Buildup Factor

MCNP5 vs. ANS Buildup Factor (w/o Coherent Scaterin  g), 0.10
MeV
6.00
5.00 - -
4.00 t =
»
3.00 .t & ANS BF
ot = MCNP5 BF

2.00 | o8
1.00 \l
0.00 : : : ‘

0 10 20 30 40 50
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Figure 110. MCNP5 vs. ANS Buildup Factor w/o CamrScattering, 0.10 MeV
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Table 9p. Buildup Factor w/ Coherent scatteringn4€010 MeV

Calculated
ANS Buildup
MFP | Corr. Factor | ANS Standard WI/CS Factor % Difference
0.5 1.02 1.38 1.41 1.44 2.22%
1 1.01 1.60 1.62 1.62 0.34%
2 1.00 1.94 1.94 1.86 4.20%
3 0.99 2.13 2.11 2.02 4.22%
4 0.98 2.31 2.26 2.15 5.44%
5 0.97 2.48 2.41 2.37 1.63%
6 0.95 2.63 2.50 2.59 3.42%
7 0.94 2.77 2.60 2.81 7.24%
8 0.91 2.90 2.64 2.73 3.41%
10 0.88 3.13 2.75 2.79 1.32%
15 0.77 3.61 2.78 2.74 1.37%
20 0.66 4.00 2.64 2.68 1.54%
25 0.56 4.34 2.43 2.51 3.26%
30 0.47 4.63 2.18 2.31 5.88%
35 0.39 4.85 1.89 2.01 5.90%
40 0.31 4.98 1.54 1.68 8.17%
MCNP5 vs. ANS Buildup Factor (w/ Coherent Scatterin  g), 0.10
MeV
3.00 -
2.50 ‘.!” i : e ] -
5 2.00 1 ¢
E 150 ?. n & ANS BF
g @ = MCNP5 BF
= 1.00
m
0.50
0.00
0 10 20 30 40 50
MFP

Figure 11p. MCNP5 vs. ANS Buildup Factor w/ Comtrgcattering, 0.10 MeV
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Table 9q. Buildup Factor w/o Coherent scatterimg0.15 MeV

Calculated
Buildup

MFP | ANS Standard Factor % Difference
0.5 1.93 1.86 3.51%
1 2.46 2.37 3.94%
2 3.22 3.11 3.45%
3 3.93 3.74 5.14%
4 4.60 432 6.58%
5 5.23 4.84 8.16%
6 5.84 5.31 9.96%
7 6.42 6.04 6.24%
8 6.98 6.58 6.06%
10 8.07 7.69 4.98%
15 10.60 10.13 4.62%
20 12.90 12.25 5.30%
25 15.00 14.69 2.12%
30 16.90 16.34 3.41%
35 19.40 18.15 6.92%
40 21.70 20.97 3.50%

MCNPS5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng),

Buildup Factor

0.15 MeV
25.00
20.00 . L
[ ]
&
15.00 7 . K « ANS BF
10.00 - = MCNP5 BF
&
&
5.00 i.l'
..
0-00 i T T T T
0 10 20 30 40 50
MFP

Figure 11q. MCNP5 vs. ANS Buildup Factor w/o CamrScattering, 0.15 MeV
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Table 9r. Buildup Factor w/ Coherent scatteringnitol5 MeV

Calculated
Buildup
MFP | Corr. Factor |ANS Standard ANS W/CS Factor % Difference
0.5 1.01 1.93 1.95 1.86 4.79%
1 1.01 2.46 2.48 2.37 4.78%
2 1.01 3.22 3.25 3.12 4.18%
3 1.00 3.93 3.93 3.75 4.93%
4 0.99 4.60 4,55 431 5.75%
5 0.99 5.23 5.18 4.82 7.45%
6 0.97 5.84 5.66 5.30 6.95%
7 0.96 6.42 6.16 5.73 7.47%
8 0.95 6.98 6.63 6.16 7.57%
10 0.92 8.07 7.42 7.24 2.50%
15 0.85 10.60 9.01 8.91 1.10%
20 0.77 12.90 9.93 9.67 2.71%
25 0.70 15.00 10.50 10.12 3.72%
30 0.62 16.90 10.48 10.68 1.89%
35 0.55 19.40 10.67 10.82 1.43%
40 0.48 21.70 10.42 10.97 5.01%
MCNPS5 vs. ANS Buildup Factor (w/Coherent Scattering ), 0.15
MeV
12.00
[ ]
10.00 PO S *
% 8.00 - . :
£ 600 R * ANS BF
= of = MCNP5 BF
S 4001 af
033 [
2.00
0.00 + ‘ ‘ ‘ ‘
0 10 20 30 40 50
MFP

Figure 11r. MCNP5 vs. ANS Buildup Factor w/ Colmr8cattering, 0.15 MeV
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Table 9s. Buildup Factor w/o Coherent scatteriog0.20 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 2.13 2.08 2.32%
1 2.94 2.89 1.68%
2 434 4.24 2.34%
3 5.72 5.50 4.05%
4 7.14 6.71 6.41%
5 8.58 8.38 2.37%
6 10.00 9.52 5.01%
7 11.50 10.87 5.80%
8 13.10 12.78 2.50%
10 16.10 15.99 0.68%
15 24.20 23.13 4.62%
20 32.50 30.31 7.21%
25 41.00 39.83 2.95%
30 49.80 48.74 2.18%
35 58.80 57.25 2.71%
40 68.10 65.81 3.48%

MCNP5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng),
0.20 MeV

80.00
70.00 s
60.00 -

50.00 &

40.00 Py

30.00 |

20.00

10.00 '...-'
0.00 2% ‘ ‘ ‘ ‘
0

10 20 30 40 50
MFP

¢ ANS BF
= MCNPS5 BF

Buildup Factor

Figure 11s. MCNP5 vs. ANS Buildup Factor w/o Ca@merScattering, 0.20 MeV
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Table 9t. Buildup Factor w/ Coherent scatteringnib20 MeV

Calculated
MFP | Corr. Factor | ANS Standard ANS W/CS Buildup Factor |% Difference
0.5 1.01 2.13 2.15 2.10 2.47%
1 1.00 2.94 2.94 2.89 1.69%
2 1.00 4.34 4.34 4.24 2.28%
3 1.00 5.72 5.72 5.49 4.10%
4 1.00 7.14 7.14 6.72 6.31%
5 0.99 8.58 8.49 7.92 7.22%
6 0.99 10.00 9.90 9.17 7.93%
7 0.98 11.50 11.27 10.38 8.61%
8 0.97 13.10 12.71 12.52 1.49%
10 0.96 16.10 15.46 15.01 2.99%
15 0.92 24.20 22.26 21.77 2.28%
20 0.86 32.50 27.95 26.89 3.94%
25 0.81 41.00 33.21 32.48 2.23%
30 0.75 49.80 37.35 36.85 1.36%
35 0.70 58.80 41.16 40.20 2.38%
40 0.64 68.10 43.58 42.90 1.59%
MCNP5 vs. ANS Buildup Factor (w/Coherent Scattering ), 0.20
MeV
50.00
45.00
40.00 P
5 3500 .‘
ks Z’g:gg 2 * ANS BF
2 2000 & = MCNP5 BF
3 15.00 -~
10.00 ...
5.00 | o0
0.00 £ ‘ ‘ ; ‘
0 10 20 30 40 50
MFP

Figure 11t. MCNP5 vs. ANS Buildup Factor w/ Coher8cattering, 0.20 MeV
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Table 9u. Buildup Factor w/o Coherent scatteriogi0.30 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 2.07 2.10 1.40%
1 3.08 3.09 0.30%
2 5.09 5.04 1.05%
3 7.23 7.08 2.06%
4 9.58 9.32 2.81%
5 12.10 11.73 3.15%
6 14.90 14.31 4.15%
7 17.90 17.06 4.,95%
8 21.00 19.90 5.52%
10 27.80 26.11 6.47%
15 47.60 46.61 2.12%
20 70.80 66.33 6.74%
25 97.20 96.83 0.38%
30 126.00 125.58 0.34%
35 158.00 154.72 2.12%
40 192.00 189.80 1.16%

MCNP5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng),
0.30 MeV

250.00

200.00 -
g [ §
§ 150.00 . « ANS BF
§ 100.00 | . = MCNP5 BF
@ s

50.00 - »
. ®
0.00 mms®®TT ‘ ‘ ‘
0 10 20 30 40 50
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Figure 11u. MCNP5 vs. ANS Buildup Factor w/o CamrScattering, 0.30 MeV
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Table 9v. Buildup Factor w/ Coherent scatteringnb30 MeV

Calculated
ANS Buildup
MFP | Corr. Factor | ANS Standard WICS Factor % Difference
0.5 1.01 2.07 2.09 2.09 0.21%
1 1.00 3.08 3.08 3.07 0.18%
2 1.00 5.09 5.09 5.02 1.36%
3 1.00 7.23 7.23 7.09 1.98%
4 1.00 9.58 9.58 9.31 2.92%
5 1.00 12.10 12.10 11.72 3.22%
6 0.99 14.90 14.75 14.30 3.13%
7 0.99 17.90 17.72 17.01 4.16%
8 0.99 21.00 20.79 19.90 4.45%
10 0.98 27.80 27.24 25.99 4.82%
15 0.96 47.60 45.70 43.14 5.92%
20 0.94 70.80 66.55 62.90 5.81%
25 0.92 97.20 89.42 87.36 2.36%
30 0.89 126.00 112.14 110.35 1.62%
35 0.87 158.00 137.46 134.31 2.34%
40 0.84 192.00 161.28 159.24 1.28%
MCNP5 vs. ANS Buildup Factor (w/Coherent Scattering ), 0.30
MeV
180.00
160.00 - ®
_ 140.00 -
S 120.00
o »
§ 100.00 s * ANS BF
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=  60.00 ¢
@ 40.00 t
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Figure 11v. MCNP5 vs. ANS Buildup Factor w/ Colar8cattering, 0.30 MeV
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Table 9w. Buildup Factor w/o Coherent scatteriruyi0.40 MeV

Calculated

MFP | ANS Standard Buildup Factor | % Difference
0.5 1.91 1.95 2.26%
1 2.86 2.90 1.54%
2 4.90 4.88 0.39%
3 7.17 7.11 0.82%
4 9.75 9.62 1.36%
5 12.70 12.45 1.99%
6 15.90 15.51 2.53%
7 19.40 18.88 2.77%
8 23.30 22.54 3.38%
10 31.90 30.55 4.41%
15 58.60 56.49 3.73%
20 92.30 89.81 2.77%
25 133.00 129.92 2.37%
30 180.00 176.25 2.13%
35 233.00 224.19 3.93%
40 292.00 281.23 3.83%

MCNP5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng),
0.40 MeV

350.00
300.00 - .
250.00

200.00 ¢ ANS BF
150.00 - = MCNPS5 BF

Buildup Factor

100.00 .
50.00 »

»
0.00 '“!'-. ‘ ‘ T T
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Figure 11w. MCNP5 vs. ANS Buildup Factor w/o Comr8cattering, 0.40 MeV
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Table 9x. Buildup Factor w/ Coherent scatteringntb40 MeV

Calculated
MFP | Corr. Factor | ANS Standard |ANS W/CS Buildup Factor |% Difference
0.5 1.01 191 1.93 1.95 1.31%
1 1.00 2.86 2.86 2.88 0.78%
2 1.00 4.90 4.90 4.88 0.33%
3 1.00 7.17 7.17 7.13 0.54%
4 1.00 9.75 9.75 9.61 1.42%
5 1.00 12.70 12.70 12.48 1.78%
6 1.00 15.90 15.90 15.54 2.33%
7 1.00 19.40 19.40 18.90 2.65%
8 1.00 23.30 23.30 22.61 3.07%
10 0.99 31.90 31.58 30.66 3.01%
15 0.99 58.60 58.01 54.58 6.29%
20 0.97 92.30 89.53 84.87 5.49%
25 0.96 133.00 127.68 118.25 7.98%
30 0.95 180.00 171.00 167.43 2.13%
35 0.95 233.00 221.35 217.61 1.72%
40 0.94 292.00 274.48 268.92 2.07%
MCNP5 vs. ANS Buildup Factor (w/ Coherent Scatterin  g),
0.40 MeV
300.00
[ §
250.00
. ®
% 200.00
3 150.00 _ [ ¢ ANS BF
‘%-% y = MCNP5 BF
E 100.00 - s
50.00 - . L
0.00 wpnsst®® ‘ ‘ ‘
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Figure 11x. MCNP5 vs. ANS Buildup Factor w/ Cohér8nattering, 0.40 MeV
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Table 9y. Buildup Factor w/o Coherent scatterirmgi0.50 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.79 1.84 2.65%
1 2.66 2.70 1.62%
2 457 459 0.51%
3 6.75 6.77 0.22%
4 9.25 9.25 0.01%
5 12.10 12.06 0.35%
6 15.30 15.16 0.92%
7 18.80 18.63 0.92%
8 22.70 22.26 1.97%
10 31.40 30.46 3.09%
15 58.80 56.05 4.90%
20 93.90 92.17 1.88%
25 136.00 134.43 1.17%
30 186.00 183.47 1.38%
35 242.00 238.53 1.45%
40 305.00 298.12 2.31%

MCNP5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng),
0.5 MeV

350.00
300.00 - [ §

250.00 -

200.00 & ANS BF
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Figure 11y. MCNP5 vs. ANS Buildup Factor w/o Comgr8cattering, 0.50 MeV
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Table 9z. Buildup Factor w/ Coherent scatteringn16050 MeV

Calculated
Buildup
MFP | Corr. Factor |ANS Standard ANS W/CS Factor % Difference
0.5 1.00 1.79 1.79 1.84 2.96%
1 1.00 2.66 2.66 2.70 1.51%
2 1.00 4.57 4.57 4.59 0.53%
3 1.00 6.75 6.75 6.77 0.26%
4 1.00 9.25 9.25 9.24 0.07%
5 1.00 12.10 12.10 12.06 0.37%
6 1.00 15.30 15.30 15.16 0.90%
7 1.00 18.80 18.80 18.56 1.29%
8 1.00 22.70 22.70 22.20 2.25%
10 1.00 31.40 31.40 30.50 2.94%
15 0.99 58.80 58.21 55.98 3.98%
20 0.99 93.90 92.96 87.78 5.90%
25 0.98 136.00 133.28 127.19 4.79%
30 0.98 186.00 182.28 178.28 2.24%
35 0.98 242.00 237.16 234.30 1.22%
40 0.98 305.00 298.90 291.79 2.44%
MCNP5 vs. ANS Buildup Factor (w/ Coherent Scatterin @),
0.50 MeV
350.00
300.00 - Py
§ 250.00 =
..% 200.00 2  ANS BF
S 150.00 - = MCNP5 BF
ke [ |
@ 100.00 N
50.00 - »
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Figure 11z. MCNP5 vs. ANS Buildup Factor w/ Coher®ecattering, 0.50 MeV
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Table 9aa. Buildup Factor w/o Coherent scattenng-D.60 MeV

Calculated
Buildup

MFP | ANS Standard Factor % Difference
0.5 1.71 1.75 2.22%
1 2.50 2.54 1.73%
2 4.27 4.30 0.65%
3 6.30 6.33 0.44%
4 8.65 8.68 0.31%
5 11.30 11.32 0.19%
6 14.30 14.23 0.49%
7 17.70 17.48 1.27%
8 21.30 21.01 1.39%
10 29.40 28.77 2.20%
15 55.00 52.66 4.45%
20 87.40 86.45 1.10%
25 127.00 124.11 2.33%
30 172.00 168.82 1.88%
35 223.00 219.28 1.70%
40 280.00 274.57 1.98%

MCNP5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng),
0.60 MeV
300.00
[
250.00
I .
S 200.00
& * o ANS BF
= 150.00 -
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= 100.00 -
m
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® »
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Figure 11aa. MCNP5 vs. ANS Buildup Factor w/o CenéiScattering, 0.60 MeV
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Table 9bb. Buildup Factor w/ Coherent scatterirogi0.60 MeV

Calculated
MFP | Corr. Factor | ANS Standard ANS W/CS Buildup Factor % Difference
0.5 1.01 1.71 1.73 1.82 4.91%
1 1.00 2.50 2.50 2.59 3.62%
2 1.00 4.27 4.27 4.35 1.79%
3 1.00 6.30 6.30 6.38 1.22%
4 1.00 8.65 8.65 8.73 0.88%
5 1.00 11.30 11.30 11.37 0.63%
6 1.00 14.30 14.30 14.28 0.14%
7 1.00 17.70 17.70 17.53 0.98%
8 0.99 21.30 21.09 20.85 1.14%
10 1.00 29.40 29.40 28.82 2.02%
15 0.99 55.00 54.45 52.18 4.35%
20 1.00 87.40 87.40 86.50 1.04%
25 0.99 127.00 125.73 122.92 2.29%
30 0.99 172.00 170.28 167.18 1.85%
35 1.00 223.00 223.00 219.33 1.67%
40 1.01 280.00 282.80 277.37 1.96%
MCNP5 vs. ANS Buildup Factor (w/Coherent Scattering ), 0.60
MeV
300.00
[ §
250.00
o ®
S 200.00
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L 150.00
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Figure 11bb. MCNP5 vs. ANS Buildup Factor w/ Colmer&cattering, 0.60 MeV

107



Table 9cc. Buildup Factor w/o Coherent scatternog-40.80 MeV

0.80 MeV Buildup Factors (No Coherent Scattering)
Calculated
BUILDUP
MFP | ANS Standard FACTOR % Difference
0.5 1.60 1.56 2.56%
1 2.28 2.24 1.79%
2 3.81 3.75 1.69%
3 5.57 5.52 0.88%
4 7.60 7.52 1.05%
5 9.88 9.58 3.15%
6 12.40 12.01 3.22%
7 15.20 14.85 2.36%
8 18.20 17.14 6.17%
10 24.90 22.93 8.59%
15 45.30 43.45 4.26%
20 70.40 68.23 3.18%
25 99.80 97.67 2.18%
30 133.00 129.61 2.62%
35 170.00 167.21 1.67%
40 211.00 208.52 1.19%

MCNPS5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng), 0.80

Buildup Factor

MeV
250.00
200.00 L]
[ ]
150.00 . + ANS BF
100.00 > m MCNP5 BF
»
50.00 -
0.00 imenneses :
0 10 20 30 40 50
MFP

Figure 11cc. MCNP5 vs. ANS Buildup Factor w/o CamgrScattering, 0.80 MeV
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Table 9dd. Buildup Factor w/ Coherent scatterirogi0.80 MeV

0.80 MeV Buildup Factors (Coherent Scattering)
Calculated
BUILDUP
MFP | Corr. Factor | ANS Standard ANS W/CS FACTOR % Difference
0.5 1.01 1.60 1.62 1.61 0.62%
1 1.00 2.28 2.28 2.26 0.88%
2 1.00 3.81 3.81 3.76 1.44%
3 1.00 5.57 5.57 5.54 0.49%
4 1.00 7.60 7.60 7.57 0.44%
5 1.00 9.88 9.88 9.65 2.43%
6 1.00 12.40 12.40 12.15 2.06%
7 1.00 15.20 15.20 14.65 3.75%
8 1.00 18.20 18.20 17.45 4.30%
10 1.00 24.90 24.90 23.89 4.23%
15 1.00 45.30 45.30 42.57 6.41%
20 1.00 70.40 70.40 68.35 3.00%
25 1.01 99.80 100.80 97.31 3.58%
30 1.01 133.00 134.33 131.28 2.32%
35 1.03 170.00 175.10 173.29 1.04%
40 1.03 211.00 217.33 213.81 1.65%
MCNP5 vs. ANS Buildup Factor(w/ Coherent Scattering ), 0.80
MeV
250.00
_200.00 e
o
E 150.00 = ¢ ANS BF
g 100.00 PS = MCNP5 BF
= .
@  50.00 ~
0.00 mnnnsss ‘ ‘ :
0 10 20 30 40 50
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Figure 11dd. MCNP5 vs. ANS Buildup Factor w/ Colmer&cattering, 0.80 MeV
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Table 9ee. Buildup Factor w/o Coherent scattenng-1L.00 MeV

Calculated

MFP | ANS Standard Buildup Factor | % Difference
0.5 1.53 1.58 3.0%
1 2.14 2.19 2.4%
2 35 3.56 1.8%
3 5.04 5.13 1.8%
4 6.79 6.92 1.9%
5 8.74 8.90 1.8%
6 10.9 11.03 1.1%
7 13.2 13.36 1.2%
8 15.7 15.81 0.7%
10 21.1 21.22 0.5%
15 37.1 37.01 0.2%
20 56.2 56.03 0.3%
25 77.9 77.51 0.5%
30 102 100.03 2.0%
35 128 123.11 4.0%
40 156 148.79 4.8%

MCNPS5 vs. ANS Buildup Factor (w/o Coherent Scatteri  ng), 1.00
MeV

180
160
140 i
120 £
100 » « ANS BF
80 » = MCNP5 BF
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20 o ®
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Buildup Factor

MFP

Figure 11ee. MCNP5 vs. ANS Buildup Factor w/o CeheiScattering, 1.00 MeV
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Table 9ff. Buildup Factor w/ Coherent scatteringnkl.00 MeV

Calculated
MFP | Corr. Factor | ANS Standard |ANS W/CS Buildup Factor % Difference
0.5 1.00 1.53 1.53 1.6 3.1%
1 1.00 2.14 2.14 2.2 2.3%
2 1.00 3.5 3.5 3.6 1.7%
3 1.00 5.04 5.04 5.1 2.0%
4 1.00 6.79 6.79 6.9 1.9%
5 1.00 8.74 8.74 8.9 1.7%
6 1.00 10.9 10.9 11.0 1.1%
7 1.00 13.2 13.2 13.4 1.3%
8 1.00 15.7 15.7 15.9 1.2%
10 1.00 21.1 21.1 21.3 1.1%
15 1.00 37.1 37.1 37.2 0.2%
20 1.00 56.2 56.2 55.5 1.2%
25 1.01 77.9 78.679 76.3 3.1%
30 1.01 102 103.02 99.6 3.4%
35 1.02 128 130.56 128.1 1.9%
40 1.03 156 160.68 154.2 4.2%
MCNP5 vs. ANS Buildup Factor (w/Coherent Scattering ), 1.00
MeV
180
160 #
_ 140
£ 120
$ 100 3 & ANS BF
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Figure 11ff. MCNP5 vs. ANS Buildup Factor w/ Cohar&cattering, 1.00 MeV
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Table 9gg. Buildup Factor, Iron-1.50 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.45 1.49 2.72%
1 1.95 2.01 2.83%
2 3.03 3.12 2.85%
3 4.23 4.35 2.69%
4 5.54 5.70 2.82%
5 6.95 7.15 2.80%
6 8.47 8.69 2.54%
7 10.1 10.37 2.60%
8 11.8 12.04 1.96%
10 15.3 15.68 2.40%
15 25.4 25.91 1.95%
20 36.8 37.96 3.05%
25 49.2 50.17 1.93%
30 62.6 63.22 0.97%
35 76.8 76.95 0.20%
40 91.6 87.44 4.76%

Buildup Factor
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MNCP5 vs. ANS Buildup Factor, 1.50 MeV
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Figure 11gg. MCNP5 vs. ANS Buildup Factor, 1.50 MeV
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Table 9hh. Buildup Factor, Iron-2.00 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.4 1.45 3.16%
1 1.84 1.90 3.31%
2 2.76 2.86 3.35%
3 3.74 3.88 3.54%
4 4.8 4,98 3.61%
5 5.93 6.16 3.79%
6 7.12 7.41 3.85%
7 8.37 8.70 3.80%
8 9.67 10.07 3.96%
10 12.4 12.97 4.37%
15 20 20.91 4.33%
20 28.5 29.80 4.35%
25 37.7 39.31 4.10%
30 47.4 49.90 5.01%
35 57.7 60.23 4.20%
40 68.4 68.10 0.44%

Buildup Factor

MCNP5 vs. ANS Buildup Factor, 2.00 MeV
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Figure 11hh MCNP5 vs. ANS Buildup Factor, 2.00 MeV

113




Table 9ii. Buildup Factor, Iron-3.00 MeV

Calculated
Buildup

MFP | ANS Standard Factor % Difference
0.5 1.35 1.37 1.46%
1 1.7 1.72 1.16%
2 2.39 2.43 1.65%
3 3.1 3.12 0.70%
4 3.86 3.90 1.03%
5 4.66 4.69 0.64%
6 5.51 5.55 0.72%
7 6.39 6.47 1.24%
8 7.3 7.45 2.01%
10 9.23 9.35 1.28%
15 14.5 14.95 3.01%
20 20.4 21.46 4.94%
25 26.7 27.05 1.29%
30 33.3 33.89 1.74%
35 40.4 41.02 1.51%
40 47.8 50.12 4.63%
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Figure 11ii. MCNPS5 vs. ANS Buildup Factor, 3.00 MeV
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Table 9jj. Buildup Factor, Iron- 4.00 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.31 1.33 1.84%
1 1.59 1.62 2.06%
2 2.12 2.14 1.10%
3 2.68 2.71 1.20%
4 3.27 3.32 1.62%
5 3.89 3.93 1.07%
6 455 459 0.89%
7 5.23 5.29 1.06%
8 5.95 6.13 3.00%
10 7.46 7.68 2.84%
15 11.7 12.01 2.58%
20 16.4 15.94 2.89%
25 21.6 20.67 4.48%
30 27 26.14 3.30%
35 325 31.33 3.73%
40 37.9 36.98 2.49%
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Figure 11jj. MCNPS5 vs. ANS Buildup Factor, 4.00 MeV
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Table 9kk. Buildup Factor, Iron-5.00 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 1.26 1.27 0.87%
1 1.49 1.51 1.32%
2 1.93 1.94 0.67%
3 2.39 2.43 1.65%
4 2.86 2.82 1.60%
5 3.37 3.31 1.81%
6 3.91 3.87 1.16%
7 4.47 4.41 1.31%
8 5.07 5.13 1.17%
10 6.33 6.43 1.62%
15 9.92 10.05 1.29%
20 14.1 13.88 1.62%
25 18.7 18.21 2.69%
30 23.7 23.08 2.71%
35 28.9 28.10 2.85%
40 34 33.10 2.72%

Buildup Factor

N
o

MCNP5 vs. ANS Buildup Factor, 5.00 MeV

N W W
g O O
L L

=N
o1 O
L

¢ ANS BF
= MCNP5

=
o U1 O
N ! |

o

5 10

15 20

25 30
MFP

35

40

45

Figure 11kk. MCNPS5 vs. ANS Buildup Factor, 5.00 MeV

116




Table 9Il. Buildup Factor, Iron-6.00 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.22 1.24 1.85%
1 1.42 1.46 3.01%
2 1.79 1.82 1.70%
3 2.17 2.21 1.90%
4 2.57 2.61 1.62%
5 2.99 3.05 1.84%
6 3.45 3.51 1.77%
7 3.93 3.98 1.33%
8 4.44 451 1.55%
10 5.54 5.63 1.63%
15 8.72 8.57 1.75%
20 12.5 12.22 2.29%
25 16.9 16.43 2.86%
30 21.7 21.12 2.75%
35 26.8 26.17 2.41%
40 32.1 30.90 3.88%

Buildup Factor

MCNP5 vs. ANS Buildup Factor, 6.00 MeV
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Table 9mm. Buildup Factor, Iron-8.00 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.18 1.20 1.67%
1 1.33 1.35 1.48%
2 1.6 1.62 1.23%
3 1.88 1.90 1.05%
4 2.17 2.20 1.50%
5 2.5 2.54 1.40%
6 2.85 2.89 1.38%
7 3.22 3.26 1.23%
8 3.62 3.69 1.82%
10 4.5 4.62 2.66%
15 7.18 7.05 1.84%
20 10.6 10.45 1.41%
25 14.8 14.43 2.55%
30 19.8 19.20 3.13%
35 25.6 24.86 2.98%
40 32.4 31.45 3.02%

Buildup Factor
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Table 9nn. Buildup Factor, Iron-10.0 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.15 1.16 1.03%
1 1.27 1.31 3.05%
2 1.48 1.51 1.99%
3 1.69 1.72 1.74%
4 1.93 1.98 2.33%
5 2.19 2.21 0.90%
6 2.47 2.49 0.68%
7 2.78 2.80 0.71%
8 3.12 3.14 0.64%
10 3.87 3.76 2.82%
15 6.29 6.19 1.57%
20 9.59 9.48 1.20%
25 14 13.89 0.79%
30 19.6 19.20 2.08%
35 26.7 26.30 1.52%
40 35.4 34.69 2.03%
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Table 900. Buildup Factor, Iron-15.0 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.1 1.12 1.79%
1 1.18 1.21 2.48%
2 1.31 1.34 1.87%
3 1.44 1.49 3.29%
4 1.59 1.64 3.05%
5 1.76 1.80 2.11%
6 1.96 2.02 3.11%
7 2.17 2.23 2.86%
8 2.42 2.51 3.67%
10 2.99 3.13 4.59%
15 5.06 5.13 1.27%
20 8.44 8.15 3.56%
25 13.8 13.23 4.31%
30 22.2 21.24 4.51%
35 35 34.36 1.86%
40 54.1 51.24 5.58%
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120




MCNPS5 CALCULATED BUILDUP FACTORS —WATER

Table 10a. Buildup Factor, Water-0.015 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.13 1.13 0.39%
1 1.19 1.18 0.73%
2 1.28 1.24 3.03%
3 1.34 1.30 3.00%
4 1.4 1.38 1.58%
5 1.44 1.41 1.98%
6 1.48 1.46 1.58%
7 1.51 1.49 1.26%
8 1.54 1.52 1.01%
10 1.59 1.57 1.15%
15 1.69 1.65 2.23%
20 1.77 1.72 2.73%
25 1.83 1.79 2.12%
30 1.88 1.86 1.23%
35 1.93 1.90 1.84%
40 1.96 1.91 2.51%

Buildup Factor

MCNPS5 vs. ANS Buildup Factor, 0.015 MeV
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Figure 12a. MCNP5 vs. ANS Buildup Factor, 0.015 MeV
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Table 10b. Buildup Factor, Water-0.02 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.29 1.31 1.68%
1 1.45 1.42 2.04%
2 1.7 1.64 3.53%
3 1.89 1.85 1.93%
4 2.05 2.01 1.88%
5 2.19 2.14 2.28%
6 2.31 2.29 0.82%
7 2.43 2.37 2.48%
8 2.53 2.41 4.,98%
10 2.72 2.69 1.24%
15 3.13 2.99 4.79%
20 3.47 3.32 4.62%
25 3.76 3.56 5.58%
30 4.03 3.96 1.71%
35 4.25 413 2.96%
40 4.43 4.38 1.10%

Buildup Factor

MCNPS5 vs. ANS Buildup Factor, 0.020 MeV
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Figure 12b. MCNP5 vs. ANS Buildup Factor, 0.020 MeV
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Table 10c. Buildup Factor, Water-0.03 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 1.81 1.78 1.69%
1 2.43 2.40 1.30%
2 3.46 3.41 1.47%
3 4.41 4,32 1.99%
4 5.32 5.21 2.05%
5 6.18 6.11 1.11%
6 7.01 6.84 2.44%
7 7.81 7.62 2.45%
8 8.61 8.32 3.47%
10 10.2 9.67 5.44%
15 14.1 13.48 4.64%
20 18.1 17.72 2.12%
25 22.3 21.13 5.54%
30 26.7 25.79 3.53%
35 31.3 29.39 6.50%
40 35.9 30.74 16.78%
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Figure 12c. MCNP5 vs. ANS Buildup Factor, 0.03 MeV
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Table 10d. Buildup Factor, Water-0.04 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 2.27 2.21 2.71%
1 3.58 3.54 1.04%
2 6.41 6.34 1.09%
3 9.50 9.24 2.80%
4 12.80 12.51 2.32%
5 16.30 15.71 3.76%
6 19.90 19.10 4.19%
7 23.80 22.73 4.71%
8 27.80 26.79 3.76%
10 36.50 34.91 4.55%
15 61.60 58.37 5.53%
20 92.10 89.72 2.65%
25 128.00 124.83 2.54%
30 169.00 158.21 6.82%
35 216.00 208.17 3.76%
40 269.00 258.90 3.90%

Buildup Factor
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Figure 12d. MCNP5 vs. ANS Buildup Factor, 0.04 MeV
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Table 10e. Buildup Factor, Water-0.05 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 2.55 2.45 4.08%
1 451 4.24 6.37%
2 9.49 8.97 5.80%
3 15.70 14.82 5.94%
4 23.20 21.92 5.84%
5 31.80 29.31 8.50%
6 41.60 38.49 8.08%
7 52.60 49.32 6.65%
8 64.90 60.13 7.93%
10 93.30 89.37 4.40%
15 190.00 182.35 4.20%
20 331.00 312.12 6.05%
25 525.00 502.43 4.49%
30 779.00 718.21 8.46%
35 1100.00 1011.73 8.72%
40 1510.00 1381.34 9.31%

Buildup Factor
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Figure 12e. MCNP5 vs. ANS Buildup Factor, 0.05 MeV




Table 10f. Buildup Factor, Water-0.06 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 2.63 2.59 1.39%
1 4.94 4,72 4.64%
2 1.50 1.38 8.70%
3 20.60 18.43 11.80%
4 32.40 30.23 7.20%
5 46.90 4473 4.86%
6 64.30 62.13 3.50%
7 84.80 82.19 3.17%
8 109.00 104.28 4.53%
10 167.00 156.83 6.48%
15 390.00 365.71 6.64%
20 758.00 729.37 3.93%
25 1320.00 1283.46 2.85%
30 2140.00 1948.83 9.81%
35 3270.00 3042.13 7.49%
40 4820.00 4479.34 7.61%

Buildup Factor

MCNP5 vs. ANS Buildup Factor, 0.06 MeV
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Figure 12f. MCNP5 vs. ANS Buildup Factor, 0.06 MeV
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Table 10g. Buildup Factor, Water-0.08 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 2.54 2.49 1.89%
1 4.93 4.83 2.05%
2 12.50 11.73 6.56%
3 24.30 22.76 6.78%
4 40.80 38.42 6.19%
5 62.70 58.63 6.94%
6 90.60 84.21 7.59%
7 125.00 115.82 7.93%
8 167.00 156.32 6.83%
10 278.00 262.35 5.97%
15 754.00 716.28 5.27%
20 1650.00 1593.72 3.53%
25 3160.00 3071.73 2.87%
30 5560.00 5283.29 5.24%
35 9190.00 8783.47 4.63%
40 14500.00 13652.38 6.21%
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Figure 12g. MCNP5 vs. ANS Buildup Factor, 0.08 MeV
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Table 10h. Buildup Factor, Water-0.10 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 2.36 2.34 0.89%
1 4,52 4.47 1.04%
2 11.70 11.02 5.80%
3 23.50 22.43 4.55%
4 40.60 38.76 4.53%
5 64.00 60.49 5.49%
6 94.80 89.15 5.97%
7 134.00 126.32 5.73%
8 183.00 176.23 3.70%
10 314.00 289.47 7.81%
15 917.00 892.17 2.71%
20 2120.00 2003.82 5.48%
25 4260.00 3975.25 6.68%
30 7780.00 7174.87 7.78%
35 13100.00 11993.81 8.44%
40 20300.00 18823.91 7.27%

Buildup Factor
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25000.00

20000.00 - *

15000.00
o ANS Standard

= MCNPS5 BF

e

10000.00

5000.00 -

0.00 - wessvsss_B T T T
0 10 20 30 40 50

MFP

Figure 12h. MCNP5 vs. ANS Buildup Factor, 0.10 MeV
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Table 10i. Buildup Factor, Water-0.15 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 2.07 2.12 2.24%
1 3.91 3.72 5.24%
2 9.36 9.78 4.28%
3 18.60 18.73 0.69%
4 32.50 32.32 0.56%
5 52.00 51.54 0.89%
6 77.90 77.45 0.58%
7 111.00 110.05 0.86%
8 153.00 150.87 1.41%
10 268.00 258.92 3.50%
15 805.00 745.52 7.98%
20 1890.00 1762.36 7.24%
25 3840.00 3654.91 5.06%
30 7050.00 6954.18 1.38%
35 12100.00 11889.41 1.77%
40 19600.00 18887.21 3.77%

Buildup Factor
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25000.00

20000.00 3

15000.00 - « ANS BF
= MCNPS BF

10000.00

5000.00

0.00 -wesnusss L j ‘ ‘
0 10 20 30 40 50

MFP

Figure 12i. MCNP5 vs. ANS Buildup Factor, 0.15 MeV
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Table 10j. Buildup Factor, Water-0.2 MeV

Calculated
MFP | ANS Standard Buildup Factor |% Difference
0.5 1.92 1.96 2.05%
1 3.42 3.35 2.13%
2 8.22 7.91 3.90%
3 15.70 15.06 4.28%
4 26.40 25.25 4.56%
5 41.30 39.42 4.78%
6 61.00 58.31 4.61%
7 86.20 79.62 8.27%
8 118.00 110.10 7.18%
10 202.00 192.39 5.00%
15 582.00 569.26 2.24%
20 1310.00 1265.67 3.50%
25 2580.00 2468.31 4.52%
30 4640.00 4482.17 3.52%
35 7890.00 7562.18 4.33%
40 12800.00 11824.56 8.25%
MCNP5 vs. ANS Buildup Factor , 0.20 MeV
14000.00
12000.00 :
_ 10000.00
S
L% 8000.00 s o ANS BF
_%‘ 6000.00 = MCNP5 BF
@ 4000.00 A
2000.00 L
»
0.00 eemsesnp_ @
0 10 20 30 40 50
MFP

Figure 12j. MCNP5 vs. ANS Buildup Factor, 0.20 MeV
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Table 10k. Buildup Factor, Water-0.30 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 1.75 1.69 3.31%
1 2.84 2.74 3.53%
2 6.25 5.86 6.58%
3 11.50 10.55 9.00%
4 19.00 18.05 5.26%
5 28.80 27.85 3.41%
6 41.20 40.25 2.36%
7 56.50 53.82 4.97%
8 75.00 71.92 4.28%
10 122.00 117.26 4.04%
15 318.00 308.26 3.16%
20 656.00 633.29 3.59%
25 1180.00 1134.42 4.02%
30 1930.00 1869.38 3.24%
35 2950.00 2823.42 4.48%
40 4280.00 4014.23 6.62%
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Figure 12k. MCNP5 vs. ANS Buildup Factor, 0.30 MeV
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Table 10I. Buildup Factor, Water-0.40 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 1.66 1.62 2.41%
1 2.60 2.57 1.15%
2 5.42 5.35 1.27%
3 9.56 9.24 3.38%
4 15.10 14.29 5.36%
5 22.20 21.35 3.81%
6 30.80 29.34 4.74%
7 41.10 38.94 5.25%
8 53.20 52.01 2.24%
10 83.20 78.43 5.73%
15 197.00 189.24 3.94%
20 377.00 367.31 2.57%
25 632.00 612.42 3.10%
30 972.00 889.13 8.53%
35 1400.00 1294.21 7.56%
40 1940.00 1792.10 7.62%
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Figure 12|. MCNP5 vs. ANS Buildup Factor, 0.40 MeV
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Table 10m. Buildup Factor, Water-0.50 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.61 1.66 3.30%
1 2.45 2.57 4.77%
2 4.87 5.06 3.79%
3 8.29 8.62 3.80%
4 12.70 13.18 3.64%
5 18.10 19.00 4.74%
6 24.60 25.39 3.10%
7 32.20 33.32 3.35%
8 40.80 4151 1.72%
10 61.80 61.88 0.13%
15 137.00 136.59 0.30%
20 247.00 244 57 0.99%
25 395.00 383.86 2.90%
30 582.00 554.83 4.90%
35 809.00 820.13 1.36%
40 1080.00 1003.10 7.67%
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Figure 12m. MCNP5 vs. ANS Buildup Factor, 0.50 MeV
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Table 10n. Buildup Factor, Water-0.60 MeV

Calculated
Buildup

MFP | ANS Standard Factor % Difference
0.5 1.71 1.58 8.23%
1 2.50 2.35 6.38%
2 4.27 4.02 6.22%
3 6.30 5.89 6.94%
4 8.65 8.02 7.86%
5 11.30 10.58 6.85%
6 14.30 13.83 3.42%
7 17.70 17.01 4.04%
8 21.30 20.87 2.06%
10 29.40 28.72 2.37%
15 55.00 52.87 4.03%
20 87.40 82.71 5.67%
25 127.00 121.81 4.26%
30 172.00 163.42 5.25%
35 223.00 212.61 4.89%
40 280.00 256.34 9.23%
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Figure 12n. MCNP5 vs. ANS Buildup Factor, 0.60 MeV
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Table 100. Buildup Factor, Water-0.80 MeV

Calculated
Buildup

MFP | ANS Standard Factor % Difference
0.5 1.51 1.56 3.21%
1 2.18 2.24 2.68%
2 3.96 3.75 5.69%
3 6.24 5.94 5.02%
4 8.96 8.64 3.68%
5 12.10 11.59 4.40%
6 15.60 14.82 5.24%
7 19.60 18.84 4.02%
8 24.00 22.89 4.84%
10 33.90 31.97 6.03%
15 65.60 61.87 6.03%
20 106.00 102.41 3.51%
25 156.00 161.62 3.48%
30 213.00 198.42 7.35%
35 277.00 259.34 6.81%
40 349.00 327.26 6.64%
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Figure 120. MCNP5 vs. ANS Buildup Factor, 0.80 MeV
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Table 10p. Buildup Factor, Water-1.00 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 1.47 1.61 8.58%
1 2.08 2.18 4.73%
2 3.62 3.83 5.57%
3 5.5 5.78 4.87%
4 7.66 8.12 5.64%
5 10.1 10.72 5.81%
6 12.8 13.38 4.31%
7 15.7 16.61 5.46%
8 18.9 19.66 3.88%
10 26 26.96 3.55%
15 47.4 48.66 2.60%
20 73.5 80.69 8.91%
25 104 107.59 3.33%
30 138 139.63 1.17%
35 175 176.84 1.04%
40 214 196.47 8.92%
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Figure 12p. MCNP5 vs. ANS Buildup Factor, 1.00 MeV
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Table 10q. Buildup Factor, Water-1.50 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 1.42 1.49 4.74%
1 1.93 2.01 3.83%
2 3.11 3.12 0.28%
3 4.44 4.35 2.15%
4 5.9 5.70 3.50%
5 7.47 7.15 4.47%
6 9.14 8.69 5.17%
7 10.9 10.37 5.12%
8 12.8 12.04 6.35%
10 16.8 15.68 7.17%
15 27.9 25.91 7.70%
20 40.4 37.96 6.43%
25 54.1 50.17 7.84%
30 68.8 63.22 8.83%
35 84.4 76.95 9.67%
40 101 87.44 15.51%

Buildup Factor

MNCP5 vs. ANS Buildup Factor, 1.50 MeV

120

100 ~ .

e

80 -

e

¢ ANS BF

60 -
s = MCNP5

40 &

0 5 10 15 20 25 30 35 40 45
MFP

Figure 12q. MCNP5 vs. ANS Buildup Factor, 1.50 MeV
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Table 10r. Buildup Factor, Water-2.00 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.38 1.45 4.55%
1 1.83 1.90 3.83%
2 2.82 2.86 1.24%
3 3.87 3.88 0.19%
4 4,99 4,98 0.20%
5 6.16 6.16 0.06%
6 7.38 7.41 0.34%
7 8.66 8.70 0.47%
8 9.97 10.07 0.98%
10 12.7 12.97 2.05%
15 20.1 20.91 3.85%
20 28 29.80 6.03%
25 36.4 39.31 7.40%
30 45.2 49.90 9.42%
35 54.3 60.23 9.85%
40 63.6 68.10 6.61%

Buildup Factor

MCNP5 vs. ANS Buildup Factor, 2.00 MeV
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Figure 12r. MCNP5 vs. ANS Buildup Factor, 2.00 MeV
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Table 10s. Buildup Factor, Water-3.00 MeV

Calculated
Buildup

MFP | ANS Standard Factor % Difference
0.5 1.34 1.37 2.19%
1 1.71 1.72 0.58%
2 2.47 2.43 1.65%
3 3.24 3.12 3.78%
4 4,01 3.90 2.82%
5 4.81 4.69 2.56%
6 5.62 5.55 1.26%
7 6.45 6.47 0.31%
8 7.28 7.45 2.28%
10 8.98 9.35 3.96%
15 13.4 13.64 1.76%
20 17.8 18.13 1.82%
25 22.4 23.19 3.41%
30 27.1 27.79 2.48%
35 31.8 33.42 4.85%
40 36.5 40.03 8.82%

Buildup Factor

MCNP5 vs. ANS Buildup Factor, 3.00 MeV
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Figure 12s. MCNP5 vs. ANS Buildup Factor, 3.00 MeV
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Table 10t. Buildup Factor, Water-4.00 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.31 1.33 1.84%
1 1.63 1.62 0.41%
2 2.26 2.14 5.43%
3 2.87 2.71 5.81%
4 3.48 3.32 4.69%
5 4.09 3.93 4.02%
6 471 459 2.59%
7 5.33 5.29 0.83%
8 5.95 6.13 3.00%
10 7.2 6.93 3.87%
15 10.3 10.64 3.22%
20 13.5 13.94 3.18%
25 16.6 17.63 5.84%
30 19.8 21.03 5.85%
35 23 24.37 5.62%
40 26.1 27.89 6.42%

Buildup Factor

MCNP5 vs. ANS Buildup Factor, 4.00 MeV
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Figure 12t. MCNP5 vs. ANS Buildup Factor, 4.00 MeV
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Table 10u. Buildup Factor, Water-5.00 MeV

Calculated
ANS Buildup %
MFP Standard Factor Difference
0.5 1.29 1.35 4.39%
1 1.57 1.69 7.32%
2 2.1 2.27 7.43%
3 2.62 2.85 7.92%
4 3.12 3.31 5.87%
5 3.63 3.87 6.29%
6 4.14 4.45 6.96%
7 4.64 4,99 7.07%
8 5.14 5.55 7.46%
10 6.14 6.69 8.19%
15 8.62 9.38 8.10%
20 11.1 12.01 7.55%
25 13.5 14.87 9.19%
30 15.9 17.24 7.76%
35 18.3 20.32 9.93%
40 20.7 21.51 3.76%

Buildup Factor

MCNP5 vs. ANS Buildup Factor, 5.00 MeV
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Figure 12u. MCNP5 vs. ANS Buildup Factor, 5.00 MeV
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Table 10v. Buildup Factor, Water-6.00 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.27 1.24 2.17%
1 1.55 1.46 5.87%
2 1.98 1.82 8.73%
3 2.43 2.21 9.86%
4 2.87 2.61 9.86%
5 3.31 3.05 8.67%
6 3.74 3.51 6.49%
7 416 3.98 4.44%
8 459 451 1.77%
10 5.43 5.63 3.59%
15 7.49 7.80 3.95%
20 9.52 9.92 4.04%
25 11.5 11.68 1.56%
30 13.5 14.18 4.80%
35 15.5 16.27 4.74%
40 17.9 19.78 9.51%

Buildup Factor

MCNP5 vs. ANS Buildup Factor, 6.00 MeV
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Figure 12v. MCNP5 vs. ANS Buildup Factor, 6.00 MeV
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Table 10w. Buildup Factor, Water-8.00 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.23 1.25 1.60%
1 1.44 1.46 1.37%
2 1.82 1.84 1.09%
3 2.17 2.19 0.91%
4 2.52 2.20 14.39%
5 2.86 2.54 12.79%
6 3.2 3.24 1.23%
7 3.53 3.57 1.12%
8 3.86 3.69 4.69%
10 451 4.62 2.44%
15 6.08 6.46 5.88%
20 7.61 7.92 3.93%
25 9.1 9.80 7.14%
30 10.6 11.40 7.02%
35 12.2 13.03 6.37%
40 14.1 15.14 6.87%

Buildup Factor

MNCP5 vs. ANS Buildup Factor, 8.00 MeV
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Figure 12w. MCNP5 vs. ANS Buildup Factor, 8.00 MeV
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Table 10x. Buildup Factor, Water-10.0 MeV

Calculated
Buildup
MFP | ANS Standard Factor % Difference
0.5 1.21 1.23 1.76%
1 1.38 1.44 4.30%
2 1.7 1.80 5.36%
3 2 2.14 6.40%
4 2.29 2.34 2.35%
5 2.57 2.67 3.60%
6 2.85 2.98 4.46%
7 3.13 3.29 4.75%
8 3.4 3.62 6.10%
10 3.94 4.20 6.23%
15 5.24 5.64 7.14%
20 6.51 7.03 7.37%
25 7.75 8.19 5.42%
30 8.97 9.75 7.98%
35 10.2 11.03 7.49%
40 11.3 12.34 8.44%

Buildup Factor
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Figure 12x. MCNP5 vs. ANS Buildup Factor, 10.0 MeV
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Table 10y. Buildup Factor, Water-15.0 MeV

Calculated
Buildup

MFP | ANS Standard Factor % Difference
0.5 1.16 1.15 0.94%
1 1.29 1.32 2.52%
2 1.51 1.53 1.06%
3 1.72 1.79 4.13%
4 1.93 2.06 6.20%
5 2.14 2.22 3.65%
6 2.34 2.48 5.83%
7 2.53 2.72 7.03%
8 2.73 2.98 8.38%
10 3.11 3.27 4.75%
15 4.04 417 3.16%
20 4.93 5.04 2.22%
25 5.81 5.95 2.39%
30 6.64 6.79 2.24%
35 7.42 7.82 5.13%
40 8.09 8.88 8.92%

Buildup Factor

[EnY
o

O RPN WM UIO N O ©

MCNPS5 vs. ANS Buildup Factor, 15.0 MeV

o8

¢ ANS BF

= MCNPS5 BF

20

MFP

30

40

50

Figure 12y. MCNP5 vs. ANS Buildup Factor, 15.0 MeV
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Table 11a. Buildup Factor Comparison w/ no Cohe8aatttering, Iron- 0.015 MeV

APPENDIX VI

COMPARISON OF CALCULATED BUILDUP FACTORS

No Coherent Scattering Iron-0.015 MeV

% Diff of % Diff of
ANS ASFIT | Calculated ASFIT & ASFIT & % Diff of
MFP | Standard | BF BF MCNP5 ANS MCNP5 & ANS
0.5 1 1.000 1.05 4.76% 0.00% 4.76%
1 1 1.000 1.05 5.05% 0.00% 5.05%
2 1.01 1.001 1.06 5.85% 0.90% 5.01%
3 1.01 1.003 1.06 5.77% 0.70% 5.12%
4 1.01 1.003 1.07 5.86% 0.68% 5.23%
5 1.01 1.004 1.07 5.90% 0.60% 5.34%
6 1.01 1.005 1.07 5.91% 0.50% 5.44%
7 1.01 1.006 1.08 7.09% 0.40% 6.72%
8 1.01 1.005 1.08 7.29% 0.50% 6.83%
10 1.01 1.007 1.09 7.21% 0.30% 6.94%
15 1.01 0.989 1.09 8.97% 2.12% 7.04%
20 1.01 0.986 1.09 9.35% 2.43% 7.15%
25 1.01 0.981 1.10 10.90% 2.94% 8.28%
30 1.01 0.980 1.10 11.11% 3.06% 8.38%
35 1.01 0.980 1.10 11.20% 3.06% 8.49%
40 1.01 0.992 1.10 10.22% 1.81% 8.59%
Comparison of MCNP5, ASFIT, & ANS Buildup
Factor
1.12
11
5 1.08
'%' 1.06 - + ANS BF
o 1041 = ASFIT BF
3 102 wse o o e e e e MCNP5 BF
o 1 wuns . . .
0.98 —
0.96 ‘ : : :
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MFP

Figure 13a. Buildup Factor Comparison w/ no CohteSsattering, Iron- 0.015 MeV

146




Table 11b. Buildup Factor Comparison w/ ho CoheBadttering, Iron- 0.15 MeV

No Coherent Scattering Iron-0.15 MeV
% Diff | % Diff
of of % Diff
ASFIT | ASFIT of

ANS ASFIT | Calculated & & MCNP5

MFP | Standard BF BF MCNP5 | ANS | & ANS
0.5 1.93 1.89 1.86 141% | 2.06% | 3.51%
1 2.46 2.51 2.37 6.05% | 1.99% | 3.94%
2 3.22 3.18 3.11 2.10% | 1.32% | 3.45%
3 3.93 3.87 3.74 3.62% | 1.47% | 5.14%
4 4.60 4.48 4.32 3.84% | 2.63% | 6.58%
5 5.23 5.08 4.84 4.96% | 3.05% | 8.16%
6 5.84 5.69 5.31 7.18% | 2.60% | 9.96%
7 6.42 6.36 6.04 5.31% | 0.88% | 6.24%
8 6.98 7.02 6.58 6.67% | 0.57% | 6.06%
10 8.07 8.16 7.69 6.19% | 1.14% | 4.98%
15 10.60 11.27 10.13 11.23% | 5.94% | 4.62%
20 12.90 13.53 12.25 10.44% | 4.66% | 5.30%
25 15.00 15.64 14.69 6.49% | 4.11% | 2.12%
30 16.90 17.08 16.34 4.52% | 1.05% | 3.41%
35 19.40 20.09 18.15 10.72% | 3.44% | 6.92%
40 21.70 22.43 20.97 6.98% | 3.25% | 3.50%

Comparison of ANS, ASFIT, and MCNP5
Buildup Factor

25.00

S
g 20.00 / NS BF
& 15.00
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Figure 13b. Buildup Factor Comparison w/ no Cohe8aattering, Iron- 0.15 MeV
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Table 11c. Buildup Factor Comparison w/ no Cohe8adttering, Iron- 1.5 MeV

No Coherent Scattering Iron-1.5 MeV
% Diff of % Diff of % Diff of
ANS ASFIT Calculated ASFIT & ASFIT & MCNP5 &

MFP Standard | BF BF MCNP5 ANS ANS
0.50 1.45 1.44 1.49 3.51% 0.69% 2.72%
1.00 1.95 1.90 2.01 5.56% 2.58% 2.83%
2.00 3.03 2.97 3.12 4,90% 1.92% 2.85%
3.00 4.23 4.20 4.35 3.47% 0.69% 2.69%
4.00 5.54 5.58 5.70 2.11% 0.77% 2.82%
5.00 6.95 7.06 7.15 1.23% 1.60% 2.80%
6.00 8.47 8.56 8.69 1.53% 1.05% 2.54%
7.00 10.1 10.31 10.37 0.58% 2.04% 2.60%
8.00 11.8 12.09 12.04 0.45% 2.40% 1.96%
10.00 15.3 15.38 15.68 1.92% 0.52% 2.40%
15.00 25.4 27.12 25.91 4.48% 6.34% 1.95%
20.00 36.8 38.87 37.96 2.35% 5.33% 3.05%
25.00 49.2 51.93 50.17 3.40% 5.26% 1.93%
30.00 62.6 65.83 63.22 3.97% 4.91% 0.97%
35.00 76.8 79.65 76.95 3.38% 3.58% 0.20%
40.00 91.6 94.67 87.44 7.64% 3.24% 4,76%

Comparison of ASFIT, MCNP5, & ANS
Buildup Factor

. 100
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e 80 e —— ANS BF
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Figure 13c. Buildup Factor Comparison w/ no Cohe8aattering, Iron- 1.5 MeV
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Table 11d. Buildup Factor Comparison w/ ho CoheBadttering, Iron- 15.0 MeV

Buildup Factor Comparison Iron-15.0 MeV
% Diff
of % Diff
ASFIT of % Diff of
ANS ASFIT | Calculated & ASFIT MCNP5 &

MFP | Standard BF BF MCNP5 | & ANS ANS
0.50 1.1 1.07 1.12 4.73% 3.09% 1.79%
1.00 1.18 1.19 1.21 1.65% 0.84% 2.48%
2.00 131 1.33 1.34 0.37% 1.50% 1.87%
3.00 1.44 1.51 1.49 1.41% 4.64% 3.29%
4.00 1.59 1.62 1.64 1.22% 1.85% 3.05%
5.00 1.76 1.79 1.80 0.44% 1.68% 2.11%
6.00 1.96 2.03 2.02 0.35% 3.45% 3.11%
7.00 2.17 2.21 2.23 1.07% 1.81% 2.86%
8.00 2.42 2.45 251 2.32% 1.39% 3.67%
10.00 2.99 3.02 3.13 3.61% 1.03% 4.59%
15.00 5.06 5.11 5.13 0.25% 1.02% 1.27%
20.00 8.44 8.49 8.15 4.17% 0.59% 3.56%
25.00 13.8 14.12 13.23 6.73% 2.27% 4.31%
30.00 22.2 21.74 21.24 2.34% 2.12% 4.51%
35.00 35 34.08 34.36 0.81% 2.70% 1.86%
40.00 54.1 55.61 51.24 8.52% 2.72% 5.58%

Comparison of MCNP5, ASFIT, & ANS
Buildup Factor

60
5 90 - /
S 40 —— ANS BF
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Figure 13d. Buildup Factor Comparison w/ no Cohe8aattering, Iron- 15.0 MeV
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Table 11e Buildup Factor Comparison w/ no CoheS8aatttering, Water- 0.015 MeV

Buildup Factor Comparison H ,0-0.0150 MeV
% Diff % Diff
% Diff of of of
ANS ASFIT & ASFIT | MCNP5
MFP Standard ASFIT BF MCNP5 BF MCNP5 & ANS & ANS
0.50 1.13 1.11 1.13 1.74% 2.17% 0.39%
1.00 1.19 1.20 1.18 1.23% 0.50% 0.73%
2.00 1.28 1.27 1.24 1.82% 1.19% 3.03%
3.00 1.34 1.33 1.30 2.08% 0.90% 3.00%
4.00 1.40 1.37 1.38 0.89% 2.49% 1.58%
5.00 1.44 1.40 1.41 1.13% 3.15% 1.98%
6.00 1.48 1.45 1.46 0.27% 1.86% 1.58%
7.00 151 1.52 1.49 1.93% 0.66% 1.26%
8.00 1.54 1.53 1.52 0.35% 0.65% 1.01%
10.00 1.59 1.61 1.57 2.42% 1.24% 1.15%
15.00 1.69 1.73 1.65 4.77% 2.42% 2.23%
20.00 1.77 1.80 1.72 4.53% 1.72% 2.73%
25.00 1.83 1.86 1.79 3.63% 1.45% 2.12%
30.00 1.88 1.90 1.86 2.30% 1.05% 1.23%
35.00 1.93 1.98 1.90 4.26% 2.33% 1.84%
40.00 1.96 2.03 1.91 6.17% 3.45% 2.51%
Comparison of ANS, ASFIT, & MCNPS5 Buildup Factor, 0 .015
MeV
250
i 2.00 ) . = = " 2
§ 150 {2 & ANS BF
L V!‘n" = ASFIT BF
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Figure 13e. Buildup Factor Comparison w/ no CohteSsattering, Iron- 0.015 MeV
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Table 11f. Buildup Factor Comparison w/ no Coheferdttering, Water- 0.15 MeV

Buildup Factor Comparison H ,0-0.150 MeV
% Diff
% Diff of % Diff of of
ANS ASFIT & ASFIT & MCNP5
MFP Standard ASFIT BF MCNP5 BF MCNP5 ANS & ANS
0.50 2.07 2.09 2.12 1.30% 0.96% 2.24%
1.00 3.91 3.92 3.72 5.51% 0.26% 5.24%
2.00 9.36 9.39 9.78 3.99% 0.31% 4.28%
3.00 18.60 18.64 18.73 0.47% 0.21% 0.69%
4.00 32.50 32.84 32.32 1.61% 1.04% 0.56%
5.00 52.00 52.14 51.54 1.15% 0.26% 0.89%
6.00 77.90 78.34 77.45 1.15% 0.56% 0.58%
7.00 111.00 113.73 110.05 3.34% 2.40% 0.86%
8.00 153.00 155.67 150.87 3.18% 1.72% 1.41%
10.00 268.00 270.01 258.92 4.28% 0.74% 3.50%
15.00 805.00 806.12 745.52 8.13% 0.14% 7.98%
20.00 1890.00 1898.83 1762.36 7.74% 0.47% 7.24%
25.00 3840.00 3764.43 3654.91 3.00% 2.01% 5.06%
30.00 7050.00 7156.44 6954.18 2.91% 1.49% 1.38%
35.00 12100.00 12278.43 11889.41 3.27% 1.45% 1.77%
40.00 19600.00 20012.33 18887.21 5.96% 2.06% 3.77%
Comparison of ANS, ASFIT, & MCNPS5 Buildup Factor,0 .15 MeV
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Figure 13f. Buildup Factor Comparison w/ no Cohée&eattering, Iron- 0.15 MeV
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Table 11g. Buildup Factor Comparison w/ no Cohe8sdttering, Water- 1.50 MeV

Buildup Factor Comparison H ,0-1.50 MeV
% Diff of | % Diff of

ANS ASFIT | MCNP5 | ASFIT& | ASFIT & % Diff of
MFP | Standard BF BF MCNP5 ANS MCNP5 & ANS
0.50 1.42 141 1.49 5.41% 0.71% 4.74%
1.00 1.93 1.94 2.01 3.33% 0.52% 3.83%
2.00 3.11 3.12 3.12 0.04% 0.32% 0.28%
3.00 4.44 4.46 4.35 2.61% 0.45% 2.15%
4.00 5.9 5.80 5.70 1.74% 1.72% 3.50%
5.00 7.47 7.40 7.15 3.44% 1.00% 4.47%
6.00 9.14 9.18 8.69 5.66% 0.47% 5.17%
7.00 10.9 11.01 10.37 6.18% 1.00% 5.12%
8.00 12.8 12.97 12.04 7.78% 1.33% 6.35%
10.00 16.8 16.31 15.68 4.05% 3.00% 7.17%
15.00 27.9 26.82 25.91 3.53% 4.03% 7.70%
20.00 40.4 40.37 37.96 6.35% 0.07% 6.43%
25.00 54.1 51.01 50.17 1.69% 6.05% 7.84%
30.00 68.8 67.24 63.22 6.37% 2.32% 8.83%
35.00 84.4 81.48 76.95 5.88% 3.58% 9.67%
40.00 101 99.12 87.44 13.36% 1.90% 15.51%

Comparison of ANS, ASFIT, & MCNP5 Buildup Factor,1 .50 MeV
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Figure 13g. Buildup Factor Comparison w/ no Cohe8aattering, Iron- 1.50 MeV
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Table 11h. Buildup Factor Comparison w/ no Cohe8sdttering, Water- 15.0 MeV

Buildup Factor Comparison H ,0-15.0 MeV
% Diff | % Diff
of of

ASFIT | ASFIT | % Diff of

ANS ASFIT | MCNP5 & & MCNP5

MFP | Standard BF BF MCNP5 | ANS & ANS
0.50 1.16 1.19 1.15 3.43 2.52 0.94
1.00 1.29 1.30 1.32 1.48 1.07 2.52
2.00 151 1.55 1.53 154 2.58 1.06
3.00 1.72 1.76 1.79 1.93 2.27 4.13
4.00 1.93 1.98 2.06 4.02 2.43 6.20
5.00 2.14 2.20 2.22 1.19 2.51 3.65
6.00 2.34 2.38 2.48 4.32 1.76 5.83
7.00 2.53 2.65 2.72 2.54 4.67 7.03
8.00 2.73 2.83 2.98 5.21 3.60 8.38
10.00 3.11 3.22 3.27 1.40 3.42 4.75
15.00 4.04 4.06 4.17 2.76 0.49 3.16
20.00 4.93 4.88 5.04 3.32 1.02 2.22
25.00 5.81 5.89 5.95 1.02 1.39 2.39
30.00 6.64 6.61 6.79 2.72 0.42 2.24
35.00 7.42 7.24 7.82 7.98 2.44 5.13
40.00 8.09 7.98 8.88 11.28 1.35 8.92

Comparison of ANS, ASFIT, & MCNPS5 Buildup Factor, 1
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Figure 13h. Buildup Factor Comparison w/ no Cohe8aattering, Iron- 15.0 MeV
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APPENDIX IX

FITTING FUNCTION FOR CALCULATED BUILDUP FACTOR

Fitting for Calculated Buildup Factor (w/o Coherent Scattering),

0.015 MeV-Iron

y = 8E-07x® - 4E-05x° + 0.0009x* - 0.0065x? - 0.0041x? + 0.2535x +
1.1285
R? =0.999
3.00

2.50 ____,-—-0/'/»
2.00 e — —e— MCNP5 BF
1.50 ¢

——Poly. (MCNP5 BF)

1.00

Buildup Factor

0.50

0.00 -
06 1 2 3 4 5 6 7 8 10 15 20 25 30 35 40
MFP

Figure 14a. Fitting Function for Buildup Factor wZoherent Scattering, Iron-0.015 MeV

Fitting for Calculated Buildup Factor (w/ Coherent Scattering),
0.015 MeV-Iron

y = 2E-07x® - 2E-05x° + 0.0008x* - 0.0172x° + 0.2457x2 + 0.6185x
+1.3449
R=1

160.00
140.00 -
120.00
100.00 -
80.00
60.00 A
40.00 -
20.00
0.00

= MCNP5 BF
——Poly. (MCNP5 BF)

Buildup Factor

50

MFP

Figure 14b. Fitting Function for Buildup Factor @bherent Scattering, Iron-0.015 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent Scattering),
0.02 MeV-Iron

y = 0.00x® - 0.00x° + 0.00x* - 0.00x3 + 0.00x? + 0.00x + 1.15
R?2=0.99

1.26

1.24 /
122 e = MCNP BF
1.20

——Poly. (MCNP BF)

1.18
1.16 -
1.14 ‘ ‘ ‘

0.00 10.00 20.00 30.00 40.00 50.00

MFP

Buildup Factor

Figure 14c. Fitting Function for Buildup Factor wlmherent Scattering, Iron-0.02 MeV

Fitting for Calculated Buildup Factor (w/Coherent S cattering),

0.02 MeV-Iron
y =-1E-09x® + 2E-07x5 - 1E-05x* + 0.0002x° - 0.0024x? + 0.0055x + 1.1659
R?2 =0.8309
1.20
[ ]
118 - &

£ 116
ks = = MCNP5 BF
L 114 m
5 = ——Poly. (MCNP5 BF)
T 112 |
S
@ 110

1.08 ' ‘ ‘ ‘

0.00 10.00 20.00 30.00 40.00 50.00

MFP

Figure 14d. Fitting Function for Buildup Factor @bherent Scattering, Iron-0.02 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent Scattering),
0.03 MeV-Iron
y = -2E-08x% + 2E-06x5 - 8E-05x* + 0.0016x° - 0.0144x2 + 0.0372x + 1.1995
R2 =0.9917
1.40
120 LL‘.i‘N_I\
§ 1.00 M
5 0580 = MCNP5 BF
g 0.60 ——Poly. (MCNP5 BF)
= 0.40
D 020
000 T T T T
0 10 20 30 40 50
MFP

Figure 14e. Fitting Function for Buildup Factor WZoherent Scattering, Iron-0.03 MeV

Fitting for Calculated Buildup Factor (w/CoherentS  cattering), 0.03
MeV-Iron
y = 2E-10x° - 3E-08x° + 2E-06x* - 4E-05x° + 0.0003x? + 0.0008x + 1.2435
R?=0.9615
1.27
1.26 /"l"‘“\‘___. =
5 : ~
L% 1.26 0 = MCNP5 BF
5 125 — Poly. (MCNP5 BF)
2 s
1.25 |
[ ]
1.24 ‘ ‘ ; ;
0 10 20 30 40 50
MFP

Figure 14f. Fitting Function for Buildup Factor wdBerent Scattering, Iron-0.03 MeV
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Fitting for Calculated Buildup Factor (w/ Coherent Scattering),
0.04 MeV-Iron
y = -2E-09x8 + 2E-07x5 - 1E-05x* + 0.0003x° - 0.0039x? + 0.0268x + 1.1841
R? =0.9939

1.30

1.28
% 1.26 \
LE 104 | = MNCP5 BF
2 102 —— Poly. (MNCP5 BF)
B 150 /

1.18 4 : : : :

0 10 20 30 40 50
MFP

Figure 14q. Fitting Function for Buildup Factor vl@erent Scattering, Iron-0.04 MeV

Fitting for Calculated Buildup Factor (w/o Coherent Scattering),
0.04 MeV-Iron
y =-1E-09x® + 1E-07x5 - 8E-06x* + 0.0002x° - 0.003x? + 0.0227x + 1.1895
R? =0.9936
1.30
1.28 — .
§ 1.26 = MCNP5 BF
‘=124 ——Poly. (MCNP5 BF)
=]
S 122
E
@ 1.20
1.18 T T T T T
0 10 20 30 40 50
MFP

Figure 14h. Fitting Function for Buildup Factor wlmherent Scattering, Iron-0.04 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent Scattering),
0.05 MeV-Iron
y =-3E-09x° + 4E-07x5 - 2E-05x* + 0.0005x3 - 0.0065x2 + 0.0467x + 1.1795
R? =0.9953
1.40
1.35 B se—
S
& 130 = MCNP5 BF
2 125 Poly. (MCNP5 BF)
%
m 1.20 -
1.15 : : : :
0 10 20 30 40 50
MFP

Figure 14i. Fitting Function for Buildup Factor w@inherent Scattering, Iron-0.05 MeV

Fitting for Calculated Buildup Factor (w/Coherent S cattering),
0.05 MeV-Iron
y =-2E-08x% + 2E-06x5 - 0.0001x* + 0.0027x3 - 0.0287x? + 0.1173x + 1.1304
R? =0.9949
1.40
1.20
g 1001 = MCNP5
$ 0.80
2 0.60 ——Poly. (MCNP5)
2 0.40
>
@ 0.20
0.00 : : : :
0 10 20 30 40 50
MFP

Figure 14j. Fitting Function for Buildup Factor wderent Scattering, Iron-0.05 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent Scattering),
0.06 MeV-Iron
y =-4E-09x® + 5E-07x5 - 3E-05x* + 0.0007x2 - 0.0098x? + 0.0774x + 1.188
R? =0.9981
2.00
5 150 7??—'—' — = =
E = MCNP5
o 1.00 —Poly. (MCNP5)
3
S 0.50
m
0.00 : :
0 10 20 30 40 50
MFP

Figure 14k. Fitting Function for Buildup Factor wmherent Scattering, Iron-0.06 MeV

Fitting for Calculated Buildup Factor (w/CoherentS  cattering),
0.06 MeV-Iron
y = 2E-09x® - 2E-07xS5 + 3E-06x* + 0.0002x? - 0.0069x2 + 0.0684x + 11968
R?=0.9919
1.60
1.40 |
5 1.20
g 1.00 = MCNP5
'L 0.80 - ——Poly. (MCNP5)
3 0.60
2 0.40
0.20 -
0.00 : ‘ : ‘
0 10 20 30 40 50
MFP

Figure 14l. Fitting Function for Buildup Factor @bherent Scattering, Iron-0.06 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent Scattering),
0.08 MeV-Iron

y = -8E-09x® + 1E-06x5 - 6E-05x* + 0.0016x3 - 0.0227x2 + 0.1871x + 1.2385
R? = 0.9994

3.00

2.00

S
8 il"....-F" = MCNP5 BF
= 1.50 1 — Poly. (MCNP5 BF)
3 1.00 -
S
@ 0.50
0.00 ‘ ‘ ‘ ‘
0 10 20 30 40 50
MFP

Figure 14m. Fitting Function for Buildup Factor wlmherent Scattering, Iron-0.08 MeV

Fitting for Calculated Buildup Factor (w/Coherent S cattering),
0.08 MeV-Iron
y =-7E-09x® + 8E-07x5 - 4E-05x* + 0.001x3 - 0.0169x2 + 0.1699x + 1.2509
R2 =0.9953
2.50
2.00
S
(8]
g 1501 = MCNP5 BF
g 1.00 ——Poly. (MCNP5 BF)
=]
@ 050
0.00 ‘ : ‘ :
0 10 20 30 40 50
MFP

Figure 14n. Fitting Function for Buildup Factor @bherent Scattering, Iron-0.08 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent Scattering),
0.10 MeV-Iron
y = 2E-08x® - 3E-06x5 + 0.0001x* - 0.0027x? + 0.0167x2 + 0.171x +
1.4019
R =0.9979
5.00
. 4.00 ‘.-_’_F.n——""'.
8 m MCNP5 BF
3 3.00
= Poly. (MCNP5 BF)
3 2001
=
@ 1.00
0.00 :
0 10 20 30 40 50
MFP

Figure 14o0. Fitting Function for Buildup Factor wlmherent Scattering, Iron-0.10 MeV

Fitting for Calculated Buildup Factor (w/Coherent S cattering),
0.10 MeV-Iron
y = 3E-08x° - 4E-06x5 + 0.0002x* - 0.0046x3 + 0.0388x2 + 0.0887x +
1.4665
R2 = 0.9924
4.00
3.50
5 300 = MCNP5 BF
S 250 \'\-\_\ Poly. (MCNP5 BF)
L 200 - ¥
3 150
3 1.00
0.50
0.00 '
0 10 20 30 40 50
MFP

Figure 14p. Fitting Function for Buildup Factor @bherent Scattering, Iron-0.10 MeV
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25.00

15.00
10.00
5.00

Buildup Factor

Fitting for Calculated Buildup Factor (w/o Coherent Scattering),

20.00 -

0.00 +

0.15 MeV-Iron
y =-1E-07x® + 1E-05x° - 0.0006x* + 0.0118x° - 0.121x? + 1.0648x + 1.3772
R? =0.9981
= MCNP5 BF
Poly. (MCNP5 BF)
0 10 20 30 40 50

MFP

Figure 14q. Fitting Function for Buildup Factor wloherent Scattering, Iron-0.15 MeV
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12.00
10.00
8.00
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Buildup Factor

2.00

Fitting for Calculated Buildup Factor (w/Coherent S cattering),

4.00 -

0.00 -

MFP

0.15 MeV-Iron
y =-2E-08x8 + 2E-06x° - 0.0001x* + 0.0037x° - 0.0625x? + 0.9045x +
1.4855
R? =0.9999
/./. = MCNPS5 BF
Poly. (MCNP5 BF)
0 10 20 30 40 50

Figure 14r. Fitting Function for Buildup Factor voRerent Scattering, Iron-0.15 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent Scattering),
0.20 MeV-Iron
y = 1E-06x5 - 0.0001x* + 0.0031x3 - 0.0445x2 + 1.4734x +
1.4033
R2=1
50.00
5 40.00 = MCNP5 BF
E 30.00 Poly. (MCNP5 BF)
Q.
3 20.00
5
2 10.00
0.00 - ‘ ‘ ‘ ‘
0 10 20 30 40 50
MFP

Figure 14s. Fitting Function for Buildup FactoroMZoherent Scattering, Iron-0.20 MeV

Fitting for Calculated Buildup Factor (w/ Coherent
Scattering), 0.20 MeV-Iron

y = -4E-08x6 + 5E-06x° - 0.0002x* + 0.0039x3 - 0.0444x2 +
1.4518x + 1.4387
R2=1

45.00
40.00
35.00

30.00 = MCNP5 BF

25.00 |
20,00 | Poly. (MCNP5 BF)

15.00
10.00

5.00 '.-F'."
0.00 - :

0 10 20 30 40 50

Buildup Factor

Figure 14t. Fitting Function for Buildup Factor wterent Scattering, Iron-0.20 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent
Scattering), 0.30 MeV-Iron

y = 9E-06x* - 0.0012x3 + 0.1125x2 + 1.6392x + 1.2963
R?=1

250.00

200.00

®= MCNP5 BF
Poly. (MCNP5 BF)

150.00 -

100.00 +

Buildup Factor

50.00

0.00

50

MFP

Figure 14u. Fitting Function for Buildup Factor wlmherent Scattering, Iron-0.30 MeV

Fitting for Calculated Buildup Factor (w/Coherent
Scattering), 0.30 MeV-Iron
y =-0.001x3 + 0.0911x2 + 1.63x + 1.3976
R2 = 0.9999
160.00
140.00 /
. 120.00 /
€ 10000 yd m  MCNP5 BF
LE 80.00 ~ Poly. (MCNP5 BF)
3 60.00 /
@ 40.00
20.00 /
0.00 : : : :
0 10 20 30 40 50
MFP

Figure 14v. Fitting Function for Buildup Factor w@erent Scattering, Iron-0.30 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent
Scattering), 0.40 MeV-Iron

y =-0.0012x3 + 0.1626x? + 1.3501x + 1.6114

R? = 0.9999

300.00

250.00
g 200.00 = MCNP5 BF
IS
‘= 150.00 Poly. (MCNP5 BF)
>
2 100.00
@

0.00 ‘ ‘ ‘ ‘
0 10 20 30 40 50

MFP

Figure 14w. Fitting Function for Buildup Factor w@mherent Scattering, Iron-0.40 MeV

Fitting for Calculated Buildup Factor (w/Coherent
Scattering), 0.40 MeV-Iron
y =-0.0015x2 + 0.1767x2 + 1.2439x + 1.7631
R? = 0.9999
250.00
200.00
2 m MCNP5 BF
& 150.00
& / Poly. (MCNP5 BF)
Qo
3 100.00
E
@ 50.00
0.00 :
0 10 20 30 40 50
MFP

Figure 14x. Fitting Function for Buildup Factor wokerent Scattering, Iron-0.40 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent
Scattering), 0.50 MeV-Iron

y = -1E-07x5 + 1E-05x° - 0.0003x* + 0.0037x3 + 0.1377x2 +
1.4367x +1.1226
R2=1

300.00

250.00
200.00 | /-/ = MCNPS BF
150.00 Poly. (MCNPS5 BF)
100.00 e
50.00 7/'

0.00 ‘ ‘ | |
0 10 20 30 40 50
MFP

Buildup Factor

Figure 14y. Fitting Function for Buildup Factor w@mherent Scattering, Iron-0.50 MeV

Fitting for Calculated Buildup Factor (w/Coherent
Scattering), 0.50 MeV-Iron

y =-1E-07x% + 9E-06x° - 0.0003x* + 0.0057x3 + 0.1021x? +
1.6075x + 0.9637

R=1
300.00
250.00 | /
5 20000 = MCNP5 BF
©
£ 15000 | Poly. (MCNP5 BF)
>
S 100.00 1
>
[ad]
50.00
0.00 :l!'-v/ : : :
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MFP

Figure 14z. Fitting Function for Buildup Factor val@erent Scattering, Iron-0.50 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent
Scattering), 0.60 MeV-Iron
y = -2E-07x5 + 1E-05x5 - 0.0005x* + 0.005x? + 0.1306x2 + 1.3118x

+1.0951
R2=1

250.00

200.00

= MCNP5

150.00 Poly. (MCNP5 )

100.00 +

Buildup Factor

50.00 -

0.00

50
MFP

Figure 14aa. Fitting Function for Buildup Factoov@oherent Scattering, Iron-0.60 MeV

Fitting for Calculated Buildup Factor (w/Coherent
Scattering), 0.60 MeV-Iron
y = -3E-07x6 + 3E-05x5 - 0.0011x* + 0.0162x3 + 0.0338x? +

1.6244x +0.923
R2=1

250.00

200.00

= MCNPS5 BF

150.00 Poly. (MCNP5 BF)

100.00 +

Buildup Factor

50.00 -

0.00

50

MFP

Figure 14bb. Fitting Function for Buildup FactorGoherent Scattering, Iron-0.60 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent Scattering),

0.80 MeV-Iron
y = 3E-05x*- 0.0031xC + 0.1582)% + 0.9748x + 1.1044
R%?=0.9998

200.00
g 19080 //. = MCNPS5 BF
LE 100.00 Poly. (MCNP5 BF)
=]
2 /
2 50.00

0.00 -é""'/, ‘

MFP

Figure 14cc. Fitting Function for Buildup FactoroMZoherent Scattering, Iron-0.80 MeV

Fitting for Calculated Buildup Factor (w/CoherentS  cattering),

0.80 MeV-Iron
y=-5E-06x*- 0.0005x% + 0.1117x + 1.2208x + 0.9044
R*=1
200.00

5 150.00 -
g = MCNP5 BF
'L 100.00 - ——Poly. (MCNP5 BF)
3
2 50.00 |

0.00 A

50

MFP

Figure 14dd. Fitting Function for Buildup FactorGeherent Scattering, Iron-0.80 MeV
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Fitting for Calculated Buildup Factor (w/o Coherent Scattering),
1.00 MeV-Iron
y=-0.0008x + 0.0959¢ + 1.1626x + 0.847
R?=1
160.00 >
140.00
5 120.00 ~
2 100,00 / = MCNP5 BF
L 80.00 ——Poly. (MCNP5 BF)
2 6000 /
2 40.00 |
20.00 |
0.00 A : : ‘ :
0 10 20 30 40 50
MFP

Figure 14ee. Fitting Function for Buildup Factoov@oherent Scattering, Iron-1.00 MeV

Fitting for Calculated Buildup Factor (w/Coherent S cattering),
1.00 MeV-Iron
y = 2E-07x® - 2E-05x° + 0.0008x* - 0.0172x3 + 0.2457x? + 0.6185x + 1.3449
R2=1
160.0
140.0 ~
5 120.0
8 128-8 = MCNP5 BF
= 80.
2 600 ——Poly. (MCNPS BF)
3 400 —
20.0 #...;-.'/
0.0 - . . . .
0 10 20 30 40 50
MFP

Figure 14ff. Fitting Function for Buildup Factor @dherent Scattering, Iron-1.00 MeV
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Buildup Factor

Fitting for Calculated Buildup Factor, 1.50 MeV-lro n

y = -1E-07x® + 1E-05x5 - 0.0004x* + 0.0068x3 - 0.0029x2 + 1.153 + 0.843
RE=1

100.00

80.00

= MCNP5

60.00 Poly. (MCNP5)

40.00

20.00

0.00

Figure 14gg. Fitting Function for Buildup Factaign-1.50 MeV

Fitting for Calculated Buildup Factor, 2.00 MeV-lro n

y = -3E-08x6 + 2E-06x" - 6E-05x* - 0.0002x3 + 0.0428x2 + 0.822x +

1.0344

RE=1
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00

= MCNP5 BF
Poly. (MCNP5 BF)

Buildup Factor

Figure 14hh. Fitting Function for Buildup Factaion-2.00 MeV
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Fitting for Calculated Buildup Factor, 3.00 MeV-lro n
y=3E-05x*- 0.0019xC + 0.0566) + 0.4263x + 1.2939
R%=0.9999

60.00
50.00 /
g 4000 / = MCNP5 BF
L 30.00 Poly. (MCNP5 BF)
- .
=}
2 20.00 —
[an]
10.00
0.00 : : : :
0 10 20 30 40 50
MFP
Figure 14ii. Fitting Function for Buildup Factorph-3.00 MeV
Fitting for Calculated Buildup Factor, 4.00 MeV-lro n
y =-0.0002x® + 0.0187x2 + 0.476x + 1.1376
R? = 0.9995
40.00
35.00 /-
5 200 o = MCNP5 BF
e 25.00 /
= 20.00 _— ——Poly. (MCNP5 BF)
3 1500 o
@ 10.00
5.00 '...,.2’/
0.00 - . . . .
0 10 20 30 40 50
MFP

Figure 14jj. Fitting Function for Buildup Factorph-4.00 MeV
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Fitting for Calculated Buildup Factor, 5.00 MeV-lro n
y = 2E-05x* - 0.0017x° + 0.0455x2 + 0.2057x + 1.3045

Buildup Factor

R? = 0.9997
40.00
35.00 /)
_ 30.00
S = MCNP5
P ——Poly. (MCNP5)
< 2000 oly.
o
3 15.00 _—
@ 10.00 -
5.00
0.00 T T T T
25 30 35 40 45
MFP
Figure 14Kkk. Fitting Function for Buildup Factoroih-5.00 MeV
Fitting for Calculated Buildup Factor, 6.00 MeV-lro n
y=-0.0002xC + 0.0193%% + 0.2517x + 1.2619
R%=0.9997
35.00

30.00

o / = MCNP5 BF

20.00

/ —Poly. (MCNP5 BF)

15.00 /
10.00

5.00 ’.-..y—/

0.00 + T T T T

0 10 20 30 40 50
MFAP

Figure 14ll. Fitting Function for Buildup Factorph-6.00 MeV
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Buildup Factor

Fitting for Calculated Buildup Factor, 8.00 MeV-lro n
y=-0.0002C + 0.0209%¢ + 0.1185x + 1.3367

R?=0.9988

35.00
30.00 —
25.00 / = MCNP5 BF
2000 ——Poly. (MCNP5 BF)
15.00 /
10.00

5.00 -.."..i—"/

0.00 ‘

0 10 20 30 40 50
MFP

Figure 14mm. Fitting Function for Buildup Factagn-8.00 MeV

Buildup Factor

Fitting for Calculated Buildup Factor, 10.0 MeV-lro n

y=-4E-05x + 0.0183)% + 0.0736x + 1.2952

R?=0.9997

35.00
30.00 /!
25.00 ~ = MCNP5 BF
20.00 > — Poly. (MCNP5 BF)
15.00
10.00 /

5.00

0.00 "

0 10 20 30 40 50
MFP

Figure 14nn. Fitting Function for Buildup Factaion-10.0 MeV
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Buildup Factor

Fitting for Calculated Buildup Factor, 15.0 MeV-lro n

y = 3E-06x® - 0.0002x* + 0.0081x° - 0.0957x2 + 0.5822x +
0.6083
R? = 0.9964

40.00
/ = MCNPS5 BF

30.00 ——Poly. (MCNP5 BF)

0 10 20 30 40 50
MFP

Figure 14o00. Fitting Function for Buildup Factaion-3.00 MeV

Buildup Factor

Fitting for Calculated Buildup Factor, 0.015 MeV-  Water

y = 2E-06x° - 0.0001x° + 0.0025x* - 0.024x3 + 0.1045x2 - 0.1219x + 1.1702
R? =0.9991

25

15 -
M —e— MCNP5 BF
1 —— Poly. (MCNP5 BF)
05 -
0

05 1 2 3 4 5 6 7 8 10 15 20 25 30 35 40
MFP

Figure 14pp. Fitting Function for Buildup Factora®#¥r-0.015 MeV
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Fitting for Calculated Buildup Factor, 0.020 MeV-  Water

y = 1E-08x°® - 9E-07x5 - 6E-06x* + 0.0014x° - 0.029x? + 0.2807x + 1.3486

R? =0.9827

4.00

3.50 -
L 300 T TN = MCNP5 BF
B 250 -
% 2,00 —— Poly. (MCNP5 BF)
3 150
@ 1.00

0.50

0.00 .

0 5 10 15 20 25 30 35 40 45
MFP
Figure 14qq. Fitting Function for Buildup Factora®#®r-0.020 MeV
Fitting for Calculated Buildup Factor, 0.03 MeV-W  ater
y =-6E-08x° + 7E-06x° - 0.0003x* + 0.0065x%2 - 0.0761x2 + 1.2136x + 1.2303
R? =0.9997

35.00

30.00 - /
§ 2500 = MCNP5 BF
£ 2000 4 ——Poly. (MCNP5 BF)
g 15.00
=]
S 10.00 -
[a]

5.00
0.00 - : :
0 10 20 30 40 50

MFP

Figure 14rr. Fitting Function for Buildup Factor,afér-0.030 MeV
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Buildup Factor

250.00
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150.00

100.00

Fitting for Calculated Buildup Factor, 0.04 MeV-W  ater

y =-5E-07x8 + 6E-05%° - 0.003x* + 0.0614x° - 0.4662x? + 4.3944X -
0.5023
R? =0.9995

/ = MCNP5 BF

/ Poly. (MCNP5 BF)

g
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Figure 14ss. Fitting Function for Buildup Factorai#r-0.040 MeV

Buildup Factor
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0.00

Fitting for Calculated Buildup Factor, 0.05 MeV-W  ater

y=-3E-07)¢ + 7E-06x° + 0.001x* - 0.0442¢ + 1.1546% + 0.4632x +
2.8157

R?=0.9999

/ = MCNP5 BF

/ ——Poly. (MCNP5 BF)

0 10 20 30 40 50

Figure 14tt. Fitting Function for Buildup Factor,afér-0.050 MeV
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Buildup Factor

Fitting for Calculated Buildup Factor, 0.06 MeV-W  ater

y = 1E-06x°® - 5E-05x° - 0.0009x* + 0.1139x? - 0.4344x? + 9.4213x - 6.6274
R? =0.9999

3500.00

3000.00
/

2500.00
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prd —Poly. (MCNPS)
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500.00 /
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Figure 14uu. Fitting Function for Buildup Factora®#¥r-0.060 MeV

Fitting for Calculated Buildup Factor, 0.08 MeV- W  ater

y=-2E-05x° + 0.003x° - 0.1318x* + 2.7283x° - 21.566X°
+77.407x- 55.087

R?=0.9998

12000.00

10000.00 ,
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S 4000.00
3 /
@ 2000.00

0.00 ; : : |
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Figure 14vv. Fitting Function for Buildup Factor,afér-0.080 MeV
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Fitting for Calculated Buildup Factor, 0.10 MeV-W  ater
y =-2E-05x° + 0.0024x° - 0.0839x* + 1.3875x° - 8.3012x2 +
28.871x - 16.555
R? = 0.9999
5000.00
4000.00 e
5 / = MCNP5 BF
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100000 10 20 30 40 50
MFP
Figure 14ww. Fitting Function for Buildup Factor afér-0.10 MeV
Fitting for Calculated Buildup Factor, 0.15 MeV-W  ater
y =-0.0001x® + 0.0147x5 - 0.5287x* + 8.7688x° - 62.861x? + 186.67x -
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R? =0.9998
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Figure 14xx. Fitting Function for Buildup Factor,aér-0.150 MeV

178




Buildup Factor

Fitting for Calculated Buildup Factor, 0.20 MeV-W  ater
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Figure 14yy. Fitting Function for Buildup Factor,afér-0.20 MeV

Buildup Factor

Fitting for Calculated Buildup Factor, 0.30 MeV-W ater
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Figure 14zz. Fitting Function for Buildup Factora¥r-0.30 MeV
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Fitting for Calculated Buildup Factor, 0.40 MeV-W  ater
y = -1E-06x° + 0.0001x° - 0.0055x* + 0.1378x? - 1.0398x? +
7.3548x - 4.4935
R? = 0.9998
1600.00
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Figure 14ab. Fitting Function for Buildup Factorat¥r-0.40 MeV
Fitting for Calculated Buildup Factor, 0.50 MeV-W ater
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Figure 14ac. Fitting Function for Buildup Factorawr-0.50 MeV
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Fitting for Calculated Buildup Factor, 0.60 MeV-W ater
y =-6E-08x° + 3E-06x5 - 7E-05x* + 0.0029x® + 0.0237x2 + 1.8133x
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Figure 14ad. Fitting Function for Buildup Factorair-0.60 MeV
Fitting for Calculated Buildup Factor, 0.80 MeV-W  ater
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Figure 14ae. Fitting Function for Buildup Factorai&r-0.80 MeV
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Fitting for Calculated Buildup Factor, 1.00 MeV-W  ater
y = -8E-07x® + 9E-05x° - 0.0038x* + 0.0709x3 - 0.4569x> +
3.175x - 0.5688
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Figure 14af. Fitting Function for Buildup Factor atgr-1.00 MeV
Fitting for Calculated Buildup Factor, 1.50 MeV-W  ater
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Figure 14ag. Fitting Function for Buildup Factorat¥r-1.50 MeV
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Buildup Factor

Fitting for Calculated Buildup Factor, 2.0MeV- Wate r

y = -3E-08x6 + 2E-06x° - 6E-05x“ - 0.0002x3 + 0.0428x2 + 0.822x +
1.0344
R2=1
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Figure 14ah. Fitting Function for Buildup Factorat&r-2.00 MeV

Buildup Factor

Fitting for Calculated Buildup Factor, 3.0 MeV-Wa ter
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Figure 14ai. Fitting Function for Buildup Factor afr-3.00 MeV
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Buildup Factor

Fitting for Calculated Buildup Factor, 4.0 MeV-Wa ter
y=-1E-08x% + 2E-07x¢ + 6E-05X* - 0.0027¢ + 0.05215¢ + 0.3423x +
1.2214
R%?=0.9999
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Figure 14aj. Fitting Function for Buildup Factor afr-4.00 MeV

Buildup Factor

Fitting for Calculated Buildup Factor, 5.00 MeV-W  ater
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Figure 14ak. Fitting Function for Buildup FactoraW@r-5.00 MeV
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Fitting for Calculated Buildup Factor, 6.00 MeV-W  ater
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Figure 14al. Fitting Function for Buildup Factorar-6.00 MeV
Fitting for Calculated Buildup Factor, 8.00 MeV-Wat  er
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Figure 14am. Fitting Function for Buildup Factorat#r-8.00 MeV
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Buildup Factor

Fitting for Calculated Buildup Factor, 10.0 MeV-W  ater

y = -3E-08x° + 3E-06x° - 0.0001x* + 0.0024x3 - 0.0245x? +
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Figure 14an. Fitting Function for Buildup Factorat¥r-10.0 MeV

Buildup Factor

Fitting for Calculated Buildup Factor,15.0 MeV- Wa ter
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Figure 14ao. Fitting Function for Buildup Factorat§r-15.0 MeV
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APPENDIX X

CALCULATION OF MFP- SAMPLE

Table 12. Calculation of MFP

Aopdds
Nonter,NA= |602E+23{  (NIST)  |Dersty o Fe= 7.87 ganB NST
Aaric\W\&ight Fundaerials
dFe= 587 amu=gind Book Talell.3
laal HFaon Vess
maosmpic Total Froton Mass Hnergy
aosssedios | migosapc | PrdonTdal Lineer Ererg Aamtion
(bars) (B\DF | aosssedias Ateretion Apsaption Codffident
Eegy(MeV) | nip M) @? Queflicerts an ) | Qoeficert (am )| (a9 (NST) |r(am)
1000 Q50 277 27EX 0.2 Q17 0@ 213
1000 100 277 27TE2 0.2 Q17 0@ 425
1000 200 277 2TEX 024 Q17 0@ 850
1000 300 277 27TE2 0.2 Q17 0@ 1275
1000 400 277 27TE2 0.2 Q17 0@ 1700
1000 500 277 27TEX 024 Q17 0@ 215
1000 600 277 27TE2 0.2 Q17 0@ 255)
1000 700 277 27TE2 0.2 Q17 0@ 2076
1000 800 277 27TEX 024 Q17 0@ 30
1000 1000 277 27TE2 0.2 Q17 0@ 4251
1000 1500 277 27TE2 0.2 Q17 0@ 637
1000 2000 277 27EX 024 Q17 0@ 852
1000 250 277 27TE2 0.2 Q17 0@ 106.27
1000 30M 277 27E2 0.2 Q17 0@ 1272
1000 3BM 277 27EX 024 Q17 0@ 148.78
1000 4000 277 27E2 0.2 Q17 0@ 170033
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APPENDIX Xl

CALCULATED BUILDUP FACTOR WITHOUT BREHMSSTRAHLUNG

Table 13a. Calculated Buildup Factor w/o Bremssiwagy 0.10 MeV-Iron

0.10 MeV Buildup Factors w/o Bremsstrahlung-lron
ANS Calculated %

MFP Standard BF Difference
0.5 1.38 1.43 3.64%
1 1.6 1.62 1.19%
2 1.94 1.88 3.23%
3 2.13 2.09 1.95%
4 2.31 2.23 3.53%
5 2.48 2.42 2.55%
6 2.63 2.58 1.76%
7 2.77 2.78 0.44%
8 2.9 2.97 2.31%
10 3.13 3.15 0.71%
15 3.61 3.59 0.46%
20 4 3.92 2.01%
25 4.34 4.30 0.99%
30 4.63 4.56 1.46%
35 4.85 4.70 3.16%
40 4.98 4.89 1.86%

Comparison of Buildup Factor w/ and w/o Bremsstrahl ung, 0.10
MeV
6
5 A N7  ANS BF
S 4 P
] "
ks 3 N = MCNP5 BF (w/o
o °] A Bremsstrahlung)
S 2 MCNP5 BF (w/
] r\
@ 1 A Bremsstrahlung)
0 T T T T
0 10 20 30 40 50
MFP

Figure 15a. Comparison of Buildup Factor w/ and B¥emsstrahlung, 0.10 MeV-Iron
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Table 13b. Calculated Buildup Factor w/o Bremsdtnadp, 1.5 MeV-Iron

1.5 MeV Buildup Factors w/o Bremsstrahlung-Iron
MFP | ANS Standard |Calculated BF Po Difference
0.5 1.45 1.47 1.47%
1 1.95 1.98 1.52%
2 3.03 3.07 1.42%
3 4.23 4.29 1.45%
4 5.54 5.61 1.33%
5 6.95 7.04 1.27%
6 8.47 8.58 1.32%
7 10.1 10.21 1.06%
8 11.8 11.92 1.00%
10 15.3 15.53 1.47%
15 254 25.47 0.29%
20 36.8 36.70 0.27%
25 49.2 48.45 1.55%
30 62.6 61.12 2.42%
35 76.8 75.42 1.83%
40 91.6 89.19 2.70%

Comparison of Buildup Factor w/ and w/o Bremsstrahl ung, 1.5
MeV
100
R
80 A
S
% 60 L o ANS BF
"'c;_ A = MCNP5 BF w/o Bremsstrahlung
§ 40 L MCNP5 BF w/ Brehmsstrahlung
] A
m -
20 o
YAAAS
O 7\""’ T T T T
0 10 20 30 40 50
MFP

Figure 15b. Comparison of Buildup Factor w/ and ®femsstrahlung, 1.5 MeV-Iron
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Table 13c. Calculated Buildup Factor w/o Bremsdtnadp, 5.00 MeV-Iron

5.00 MeV Buildup Factors w/o Bremsstrahlung-lron
MFP | ANS Standard |Calculated BF Po Difference
0.5 1.26 1.27 0.43%
1 1.49 1.50 0.95%
2 1.93 1.93 0.24%
3 2.39 2.41 0.64%
4 2.86 2.85 0.20%
5 3.37 3.34 0.90%
6 3.91 3.89 0.51%
7 4.47 4.45 0.45%
8 5.07 5.12 0.93%
10 6.33 6.36 0.49%
15 9.92 9.98 0.60%
20 14.1 13.92 1.29%
25 18.7 18.45 1.36%
30 23.7 23.55 0.64%
35 28.9 28.38 1.84%
40 34 33.43 1.70%

Comparison of Buildup Factor w/ and w/o Bremsstrahl ung, 5.00
MeV
40
35 ~
+ ANS BF
5 30 »
G 25
€ 5 A = MCNP5 BF w/o
= 15 A Brehmsstrahlung
% r MCNP5 BF w/Bremsstrahlung
a 10 A
5- LA
O ""v"' T T T T
0 10 20 30 40 50
MFP

Figure 15c. Comparison of Buildup Factor w/ and ®femsstrahlung, 5.00 MeV-Iron
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Table 13d. Calculated Buildup Factor w/o Bremsstnady, 10.0 MeV-Iron

10.0 MeV Buildup Factors w/o Bremsstrahlung-Iron
MFP | ANS Standard Calculated BF % Difference
0.5 1.15 1.15 0.40%
1 1.27 1.29 1.88%
2 1.48 1.49 0.67%
3 1.69 1.70 0.59%
4 1.93 1.96 1.64%
5 2.19 2.20 0.53%
6 2.47 2.47 0.04%
7 2.78 2.80 0.67%
8 3.12 3.14 0.64%
10 3.87 3.79 2.02%
15 6.29 6.25 0.59%
20 9.59 9.52 0.72%
25 14 13.87 0.94%
30 19.6 19.18 2.18%
35 26.7 26.30 1.54%
40 35.4 34.52 2.55%

Comparison of Buildup Factor w/ and w/o Brehmsstrah lung,
10.0 MeV
40
35 A
. 30
o
’%’ 25 ¢ ANS BF
20 v s MCNP5 BF w/o Bremsstrahlung
§ 15 v MCNP5 BF w/Brehmsstrahlung
@ 10 "
n
g N A A ANAAA &
0 5 10 15 20 25 30 35 40 45
MFP

Figure 15d. Comparison of Buildup Factor w/ and ®femsstrahlung, 10.0 MeV-Iron
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Table 13e. Calculated Buildup Factor w/o Bremssiwady 15.0 MeV-Iron

15.0 MeV Buildup Factors w/o Bremsstrahlung-Iron
MFP | ANS Standard |Calculated BF Po Difference
0.5 11 111 0.45%
1 1.18 1.20 1.67%
2 1.31 1.32 0.86%
3 1.44 1.46 1.59%
4 1.59 1.61 0.96%
5 1.76 1.77 0.81%
6 1.96 1.98 1.17%
7 2.17 2.17 0.16%
8 2.42 2.47 1.92%
10 2.99 3.09 3.21%
15 5.06 5.11 0.98%
20 8.44 8.31 1.54%
25 13.8 13.57 1.67%
30 22.2 21.92 1.27%
35 35 34.53 1.36%
40 54.1 52.43 3.18%

Comparison of Buildup Factor w/ and w/o Bremsstrahl ung, 15.0
MeV
60
R

50 + ANS BF
£ 40
o 30 A = MCNP5 BF w/o
= Brehmsstrahlung
% 20 " MCNP5 BF w/Bremsstrahlung
m r

10 =

RIAMAAAAAAA A &
0 10 20 30 40 50
MFP

Figure 15e. Comparison of Buildup Factor w/ and B¥emsstrahlung, 15.0 MeV-Iron
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Table 13f. Calculated Buildup Factor w/o Bremsdtrag, 0.10 MeV-Water

0.10 MeV Buildup Factors-w/o Bremsstrahlung-H ,0
ANS Calculated %

MFP Standard BF Difference
0.5 2.36 2.34 0.68%
1 4.52 4.48 0.88%
2 11.70 11.09 5.21%
3 23.50 22.40 4.68%
4 40.60 38.81 4.41%
5 64.00 60.83 4.95%
6 94.80 89.43 5.66%
7 134.00 127.43 4.90%
8 183.00 177.02 3.27%
10 314.00 290.02 7.64%
15 917.00 893.23 2.59%
20 2120.00 2004.93 5.43%
25 4260.00 3976.21 6.66%
30 7780.00 7176.13 7.76%
35 13100.00 11996.72 8.42%
40 20300.00 18902.82 6.88%

Comparison of Buildup Factors w/ and w/o Bremsstrah

25000.00
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15000.00
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Buildup Factor
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lung,
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MCNP5 w/Bremsstrahlung

Figure 15f. Comparison of Buildup Factor w/ and Bfemsstrahlung, 0.10 MeV-Water
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Table 13g. Calculated Buildup Factor w/o Bremsstnadp, 1.50 MeV-Water

1.5 MeV Buildup Factors-w/o Bremsstrahlung-H ,0
MFP | ANS Standard |Calculated BF Po Difference
0.5 142 1.45 2.07%
1 1.93 1.98 2.75%
2 3.11 3.12 0.28%
3 4.44 4.39 1.16%
4 5.9 5.72 3.13%
5 7.47 7.21 3.61%
6 9.14 8.71 4.94%
7 10.9 10.42 4.60%
8 12.8 12.31 3.98%
10 16.8 15.75 6.64%
15 27.9 26.12 6.81%
20 40.4 38.12 5.98%
25 54.1 50.02 8.16%
30 68.8 64.61 6.49%
35 84.4 78.12 8.04%
40 101 89.32 13.08%

Comparison of Buildup Factor w/ and w/o Bremsstrahl ung, 1.5
MeV
120
100 .
% 80 A + ANS BF
- 60 ~ A = MCNP5 w/o Bremsstrahlung
§ 40 | ~ MCNP5 BF w/ Brehmsstrahlung
@ 20 r
T r
A
0 et ‘ ‘ ‘
0 10 20 30 40 50
MFP

Figure 15g. Comparison of Buildup Factor w/ and ®femsstrahlung, 1.50 MeV-Water
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Table 13h. Calculated Buildup Factor w/o Bremsdtnadp, 5.00 MeV-Water

5.00 MeV Buildup Factors w/o Bremsstrahlung-H >0
MFP | ANS Standard |Calculated BF Po Difference
0.5 1.29 1.30 0.93%
1 157 1.62 3.09%
2 2.1 2.16 2.92%
3 2.62 2.73 4.17%
4 3.12 3.21 2.81%
5 3.63 3.71 2.16%
6 4.14 4.18 0.96%
7 4.64 4.88 4.98%
8 5.14 5.34 3.80%
10 6.14 6.34 3.19%
15 8.62 9.02 4.43%
20 11.1 11.54 3.84%
25 135 14.18 4.80%
30 15.9 16.43 3.24%
35 18.3 19.08 4.09%
40 20.7 21.18 2.28%

Comparison of Buildup Factor w/ and w/o Bremstrahlu ng, 5.00
MeV
25
20 . >
S ,
Q 15 : s « ANS BF
= N e = MCNP5 BF w/o Bremsstrahlung
§ 10 A MCNP5 w/ Bremsstrahlung
5 5 AL o
‘,('\'.’-“"'
O = T T T T
0 10 20 30 40 50
MFP

Figure 15h. Comparison of Buildup Factor w/ and ®femsstrahlung, 5.00 MeV-Water
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Table 13i. Calculated Buildup Factor w/o Bremsdtra, 10.0 MeV-Water

10.0 MeV Buildup Factors-w/o Bremsstrahlung-H >0
MFP | ANS Standard |Calculated BF Po Difference
0.5 1.21 1.22 0.66%
1 1.38 1.42 2.89%
2 1.7 1.73 1.99%
3 2 2.06 2.77%
4 2.29 2.32 1.34%
5 2.57 2.64 2.65%
6 2.85 2.88 1.04%
7 3.13 3.19 1.95%
8 3.4 3.53 3.74%
10 3.94 4.11 4.14%
15 5.24 5.39 2.73%
20 6.51 6.73 3.33%
25 7.75 7.92 2.16%
30 8.97 9.32 3.77%
35 10.2 10.72 4.85%
40 11.3 11.82 4.40%

Comparison of Buildup Factor w/ and w/o Bremsstrahl ung, 10.0
MeV
14
12 —%
s 10 A
g o s + ANS BF
= 6 A ¥ s MCNP5 BF w/o Bremsstrahlung
3 v MCNP5 w/ Bremsstrahlung
g 4 e
2 *Wv\’-"{\v
0 ‘ ‘ ‘ :
0 10 20 30 40 50
MFP

Figure 15i. Comparison of Buildup Factor w/ and Bfemsstrahlung, 10.0 MeV-Water
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Table 13j. Calculated Buildup Factor w/o Bremsdtrap, 15.0 MeV-Water

15.0 MeV Buildup Factors- w/o Bremsstrahlung-H ,0

MFP | ANS Standard |Calculated BF Po Difference
0.5 1.16 1.14 1.85%
1 1.29 1.30 0.92%
2 151 1.53 1.18%
3 1.72 1.76 2.27%
4 1.93 1.98 2.62%
5 2.14 2.20 2.64%
6 2.34 2.38 1.60%
7 2.53 2.64 4.24%
8 2.73 2.84 3.97%
10 3.11 3.18 2.20%
15 4.04 4.10 1.42%
20 4.93 4.98 1.00%
25 5.81 5.91 1.73%
30 6.64 6.75 1.56%
35 7.42 7.67 3.31%
40 8.09 8.53 5.18%

Comparison of Buildup Factor w/ and w/o Bremsstrahl ung, 15.0
MeV
10

8 s
5 v Y
g 6 N, + ANS BF
= A s MCNP5 BF w/o Bremsstrahlung
§ 4 , - MCNP5 BF w/Bremsstrahlung
= ah
m i AL

2 "}'('\v

O T T T T
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MFP

Figure 15j. Comparison of Buildup Factor w/ and Bfemsstrahlung, 15.0 MeV-Water
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APPENDIX Xl

ASFIT AND MCNP5 SAMPLE INPUT FILES

ASFIT-VARI Sample Input File

$CARD 1
$ IGRP KS KE KGM
00 00 00 00
$
$CARD 2
$ NMAX MAXANG KG IG JRG
06 10 60 16 01
$
$CARD 3
$ISINDX ISPACE IFLORO IPAIR IERM  IPOINT
02 01 00 01 01 01
$
$CARD 4
$ TITLE
“BUILDUP FACTOR FOR WATER @ 1.50 MEV”
$
$ CARD 5
$ JB(I)
01
$
$ CARD 6
$I1P1L IP2 IP3 IP4 IP5 IP6 IP7 IP8
01 00 00 01 01 01 00 00
$
$CARD 7
$ NGENR
01
$
$CARD 8
$ SPEC (K)
1.500
$
$CARD 9
$ XM(l)
0.51.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 10.0 2B.0 25.0 30.0 35.0 40.0

$CARD 10

$ CROSS SECTION INPUT
$ WATER REGION
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$
$CARD 11
$ IEL(])
01

$
$CARD 12
$RHO(I) ZE() A(l)

1.00 1.0 180
$
$CARD 13
$ NOE(I)

25

$
$CARD 14
$ EN(I,N)
1.500-2 2.000-2 3.000-2 4.000-2 5.000-2 6.000-P®D 1.000-1 1.500-1 2.000-1
3.000-1 4.000-1 5.000-1 6.000-1 8.000-1 1.0000000B 2.00000 3.00000 4.00000
5.00000 6.00000 8.00000 10.0000 15.0000
$
$CARD 15
$ STE (I,N)
1.27000 5.050-1 1.380-1 5.480-2 2.670-2 1.500-5G32.850-3 7.760-4 3.110-4
8.860-5 3.780-5 2.040-5 1.280-5 6.420-6 3.980-60-8 1.180-6 6.620-7 4.510-7
3.440-7 2.750-7 1.970-7 1.540-7 1.109-7
$
$CARD 16
$ ST(I,N)
0.00000 0.00000 0.00000 0.00000 0.00000 0.000GIOMO.00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000 0.000GD%HEB.930-4 1.130-3 1.830-3
2.430-3 3.000-3 3.930-3 4.690-3 6.110-3
$
$CARD 17
$ EABS(I,N)
1.480+0 7.110-1 3.380-1 2.480-1 2.140-1 1.970-90-7 1.680-1 1.490-1 1.360-1
1.180-1 1.060-1 9.670-2 8.950-2 7.860-2 7.070-8G-Z 4.940-2 3.970-2 3.400-2
3.030-2 2.770-2 2.430-2 2.220-2 1.940-2
0.00,0.000,0.000,0.000
4.70000 1.28000 0.51200 0.14900 0.06780 0.041EP0MO0.02620 0.02560 0.02770
0.02970 0.03190 0.03280 0.03300 0.03290 0.0321310M0.02850 0.02640 0.02340
0.02140 0.02000 0.01900 0.01760 0.01680
0.50000 0.00000 0.00000 0.00000 0.00000 0.000GIOMO.00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000 0.000GIOMO.02620 0.02290 0.02090
0.01950 0.01850 0.01700 0.01570 0.01450
0.50000 0.00000 0.00000 0.00000 0.00000 0.000GIOMO.00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000 0.030FBAMO.02600 0.02270 0.02060
0.01910 0.01800 0.01660 0.01570 0.01480
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MCNP5 Sample Input File

IRON INFINITE MEDIUM 2.00 MEV UP TO 40 MFP
1-7.874 -1 $INNER SPHERE 1

©CO~NOURWNREQO

1-7.8741-2 $SHELL 2
1-7.874 2 -3 $SHELL 3
1-7.874 3 -4 $SHELL 4
1-7.874 4 -53$SHELL 5
1-7.8745 -6 $SHELL 6
1-7.874 6 -7 $SHELL 7
1-7.8747 -8 $SHELL 8
1-7.874 8 -9 $SHELL 9
1-7.874 9 -10 $SHELL 10
1-7.87410-11 $SHELL 11
1-7.874 11 -12 $SHELL 12
1-7.87412 -13 $SHELL 13
1-7.874 13 -14 $SHELL 14
1-7.874 14 -15 $SHELL 15
1-7.874 15 -16 $SHELL 16
1-7.87416 -17 $SHELL 17
1-7.874 17 -18 $SHELL 18
1-7.874 18 -19 $SHELL 19
1-7.874 19 -20 $SHELL 20
1-7.874 20 -21 $SHELL 21
1-7.874 21 -22 $SHELL 22
1-7.874 22 -23 $SHELL 23
1-7.874 23 -24 $SHELL 24
1-7.874 24 -25 $SHELL 25
1-7.874 25 -26 $SHELL 26
1-7.874 26 -27 $SHELL 27
1-7.874 27 -28 $SHELL 28
1-7.874 28 -29 $SHELL 29
1-7.874 29 -30 $SHELL 30
1-7.874 30 -31 $SHELL 31
1-7.874 31 -32 $SHELL 32
1-7.874 32 -33 $SHELL 33
1-7.874 33 -34 $SHELL 34
1-7.874 34 -35 $SHELL 35
1-7.874 35 -36 $SHELL 36
1-7.874 36 -37 $SHELL 37
1-7.874 37 -38 $SHELL 38
1-7.874 38 -39 $SHELL 39
1-7.874 39 -40 $SHELL 40

040 -41 $OUSIDE OF MATERIAL BUT WITHIN LIMITOF SPACE
0 41 $OUTSIDE SPACE LIMIT



ALL MFP @ 2.00 MEV IN FE
SO 1.4923 $0.5 MFP
SO 2.9846 $1 MFP
SO 4.5000 $

SO 5.9692 $2 MFP
SO 7.9692 $

SO 8.9538 $3 MFP
SO 94575 $

SO 11.9384 $ 4 MFP
SO 13.4500 $

10 SO 14.9230 $5 MFP
11 SO 16.500 $

12 SO 17.9076 $6 MFP
13 SO 18.9000 $

14 SO 19.9500 $

15 SO 20.8922 $7 MFP
16 SO 21.8500 $

17 SO 22.8500 $

18 SO 23.8768 $8 MFP
19 SO 25.5000 $

20 SO 27.7500 $

21 SO 29.8460 $10 MFP
22 SO 33.5000 $

23 SO 37.3450 %

24 SO 41.5000 $

25 SO 44.7690 $15 MFP
26 SO 52.5000 $

27 SO0 59.6920 $20 MFP
28 SO 64.5000 $

29 SO0 69.5000 $

30 SO 74.6150 $25 MFP
31 SO 79.5000 $

32 SO 84.7500 $

33 SO 89.5380 $30 MFP
34 SO 94.7500 $

35 S0 99.9500 $

36 SO 104.461 $35 MFP
37 SO 109.570 %

38 SO 114.750 $

39 SO 119.384 $40 MFP
40 SO 120.000 $

41 SO 125.000 $LIMIT OF SPACE

©CO~NOURWNEQO

MODE P
IMP:P 11121520 31394682121 179 275 400A4#05
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924 1215 1618 2207 3579 6882 13128 39098

124636 436431 1240827 13509002 130152027 183517
2825636379 13765920821 59494929562 3110148731
1326386959059 4509715660800 180388626432088B%$26432000
1443109011456000 2886218022912000 577243234008 0 O

C

M1 26000.04P 1.

C M1 26000 1.

C

SDEF POS 00 0 ERG 2.00

C

FC2 DOSE AT MFP

C

F2:P1246810121518212527 30333639
C

FT2 INC $DETERMINE WHICH PARTICLES HAVE COLLIDED
FU2 0 10E6 T $DISCRIMINATE PARTILCES BY COLLISIONS
FQ2F U
FC12 UNCOLLIDED DOSE
F12:P 124681012 15 18 21 25 27 30 33 36 39
E121.9992.00 T
FQI2 F U
C
C GAMMA DOSE FUNCTION CARDS SPREADSHEET, CALCULATED
DE 0.01 0.02 0.03 0.05 0.08 0.10 0.15
0.20 0.30 0.35 0.40 0.45 0.50 0.55
0.60 0.65 0.70 0.80 1.00 1.40 1.80
2.20 2.60 2.80 3.25 3.75 4.25 4.75
5.00 5.25 5.50 6.31 6.75 7.00 9.00
11.0 13.0 15.0 20.0
C
DF 2.19-9 7.24-10 3.48-10 1.31-10 5.26-11 3.49-P1-11
1.55-11 1.62-11 1.79-11 1.95-11 2.14-11 2A32.53-11
2.73-11 2.92-11 3.11-11 3.48-11 4.17-11 5.3%.51-11
7.62-11 8.73-11 9.28-11 1.06-11 1.20-11 N35-51-11
1.59-11 1.67-11 1.75-11 2.03-11 2.18-11 2.27B.00-11
3.76-11 4.54-11 5.34-11 7.34-11
C
PRDMP 2J -1
PRINT
NPS 1000000
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APPENDIX Xl

ASFIT USER’S GUIDE

Table 14. Description of Cards

CARD # CARD DESCRIPTION
CARD 1
00 REFERS TO POINT CROSS SECTION, 01 IS GROUP CRSECTION
IGRP DATA
KS STARTING ENERGY OF WHICH CALCULATIONS WILL BE DOE, MEV
KE ENDING ENERGY OF WHICH CALCULATIONS WILL BE DONEMEV
OMIT IF IGRP=00, IF NOT THIS DIVIDES THE CROSS SE{N INTO
KGM ENERGY GROUPS
CARD 2
NMAX ORDER OF LEGENDRE POLYNOMIAL EXPANSION OF THELUX
MAXANG NUMBER OF ANGULAR NODES IN GAUSSIAN ANGULARFLUX
KG NUMBER OF ENERGY NODES
IG NUMBER OF SPACE NODES
JRG NUMBER OF MATERIAL REGIONSH4 )
CARD 3
SPECIFICATION OF SOURCE TYPE: 1- NORMAL INCIDENCE; PLANE
ISINDX ISOTROPIC FLUX, 3- PLANE ISOTROPIC DISTRIBUTED SOWTE
SPECIFICATION FOR SYSTEM THICKNESS, 0- IN MFP, N |
ISPACE CENTIMETERS
IFLORO INCLUSION OF K X-RAYS, 1- INCLUDES IT, 0-NOTNCLUDED
INCLUSION OF ANNIHILATION PHOTONS, 1-INCLUDED, 0-NO
IPAIR INCLUDED
IBREM INCLUSION OF BREMSSTRAHLUNG, 1-INCLUDED, 0-NDINCLUDED
IPOINT NUMBER AT WHICH SOURCE REGION ENDS, ONLY FORINDX =3
CARD 4
TITLE 80 CHARACTERS ALLOWED
CARD 5
JB(I) REGION WHERE THE NODES START I=1, JRG
CARD 6
IP1 INDEX, 1-PRINT, 0-NOT PRINT
P2 INDEX FOR PRINTING PHOTON FLUX, 1-PRINT, O-NOCHRINT
IP3 INDEX FOR PRINTING ANGULAR FLUX, 1-PRINT, 0-NOPRINT
IP4 INDEX FOR PRINTING BUILDUP FACTOR, 1-PRINT, ODIT PRINT
INDEX FOR PRINTING CROSS SECTIONS OF REGIONS, 1-RR]J 0-NOT
IP5 PRINT
IP6 INDEX FOR PRINTING WAVELENGTH NODES, 1-PRINT;ROT PRINT
IP7 INDEX FOR PRINTING FIRST COLLISION FLUX, IF ISIDX =1
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IP8 INDEX FOR PRINTING VIRGIN FLUX, IF ISINDX =3

CARD 7

NUMBER OF GAMMA-RAY ENERGIES FOR THIS CALCULATION,

NGENR REQUIRED IF IGRP=0
CARD 8
SPEC (K) SOURCE GAMMA-RAY ENERGIES, MEV
CARD 9
XM(1) SPACE NODE LOCATIONS IN MFP AT SOURCE ENERGY
CARD 10
TITLE TITLE FOR THE CROSS SECTION
CARD 11
IE(L) PAIR PRODUCTION CROSS-SECTION, 1-BARNS/ATOMS,CMYG
CARD 12
RHO(1) DENSITY OF REGION
ZE(l) ATOMIC NUMBER OF REGION
A(l) ATOMIC WEIGHT OF REGION
CARD 13
NUMBER OF GAMMA-RAY ENERGY POINTS @WHICH CROSS SEGINS
NOE(l) ARE GIVEN, < 36
CARD 14
EN(I,N) GAMMA-RAY ENERGY POINTS OF CROSS SECTIONBIEV
CARD 15
STE(I,N) PHOTOELECTRIC CROSS SECTIONS OF REGIONABDM
CARD 16
ST(I,N) TOTAL X-SECTION (W/OUT COHERENT SCATTERING)
CARD 17
EABS (I,N)- ENERGY ABSORPTION COEFFICIENTS, 3 SET&:/P, M(/P, Men/P
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