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Executive Summary

This report documents the methodology and results for the MCNP 6.1 code system validation for its use
with the Northwest Medical Isotopes, LLC (NWMI) applications. Criticality safety experiments were selected
from the International Handbook of Evaluated Criticality Safety Benchmark Experiments that adequately
match the uranium enrichment, geometry, moderator, reflector, and neutron energy relevant to the NVWWMI
applications.  The bias results demonstrate that the calculated values matched the reality of the
experiments. The final validation is expressed as an Upper Subcritical Limit (USL) calculated using the
statistical accumulation of the experiment’s bias and bias uncertainty. MCNP 6.1 calculations of NWMI
applications should result in values less than [Proprietary Information] to ensure criticality safety of the
application.

The primary focus of this validation is to determine the bias and bias uncertainty for intermediate enriched
uranium (IEU) systems (about 20%), however sufficient experiments for low enriched uranium (LEU) and
high enriched uranium (HEU) are included to demonstrate that there is no variation in the USL with varying
enrichment. Similarly, the primary focus of this validation is upon thermal neutron energy systems, however
sufficient experiments for intermediate and fast energy experiments are included to demonstrate that there
is no variation in the USL with increasing neutron energy.

The recommended USL for the NWMI applications with approximately 20% wt. % 2°U material is
[Proprietary Information]. s

R T ot
L'ct):v\:irEn[icI{édvUréjnilimt ' " [Prop'rietary Information] [Probrietary Information]
Intermedlate Enrlched Uramum ’ [Proprietary Information] [Proprietary Information]
nghEnrlched Uranlum o [Proprietary Information] [Proprietary Information]
.Cdgib’i‘neqﬁf_!_iprich”lillgnt's ! - }' [Proprietary Information] [Proprietary Information]

The physical parameters of the NWMI applications bounded by this validation are shown below.

Paaineter . | Areaof Applicability ..« -
_ Fi;sile I‘)I?ftieﬁal,i‘ ‘ | [l;’roprieiaw Information]
FlssﬂeMaterlal Form i [Proprietary Information]
Rl HIZ35Urat|o [Proprietary Information)

. Averaée NeUtroh Enefgy

. Cau su n a Fjs si on M eV) y [Proprietary Information]

; Enrichmént* f.;" o [Proprietary Information]

" Moderating Materials [Proprietary Information]

i
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L% Parameter . Area of Applicability

- Reflecting Material [Proprietary information]

. Absotber Materials.* [Proprietary Information]

[Proprietary Information]

L Geometiy it

1. Introduction

Nuclear criticality safety analysis is performed for fissile material systems for the Northwest Medical
Isotopes, LLC facility. The nuclear criticality safety analysis establishes the nuclear safety operating limits
forthe systems and operations. Calculation methods are used to provide an estimate of criticality conditions
and the margin of subcriticality for the systems and operations under evaluation. The computational
methods predict the neutronic behavior of the system and operation. However, certain approximations are
inherent in the computer code used including inexact neutron cross section data and statistical uncertainty.

Validation compares the computational method with documented critical experiments to determine any bias
that might exist between the calculated reactivity of a given system and the actual conditions. Validation is
a process that determines and establishes computational method applicability, adequacy, and uncertainty.

This report documents the MCNP 6.1 validation. This report includes discussions of input files that model
the critical experiments chosen for validation of the MCNP 6.1 computer code system for Northwest Medical
Isotopes, LLC operations, statistical evaluation of the calculation results, and the code bias and bias
uncertainty. The validation is conducted using the ENDF/B-VII.1 continuous energy group cross section
library. The validation is for use by Nuclear Criticality Safety personnel in performing analysis and evaluation
of various facility / site activities involving enriched uranium. Through the selection and validation of
appropriate benchmark critical experiments and analysis, this report will validate the computational
methods for an entire range of normal and off-normal operating conditions involving heterogeneous and
homogeneous fissile material. Toward that end, critical experiments are modeled as reported in
NEA/NCS/DOC (95)03 (Reference 1).

1.1.  Limits of Applicability

The parameters associated with the critical experiments documented in this report will be used to set the
Area of Applicability (AoA) for applications modeling fissile material operations. Applications using the bias
and bias uncertainty established for this experiment data set must use the modeling conventions described
in Table 1 or have the Upper Subcritical Limit (USL) reduced. The benchmark calculations were performed
on the Atkin’s Linux computer cluster (Reference 3), therefore the validation conclusions herein are
applicable to this computer.

Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-V!1.1 Cross Sections
Atkins-NS-NMI-14-01 6
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2. MCNP 6.1 Code

The verification of MCNP 6.1 has been completed on the Atkins’ system. The Atkins’ system is a computer
cluster composed of several servers that use Intel processors running the Fedora Linux operating system.
MCNP 6.1 has been installed in the read only disk area; the installation has been verified with the execution
of the sample problems (Reference 2).

21. NMCNP Summary

MCNP is a general-purpose Monte Carlo N-Particle code that can be used for neutron, photon, electron,
or coupled neutron/photon/electron transport, including the capability to calculate eigenvalues for critical
systems. The code treats an arbitrary three-dimensional configuration of materials in geometric celis
bounded by first- and second-degree surfaces and fourth-degree elliptical tori.

Pointwise cross-section data are used. For neutrons, all reactions given in a particular cross-section
evaluation (such as ENDF/B-VII.1) are accounted for. Thermal neutrons are described by both the free gas
and S(a,B) models. For photons, the code accounts for incoherent and coherent scattering, the possibility
of fluorescent emission after photoelectric absorption, absorption in pair production with local emission of
annihilation radiation, and bremsstrahlung. A continuous-slowing-down model is used for electron transport
that includes positrons, k x-rays, and bremsstrahlung, but does not include external or self-induced fields.

Important standard features that make MCNP very versatile and easy to use include a powerful general
source, criticality source, and surface source; both geometry and output tally plotters; a rich collection of
variance reduction techniques; a flexible tally structure; and an extensive collection of cross-section data.

2,2. ENDF/B-VIL.1 Cross Section Library

The ENDF/B-VII.1 cross-section library is used for the critical experiment calculations in this validation
analysis. This library contains data for all nuclides (more than 300). A list of the elements used in this
evaluation is provided in Table 1. Where the library does not contain a “natural” mixture of isotopes, the
isotopic fractions are included. All of these isotopes were identified with the .80c extension in the cases
executed for the validation. The graphite (grph.20t) light water (iwtr.20t) and poly (poly.20t) S(a,B)
correction are used for graphite, water and hydrocarbon materials respectively.

Table 1 - Library Definitions for Various Elements

Eiemént )Z:A'D;:'] _»lsot‘b,bicr'Fnactfion*=fi :
Hydrogen ) 1001 |
Boron 5010 0.199
5011 0.801
Carbon 6000
Nitrogen 7014 0.9963
7015 0.0037
Oxygen 8016

Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VII.1 Cross Sections
Atkins-NS-NMi-14-01 7
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Element ‘ ZAID . - L, élsfiﬁQpic E ract(i‘(;»nt b
Sodium 11023 ] |
Magnesium 12024 0.78990
12025 0.10000
12026 0.11010
Aluminum 13027
Silicon 14028 0.92223
14029 0.04685
14030 0.03092
Phosphorus 15031
Sulfur 16032 0.9502
16033 0.0075
16034 0.0421
Chlorine 17035 0.7576
17037 0.2424
Potassium 19039 0.92223
19040 0.04685
19041 0.03092
Calcium 20040 0.96940
20042 0.00647
20043 0.00135
20044 0.02087
20046 0.00004
20048 0.00187
Titanium 22046 0.08250
22047 0.07440

Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VIl.1 Cross Sections
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Element ~ ' |ZAID .

Tisotopic Fraction*.

0.73720
22049 0.05410
22050 0.05400
Chromium 24050 0.04345
24052 0.83789
24053 0.09501
24054 0.02365
Manganese 25055
Iron 26054 0.05845
26056 0.91754
26057 0.02119
26058 0.00282
Cobalt 27059
Nickel 28058 0.68077
28060 0.26223
28061 0.011399
28062 0.036346
28064 0.009255
Copper 29063 0.6915
290865 0.3085
Zinc 30064 0.4917
30066 0.2773
30067 0.0404
30068 0.1845
30070 0.0061

1

Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VII.1 Cross Sections
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Element . ..|ZAID | -+ 1sotopic Fraction ©.
Zirconium 40090 0.51450
40091 0.11220
40092 0.17150
40094 0.17380
40096 0.02800
Niobium 41093
Molybdenum 42092 0.14530
42094 0.09150
42095 0.15840
42096 0.16670
42097 0.09600
42098 0.24390
42100 0.09820
Silver 47107 0.51839
47109 0.48161
Cadmium 48106 0.0125
48108 0.0089
48110 0.1249
48111 0.1280
48112 0.2413
48113 0.1222
48114 0.2873
48116 0.0749
Indium 49113 0.0429
49115 0.9571

" Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VII.1 Cross Sections
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Bomon oA [isomc i
Gadolinium 64152 | 0.002 -
64154 0.0218
64155 0.1480
64156 0.2047
64157 0.1565
64158 0.2484
64160 0.2186
Tantalum 73181
Tungsten 74180 0.0012
74182 0.265
74183 0.1431
74184 0.3064
74185 0.2843
Gold 79197
Uranium 92234
92235 Specified by individual
92236 experiments.
92238
*From Chart of the Nuclides, www.nndc.bnl,gov/chart

3. Validation Methodology

ANSI/ANS-8.1 (Reference 4) requires that calculational methods used for nuclear criticality safety (e.g.,
determining kerr of a system or deriving subcritical limits) be validated to determine the appropriate biases
and uncertainties for the areas of applicability. The bias and uncertainty represent the numerical difference
between the resuits of modeling critical benchmark experiments with a computer code and the experimental
ker. These biases may result in either under- or over-predictions of criticality. The bias may be reported as

Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VII.1 Cross Sections
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either a positive or negative bias. A positive bias occurs when the computations tend to report a higher kex
than the benchmark experiments (i.e., ker > 1.0). A negative bias occurs when the calculated results tend
to report a lower ker than the benchmark experiments (i.e., ke < 1.0).

ANSI/ANS-8.24 (Reference 6) outlines the validation methodology and documentation used herein while
NUREG/CR-6698 (Reference 10) details the calculation algorithms. Biases {(and their associated
uncertainties) are determined through statistical treatment of the calculated results from criticality
benchmark experiments. Weighted single sided lower tolerance limits are used for statistical calculations
in this validation report when the calculated results data are normally distributed. A non-parametric method
is used when the calculated results data are not from a normal statistical distribution.

When performing calculations to assess the subcriticality of a system or operation, a limit must be
established on the calculated ker to ensure that subcriticality is achieved. This limit is defined for the

purposes of this validation as the Upper Subcritical Limit (USL). In this validation, the USL is determined
by statistical analysis of the calculated kess from the benchmark critical experiments.

3.1. Establishment of an Upper Subcritical Limit (USL)

The purpose of a computer code validation is to determine values of ker that are demonstrated to be
subcritical (at or below the USL) for areas of applicability similar to systems or operations being analyzed.
The USL is defined as follows:

USL = 1.0 - Bias - Bias Uncertainty — Margin of Subcriticality (MoS)

setting ker=1.0-Bias and K*St=Bias Uncertainty

gives:

USL = ker- K'St- MoS

where: USL = Maximum subcritical value of ker

Ker = weighted mean kes value of the benchmark experiments

K = tolerance factor for 95% confidence that 95% of the population is bound
St = square root of the pooled variance

s? = variance about the mean

MoS = margin of subcriticality (0.05 for NWWMI)
From this, a ke calculated by-the analysis is required to meet the following condition:
calculated ket + 20 < USL
where o is the Monte Carlo statistical uncertainty associated with the analysis.
As defined, the USL explicitly incorporates a Margin of Subcriticality, which is required per ANSI/ANS-8.1.

The Margin of Subcriticality is an additional safety factor which is applied to the statistically calculated limit
(e.g., a lower tolerance limit).

Atkins MCNP 6.1 Véliéi;tion with Continuous Energy ENDF/B-VII.1 Cross Sections
Atkins-NS-NMI-14-01 12
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The bias and its associated uncertainty may be represented by one of several statistical methods:

e aweighted, single sided, lower tolerance limit,
e aweighted confidence interval, or
e anon-parametric statistical analysis.

3.2. Margin of Subcriticality

The margin of subcriticality is an administrative addition in Ak applied to nuclear criticality safety
calculations. The Margin of Subcriticality (MoS) is site specific and usually contained in the fuel facility
license or other regulatory authorization basis. The MoS value for NWMI applications is 0.05.

For systems which are outside the validation area of applicability, an increased margin of subcriticality may
be warranted, depending on the specific problem being analyzed. The analyst must document any
extrapolation beyond the validation area of applicability and justification must be made for no adjustments
to the MoS when extrapolations are made.

3.3. Determination of the Area of Applicability

The area of applicability determination quantifies parameters potentially important to the computational
calculation of ke. An area of applicability determination should be performed as a part of every calculation
done and compared to the area of applicability of the benchmark experiments used for the code validation.
This comparison insures that appropriate benchmark experiments have been selected to determine the
USL for the calculation. The area of applicability determination for the benchmark experiments used in this
validation has been performed using guidelines consistent with LA-12683 (Reference 5), specifically
Appendix E of that report.

3.4. Discussion of Statistical Analysis

A weighted, single sided lower tolerance limit is a single lower limit above which a defined fraction of the
true population of ker is expected to lie, with a proscribed confidence and with the defined area of
applicability. A lower tolerance limit should be used when there are no apparent trends in the benchmark
results. Use of this limit requires the benchmark results to have a normal statistical distribution. If the data
does not have a normal statistical distribution, a non-parametric statistical treatment must be used. The
method used for analysis of data with a non-normal distribution in this validation is taken from
NUREG/CR-6698 (Reference 10).

3.4.1. Normality Testing of Data

There are several tests which can be performed to determine if data follows a normal distribution.
Depending on the size of the data sets used in establishing the areas of applicability, the modified Chi
Square test, Kolmogorov-Smirnov test, Lillifores test or the Shapiro-Wilk test may be utilized. The modified
Chi Square and Kolmogorov-Smirnov tests may be used to test for normality regardless of the number of
data points. The Lilliefors test for normality is performed for cases with greater than 50 data points, while
the Shapiro-Wilk test for normality is performed for cases with less than or equal to 50 data points. The
methodology for these tests can be found in NUREG/CR-4604 (Reference 8) and Natrella (Reference 9).

For the modified Chi Square test, the critical experiment data are ordered and grouped into classes. For
each class, the data range midpoint (m;) and data point frequency (Oj) are recorded. The method of

moments is used to estimate the mean () and the variance (52):

Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VI1.1 Cross Sections
Atkins-NS-NMI-14-01 13
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Where ¢ is the number of classes in which the experimental data are grouped. The expected values Ej are

then computed for a normal distribution with mean u and variance o2, The test statistic is computed using
the following:

2
1= iz—’ —n

J=1
z~ is compared to 112,_0, (c k- 1) obtained from Table A4 of Reference 8; k is the number of unspecified
parameters and o is 0.05. If ™ is less than 112_0, (c -k —1), the hypothesis that the data is from a normal

distribution is supported.

For the Kolmogorov-Smirnov test, the empirical cumulative distribution function (cdf) G(x) from the random
sample is compared with the hypothesized cdf F*(X). The empirical cdf is a function of x, which equals the
fractions of the observations x; that are less than or equal to x for each x, -=<x<e. The test statistic is
calculated as follows:

F*(x) - G(x)

T™ =sup
P

The supremum requires comparing F*(x) to G(x) both just before and just after each step in G(x). Both
|F*(x,-)—G(x,- )| and IF*(x,-) —-G(x;4 )l are calculated and T~ is the largest of the absolute differences

over alli. If T*is less than w1« (determined from Tabie A17 in Reference 8), the hypothesis that the data
are from a normal distribution is supported.

For the Lilliefors test, the standardized sample values are calculated:

where: x = sample mean
S = sample standard deviation

The test consists of letting F*(z) be the standard normal cumulative distribution function (cdf) and then
comparing it to the empirical cdf of the zis, denoted by G(z). The Lilliefors test statistic is the greatest
difference between F*(z) and G(2), i.e.

Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VII.1 Cross Sections
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T* = sup|F * (=) -~ G(z)|
z

T* is the largest of all values [F*(z)) — G(zy)| or |F*(zi) — G(zi-1)]. Values of F*(z)) are obtained from Table A3
in Reference 8. The table consists of values for the cumulative standard normal distribution. T*is compared
to w1.., obtained from Table A18 of Reference 8. The variable w1 is dependent on the sample size as well
as the desired level of significance. If T* is less than wi.«, the data are probably from a normal distribution.

For the Shapiro-Wilk test, the sample observations are ordered from smallest to largest. The test statistic
is given by:

b2

W= —0u
(n-1)s?

k
where: b= Zai (LD

i=]

s = the sample standard deviation
k=n/2if nis even or (n-1)/2 if n is odd
ai = coefficients (which depend on n) obtained from Table A19 of Reference 8

W* is compared to w., obtained from Table A20 of Reference 8. The variable w. is dependent on the

number of sample observations and the desired level of significance. If W* is greater than w., the data are
probably from a normal distribution.

If the data does not have a normal statistical distribution, a non-parametric statistical treatment must be
used. The method used for analysis of data with a non-normal distribution is taken from NUREG/CR-6698.
It should be noted that this approach is more conservative than other methods for dealing with non-normal
data distribution, for example calculating a distribution-free confidence interval based on the sign test
(Thompson, Savur) as presented in Hollander and Wolfe (Reference 7).

3.4.2. Weighted Single Sided Lower Tolerance Limits

If the benchmark experiment results are verified to be part of a normal distribution, a weighted, singie sided
lower tolerance limit technique may be used to construct an Upper Subcritical Limit (USL) for criticality. The
weighted, single sided lower tolerance limit is calculated with a 95% confidence that 95% of the benchmark
data lies above it. Thus, a calculation involving a subcritical system would have a 95% confidence that
95% of all calculations performed on it would yield a result less than the tolerance limit. The weighted,
single sided lower tolerance limit is calculated using the method presented in NUREG/CR-6698
(Reference 10). The weighted, single sided lower tolerance limit is adjusted by applying a margin of
subcriticality to define the USL. The USL is defined by the following:

USL = ke - K'St- MoS
where: USL= Maximum subcritical value of Kef

kerf = weighted mean ker value of the benchmark experiments
K= tolerance factor

St= square root of the pooled variance

$2= variance about the mean

MoS = margin of subcriticality (0.05)

“Atkins MCNP'6.1 Validation with Continuous Energy ENDF/B-VII.1 Cross Sections
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and

5 (I ke )
S — 1

1 1
nZO_Z

S:=\l(s2+52)

where: as = Monte Carlo statistical uncertainty associated with the calculation,
Oe = experimental uncertainty associated with the benchmark experiment,

0? = average uncertainty

The statistical uncertainty, gs, is the standard deviation calculated by the code and reported in the output
for each benchmark experiment. If available, the experimental uncertainty, oe, is determined through
rigorous evaluation of each benchmark experiment. NEA/NCS/DOC (95)03 documents such evaluations
and thus reports an experimental uncertainty.

The tabulated lower tolerance factors (Reference 10) are listed for a maximum of 50 data items, however

the evaluation herein uses more data points. Therefore, the lower tolerance factors (K) for data collections
greater than 50 items are derived from Reference 9:

2
. Zp +,/zp —ab

a

K

where

2
Z?’

T 2AN-1)
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_ 2 4
b=z2-ZL

N

And 2P and Z7 values are the critical values from the normal distribution that is exceeded with specified
probability (P = 95% and y = 95%) and are both 1.645.

3.4.3. Non-Parametric Analysis

Data that do not follow a normal distribution curve can be analyzed using non-parametric techniques. The
method used for this validation is taken from NUREG/CR-6698. As stated previously, this approach is more
conservative than other non-parametric techniques available to determine distribution-free confidence
interval (e.g., one based on the sign test as presented in Hollander and Wolfe, Reference 7). This method
results in a determination of the degree of confidence that a fraction of the true population of data lies above
the smallest observed value. This determination is calculated as follows:

m—1

f=1-> ———(1-qY q"~

Jj= 0]( - )l
where:

level of confidence,

the desired population fraction (0.95 for this validation),

the number of data in one data sample,

the rank order indexing from the smallest sample to the largest {(m=1 for the smallest
sample). Non-parametric techniques do not require reliance upon distributions, but are
rather an analysis of ranks,

j= the ranked sample in the sample population being evaluated.

I3 sLa™

As stated in NUREG/CR-6698, for a desired population fraction of 95% and a rank order of 1 (the
smallest data sample) the equation simplifies to:

B=1-0.95"
For a non-parametric set of data, the USL is determined as follows:
USL = Smallest ker value in the data set - St — NPM - MoS
Where: St = standard deviation corresponding to the smallest ker value in the data set
NPM = non-parametric margin, determined from
MoS = margin of subcriticality (0.05)
The non-parametric margin is an additional amount subtracted from the lowest data point to account for

the small sample size and non-normal distribution of the data. Recommended values for the non-
parametric margin are established in NUREG/CR-6698.

‘ .
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4. Benchmark Experiment
Descriptions

The input files are specifically developed for MCNP 6.1 and the continuous energy ENDF/B-VII.1 cross
section library. Ninety-two benchmark cases are modeled. The majority are in the thermal neutron energy
range, however some bridge into intermediate and fast energy ranges. The ANECF ranges from 0.0043 to
1.46 MeV. The majority of the experiments are intermediate 2°U enrichment; however sufficient low and
high enriched experiments are included to allow these to be included in the AoA. A broad range of chemical
forms and metal are included to evaluate potential bias from the physical form. Additionaily, the cases are
fairly evenly split between homogeneous and heterogeneous physical forms. Hydrogen identified in water
is modeled with the water Iwtr.20t S(a,p) while hydrogen in hydrocarbon materials is modeled with the
poly.20t S(a,B). Graphite is modeled with the grph.20t S(a,B).

4.1. [Proprietary Information]

41.1. [Proprietary Information]
[Proprietary Information]

[Proprietary Information]

4.1.2. [Proprietary Information]
[Proprietary Information]

[Proprietary Information]
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[Proprietary Information]

[Proprietary Information]

4.2, [Proprietary Information]

4.21. [Proprietary Information]

[Proprietary Information]

[Proprietary Information]
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[Proprietary Information]

[Proprietary Information]
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[Proprietary Information]

[Proprietary Information)

| 4.2.2. [Proprietary Information]
[Proprietary Information]

[Proprietary Information]
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4.3. [Proprietary Information]

4.31. [Proprietary Information]

[Proprietary information]

[Proprietary Information]

4.3.2. [Proprietary Information]
[Proprietary Information]

[Proprietary Information]
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[Proprietary Information]

[Proprietary Information]

4.3.3. Input Summary Tabulation

The characteristics of the benchmark experiments from Reference 1 are tabulated in Table 2. The H”%U
values are included in some Reference 1 experiment descriptions. Where these values are not provided
they were calculated by the author. Some experiment configurations were too complex to allow this
determination. The benchmark ker and uncertainty are included as kexs and o.

Table 2 - Critical Benchmark Experiments Summary

case Jwiwu| BN | Geomety | WERROY | WU | worerals | Momeas | soma
Propreary nformation] | i 55N | | tormation) | nfotmation]nformation] nfotmaton]irformaton
(Proprietary information] | [ri BESY | |iormation]|informationinformation| nfotmation]nfotmation
(Propretary Inormation] | e W2CY | | formaton] | nformation]nfotmation]nformaton]ifomaton
[Proprietary nformation] | oM | |nformation] | information]|nfotmationinformation]inormaton]
Propretary information] | [nio B2 | |-formation) |nformation]information]| nfotmation] nformtion
Propretary informatior] | {15 SR | |iommation) | nformationinfrmation| nfotmation] nformation
(Propristary nformation] | (i | |rformaton] |infotmtion] information] nformation]inamtien
Propretary information] | 2SN | | ormatin] | nfotmation]nfotmton] informaton]inormaton
Proprisary nformation] | jpe 2N | |nfotmaton] |informatin){information]infarmationinformtion
[Propretry nformation] | jnigtn oY) | infomaton] |information]informatin]information]information
(Propritery Inormation] | |yt | |oformation] | nformtion|infottmationinformation]infrmation
(Proprietary nformation] | jris oY) | inforaton] |informatin]information]inormatoninformation
[Propritary nformation] | o SRY | [oformation] |information]|nfotmation]information] informaton]
(Proprietary information] | i BASY | nformation] | nformation] infomation] nfotmatoninformaton]
(Proprietary nformation] | jnig 5 | informatien] | Infomation|Infornationinormatin]inatmaton
(Propretary information] | (i HASY | |nformation] |infotmaton]nformation]| nformation]informaton
[Propretary inormation] | [ri HESY | |- formation) | nformation] infomation] nfotmationinformation
(Proptetary Inormation] | (o 2SY | | formation) |nformation] infotmation]|information]informatin
[Propritary Information] | [P | |rrormation] |information]informationinformation] infarmaton]
(Propretary Informaton] | W 0CY | |nformation] | information]nfotmtion]information]informaton
Propretary nformation] | jnist7 oY) | information] | Inormation]informatininormation)inomation
Propretary information] | [t BESY | |formation) | nformatoninformation] nfotmtion] infrmaton
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case |wwu] P | ceomety . | RSREST | WU | yatarals |0 fmeas, | sigma
[Propretary nformaton] | WP | infotmation] |infotmation] informatin]inormation] nformatin
[PropretaryInformation] | jri P | iniotmation] |infarmation]| nfotmatoniinformation]|infarmation]
[Propretary nformation] | i FEEY | |ntormation] informationiinformation]information]information
[Propretary nformation] | i) | information] |infotmtion] information]inormation] nformaton
(Propretery nformaton] | oM SEY | |-totmatin] |informtion]inarmatin] information] nformation
(Propretary Inormation] | oS | information] |infarmation|nfotmationiinformation]informaton]
(Propreary nformaton] | e | intotmation) |informtion]|information] Infotmation] nformaten
propricary nformator] | (r; HASY | | formation] |information|nformaton] nformaton]irformation
Propretary Inormation] | oW 2PY | |nfotmation] | nfarmation| nfotmatoninformation] infarmation
(Propretary information] | i B | |iommation] |information|nformatoniinformation]informatony
Propretary nformaton] | i A8 | |iormation] |informationiinformation]information]information
(Proprctary informaton] | i PAEY | |iormation] information]information] information]information
[Propretary inormation] | i M eY | |iiotmation] |information]|informationnformation] inarmation
[Propretary nformation] | o S | |iotmation] |infotmatoninfarmation]infotmation]inrmation
[Propretary Information] | o5 | iniormation] |information] nformationinforation]infarmation]
ropretary nformaton] | M OPY | | totmation] |information] information]Information]information
(Propretary Information] | oW EY | | fomation] |information]|nfotmationinformationinformation
(Propreary nformaton] | e M SEY | |nfotmation] |information|information]| information] information
Propristary information] | e | iniormation] | nformationinformatoninformatoninformaton]
[Proprstary information] | o 5P | iniormation] |information]|informationinformation]infrmation]
Proprietary nformetion] | [nio AN | |- iotmatin] |Infotmation]nformtion]nfotmatoniformatin
Propretary Inormation] | i BASR | |rformation] |informatoninformation]| nformtioninformaton]
ropretary nformation] | s Sie) | |nformation] | nfotmatoninformation| nfotmtioninfarmaton]
propristary nformation]_| (1SN | |nformation] |information]nfotmation] nfotmatonirformation
[Propretary information] | M SEY | | fommation] |information]infrmation] nfotmation]Information
Propretary nformaton) | [t oeY | |rformation] |informationiinformation]infarmation]information]
roprstary Inormation] |}y B 3SR | |-formation] |informationnformation|nformtioninformation]
Propretary Information] | s B 5eR | | iormation] | nfotmatoninfermation] nfotmationiinformation]
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;"C‘as‘e L wt%ou 22?{"‘“ | (';eome’uy‘r* 'N‘LZ‘:_I‘;’:‘:S:I; B HF35U;‘ Mgttt:]l'?;ls "‘Yrk‘-lvneas i sigmaq }
[Proprietary Information] | [l e ey | o e (e  formation] iormation] Inormatn
[Proprietary Information] | [TTOPTESY | [EoRIeY 1 e e foenstan) imformation]Linformation]
[Propristary Information] | 1T b oo | e e o infommatian information]Linformation]
[Propristary Informatior] | [ R e | Lo | o formation | mformation ionmation
[Propretary Information] | [FoB ey | e | omation]|informatian]| mformatian]| information]
[Proprietary Information] | [0 e | ey | ton]| Inormatian Information]information)
[Proprietary Information] | [0 e | I | tion]| iormatian]| Inormation]|information)
(Proprietary Information] | Lo e | o | onmationi Infamation]|information
[Proprietary Information] | [Tt op e ey | o o o iformation]Linformation]| information
[Propristary Information] | 1 b ey | o o | nformation]Linformation]| information]
[Proprietary Information] | [ R e | Lo | o mformation | imormationl nformation]
[Proprietary Information] l[rff?rfrqf’:lz% fﬁfﬁfw:l:ttni% l[sfroor%fttlz% .[Efﬁﬁﬂfﬁi% I[Efmfﬁi% E&ﬂﬂfﬁiﬁy}
[Propristary Informatior] | bt ooy | L | o Infomation] Inormation informaton
[Propristary Information] | [ R e | Lo e | | mformation imonmatianl iormaton]
[Propristary Information] | [ top oY | Lo e | e | rsrian | iormation | mormaton
(Propretary Information] | [oPTEeR | I | fommation]linformation] Information]informatior]
[Proprietary Information] | 1P oo | o e | oo infonmarion ] formation]information]
[Proprietary Informatior] | Py | b L o information]LInformation] Information]
[Propristary Information] | 1R ey | Lo (L a esmtion Linformstiosl information
[Propristary Information] | [op e | Lo e | | matian formation] Infonmation

5.

The resulis for the individual Reference 1 experiment groups are shown in the sections below. The
k-normalized values are the MCNP 6.1 calculation ker results divided by the Reference 1 experimental
results shown in Table 3.

Evaluation Results
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Table 3 - MCNP 6.1 Results Summary

.. MCNP.6.1 Calculation

Benchmark Values

'Normalized Results

o e s ANEGF o o e e
Exp Name = © 7 kcalc ) o) c,g,lc A Mev ,;.rjr_kimegs.,‘..” ,qup, ; k,\k-.'nor;'m ctot
[Proprietary|[Proprietary|[Proprietary|[Proprietary|[Proprietary | [Proprietary|[Proprietary
Maximum Information]|Information]{information]}|Information]|Information]jInformation]fInformation]
[Proprietary|[Proprietary|[Proprietary | [Proprietary|[Proprietary|[Proprietary|[Proprietary
Minimum Information]|Information]|information]{ Information]}information]|Information]| Information]}
[Proprietary|{Proprietary |[Proprietary|[Proprietary|[Proprietary|[Proprietary|[Proprietary
Average Information]jInformation]|!nformation]{Information]}information]|Information]|Information]
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary |[Proprietary|[Proprietary | [Proprietary|[Proprietary
Information]|information]|Information]|Information]jinformation]|Information]|Information]
[Proprietary Information] |[Proprietary |[Proprietary|[Proprietary | [Proprietary|[Proprietary | [Proprietary|[Proprietary
Information]jinformation]|information]| Information]|Information]|Information]j|Information]
[Proprietary Information] [[Proprietary|[Proprietary|[Proprietary|[Proprietary|[Proprietary | [Proprietary|[Proprietary
Information]|Information]|Information]|Information]|Information]|Information]| Information]
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary |[Proprietary|[Proprietary | [Proprietary | [Proprietary
Information]|Information]|Information]}Information]{Information}finformation]|information]
[Proprietary Information] |{[Proprietary|[Proprietary|[Proprietary|[Proprietary|[Proprietary|{Proprietary|[Proprietary
Information]{Information]||nformation}|information]|Information]{information]|Information]
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary|[Proprietary|[Proprietary [ [Proprietary| [Proprietary
Information]|information]|Information]|information]|information]| Information]{ Information]
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary|[Proprietary|[Proprietary | [Proprietary{[Proprietary
Information]|Information]|Information]{Information]|Information]|Information]jinformation]
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary |[Proprietary|[Proprietary | [Proprietary|[Proprietary
information]|Information]|Information]|Information]|information]|Information}}Information]
[Proprietary Information] |[Proprietary |[Proprietary|[Proprietary |[Proprietary |[Proprietary | [Proprietary| [Proprietary
Information]jinformation]|Information]{Information]|Information]jinformation]{ Information]
[Proprietary information] |[Proprietary |[Proprietary|[Proprietary|[Proprietary | [Proprietary|[Proprietary|[Proprietary
Information]|Information]|information]|Information]}information]{ Information]|Information]
[Proprietary Information] |[Proprietary |[Proprietary |[Proprietary|{[Proprietary | [Proprietary | [Proprietary| [Proprietary
Information]|!Information]|Information]|Information]|Information]{information]{Information]
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary|[Proprietary|[Proprietary | [Proprietary|[Proprietary
Information]{information]{Information]|Information]]information]|!nformation]|Information]
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary | [Proprietary|[Proprietary |[Proprietary|[Proprietary
Information]{Information]{information}}Information]{Information]|information]|Information]
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary | [Proprietary|[Proprietary |[Proprietary|[Proprietary
Information]|Information]|Information]|Information]{Information]{ Information]{Information]
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary |[Proprietary |[Proprietary | [Proprietary|[Proprietary
Information]|Information]|Information]{Information]linformation]}Information]|Information]
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary|[Proprietary|[Proprietary | [Proprietary|[Proprietary
Information]|Information]|Information]|Information]|Information]|information]|Information]
[Proprietary Information] |[Proprietary|[Proprietary([Proprietary |[Proprietary|[Proprietary | [Proprietary|[Proprietary
Information]|Information]|Information]}information]|information]|!nformation]| Information}
[Proprietary Information] |[Proprietary|[Proprietary|[Proprietary | [Proprietary|{[Proprietary | [Proprietary|[Proprietary
Information]{Information]|Information]|Information]|Information]|Information]| Information}
[Proprietary Information] |[Proprietary|[Proprietary[[Proprietary|[Proprietary|[Proprietary |[Proprietary|[Proprietary
Information]|Information]|Information]|Information]|Information]|Information]|Information]
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- MCNP 6:1.Calculation

| Benchmark Values’

Normalized Resuits’
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The results of each enrichment group are examined for normality. The Shapiro-Wilk test (Section 3.4.1) is
used to test the k-normalized values for normality within each subgroup of experiments. The null hypothesis
is that the data are normally distributed, and 95% confidence is required to reject this assumption herein.
The hypothesis of normality is accepted for all subgroups. The results of the normality testing of the pooled
data are shown in Section 5.2.4.

5.1. Trend Evaluation

The ker results are also analyzed to determine if a trend exists with important validation parameters. A
calculational methodology should have a bias that neither has dependence on a characteristic nor is a
smooth function of a parameter. If a trend exists, the bias will vary as a function of that trend over the
parameter range. If no trend exists, then the bias will be constant over the area of applicability. Critical
experiment parameters examined include the hydrogen to fissile material ratio (H/X), the Average Neutron
Energy Causing Fission (ANECF), the 2°U enrichment, the moderator material, the reflector material and
the chemical form of the fissile material. Graphs of the validation results for versus these parameters are
shown. Where appropriate, the graphs of the results and the trending parameters also include a plotted
trend line and the coefficient of determination value (R?) for the trend line. Note, an R? value less than 0.3
is considered to indicate no data correlation, while an R? value of 0.8 or greater is indicative of data
correlation. It is concluded that no trend in the bias is observed.
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6.1.1. Average Neutron Energy Causing Fission (ANECF)

The ANECF value is a calculated value used to characterize the system neutron energy. Consistent with
the purpose of this validation, the majority of the experiments evaluated are in the thermal neutron range
with ANECF values between [Proprietary Information]. However, sufficient higher energy experiments are
included with ANECF values up to [Proprietary information] to demonstrate that there is no trend in the ket
values relative to the ANECF value. Figure 1 presents the MCNP 6.1 data. The very slight negative slope
to the data’s linear fit is judged to be insignificant as its change in value over the entire data range is on the
order of the average total uncertainty.

[Proprietary Information]

Figure 1 - ANECF Trend
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5.1.2. H/*U Values

The H/”®U value is a physical system parameter used to characterize the system neutron energy.
Consistent with the purpose of this validation, the majority of the experiments evaluated are in the thermal
neutron range and H/>°U values from [Proprietary Information] are well represented. However, sufficient
higher energy experiments are included with H/23°U values as low as 3.1 to demonstrate that there is no
trend in the ker values relative to the H/2°U value. Figure 2 presents the MCNP 6.1 data.

[Proprietary Information]

Figure 2 - H/4%U Trend
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5.1.3. ANECF vs. H/2%U

Both the ANECF and the H/2*°U values are measures of the system neutron energy. Note that the H/23%U
value characterizes the system neutron moderation only as it is affected by the n-H scatter reaction while
the ANECF is a summation of the effect of all n scatter reactions. Therefore, the MCNP calculated ANECF
is judged to be a more useful parameter when comparing applications to the validation AcA. However, the
H/Z5U value is a physical property of the experiments. Thus, it is useful to observe the relationship between
the two parameters.

Figure 3 shows this relationship for the MCNP data. Note that the high thermal neutron capture in HEU
solution systems produces the only significant aberration in the relationship. From this relationship it is

judged that the ANECF value accurately characterizes the system neutron energy in the absence of
accurate H/2%U values and in the presence of other neutron scattering isotopes (e.g., carbon).

[Proprietary Information]

Figure 3 - ANECF vs. H/23%U Evaluation
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51.4. Enrichment

The system enrichment (wt. % 2*°U) is a physical system parameter used to characterize the system.
Consistent with the purpose of this validation, the majority of the experiments evaluated are [Proprietary
Information] to demonstrate that there is no trend in the ker values relative to enrichment. Figure 4 presents
the MCNP 6.1 data. The very slight positive slope to the data’s linear fit is judged to be insignificant as its
change in value over the entire data range is much less than the average total uncertainty.

[Proprietary Information]

Figure 4 - Enrichment Trend
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5.1.5. Moderator

The system neutron moderator material is a physical system parameter used to characterize the system.
Figure 5 displays the normalized ker values for the various moderator materials used herein. As shown,
there is no significant bias with the various moderator materials

[Proprietary Information]

Figure 5 - Moderator Evaluation
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5.1.6. Reflector

The system reflector material is a physical system parameter used to characterize the system. Figure 6
displays the normalized kes values for the various reflector materials used herein. As shown, there is no

significant bias in the calculated ker values relative to the system reflector material.

[Proprietary Information]

Figure 6 - Reflector Evaluation
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5.1.7. Chemical Form

The chemical form of the system fissile material is a physical system parameter used to characterize the
system. Figure 7 displays the normalized ke values for the various chemical forms of uranium materials
used herein. As shown, there is no significant bias in the calculated ker values relative to the chemical form
of the system fissile material.

[Proprietary Information]

Figure 7 - Chemical Form Evaluation

5.2. Normalcy Evaluation
The summary of the normalcy results is show in Table 4.

Table 4 - Normalcy Results Summary
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5.2.1.

LLow Enriched Uranium

The examination of these data includes 22 cases as shown in Table 5. As the number of cases (22) is less
than the range of coefficients (50) for the Shapiro-Wilk test, this test was used to evaluate the distribution
of the results. As shown in the data are normally distributed.

Table 5 - LEU Results
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5.2.2.

Intermediate Enriched Uranium

The examination of these data includes 50 cases as shown in Table 6 below. The Shapiro-Wilk test was
used to evaluate the distribution of the results and the results are shown in Table 6. Therefore, the data
are judged to be from a normal distribution.

Table 6 - IEU Normalcy
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5.2.3. High Enriched Uranium

The examination of these data includes 20 cases as shown below. The Shapiro-Witk test was used to
evaluate the distribution of the results and the results are shown in Table 7. Therefore, the data are judged
to be from a normal distribution.

Table 7 - HEU Normalcy
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Information] Information] Information] Information] Information] Information]
6 [Proprietary [Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
Information] Information] Information] Information] information] Information]
7 [Proprietary [Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
information] Information] Information] information] Information] Information]
8 [Proprietary [Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
Information] Information] Information] Information] Information] Information]
9 [Proprietary [Proprietary [Proprietary [Proprietary
Information] Information] Information] Information]
10 [Proprietary [Proprietary [Proprietary [Proprietary
Information] Information] Information] information}
11 [Proprietary
Information]
12 [Proprietary
Information]
13 [Proprietary
Information]
14 [Proprietary
Information]
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.- Results - .

w2l

15 [Proprietéry

Information]
16 [Proprietary
Information]
17 [Proprietary
Information]
18 [Proprietary
Information]
19 [Proprietary
Information]
[Proprietary
20 Information]

5.2.4. Combined Data Set

As there is no trend associated with varying enrichment, the LEU, IEU and HEU groups can be combined
and evaluated as a single data set. The examination of these data includes 92 cases as shown Appendix 1.
Since the number of cases (92) exceeds the range of coefficients (50) for the Shapiro-Wilk test, the Modified
Chi Square test, Kolmogorov-Smirnov test, and Lilliefors test (Section 3.4.1) were used to evaluate the
distribution of the combined.

The results are:
s [Proprietary Information]

e [Proprietary Information]
¢ [Proprietary Information]

These calculations are shown in Appendix A and the comparison of the observed distribution vs. the
expected distribution of a normal system is shown in Figure 8. The data are judged to be from a normal
population because:

o [Proprietary Information]
e [Proprietary Information]
e [Proprietary Information]

[Proprietary Information]

Figure 8 - Combined Group Distribution
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5.3. Bias and Bias Uncertainty Evaluation

5.3.1. Summary

A summary of the weighted bias and USL calculations is shown in Table 8. Per Reference 10 positive bias
values are not used and the bias is set to unity for the USL calculation. The [Proprietary Information]. The
USL value of [Proprietary Information] is recommended for use with the NWMI 19 wt. % 23U materials.

Table 8 - USL Results Summary

—

. Bias | .usL-
[Proprietary Information] [Proprietary | [Proprietary
Information] | Information]
[Proprietary Information] [Proprietary | [Proprietary
Information] | Information]
[Proprietary Information] [Proprietary | [Proprietary
Information] | Information]
[Proprietary Information] [Proprietary | [Proprietary
Information] } Information]

5.3.2. Low Enriched Uranium

As the data are judged to be from a normal distribution the bias and bias uncertainty is represented with a
Lower Tolerance Limit (LTL). The USL calculation for MCNP [Proprietary Information] is developed in
Table 9. Notice that the bias [Proprietary Information]. However, per Reference 4 positive bias values are
not used and the kmean is set to unity for the USL calculation.

Table 9 - LEU USL

oo File Name:” ™ - " 17 Kegr SRR . JOREN N DA V(. % LR LA ot T

B ,_a ‘_’ , k‘“ 3 °" 1 ;/(Of‘,)n " -Kew. . -|.Variance.
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary

[Proprietary Information] Information] | Information] Information] Information)] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary

[Proprietary Information] Information] | Information] Information) Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary

[Proprietary Information] Information] Information] Information] [nformation] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary

[Proprietary Information] Information] | Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary

[Proprietary Information] Information} Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary

[Proprietary Information] Information] Information] Information) Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary

[Proprietary Information] Information] | Information] [ Information] | Information] | Information]
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AR T i i | Weighted | Weighted
. File Name o Kett S SRR SN 7/ (- ) ZON RS SR
C AR ‘,keﬁz e o e ( .l.) I ke ' | “Variance: .
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] Information) Information] Information] Information)
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information) Information) Information) Information] Information)]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] | Information] | Information] | Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] Information) Information] Information] Information)
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] Information] Information] Information} Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information)] Information) Information) Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information)] Information) Information) Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] Information) Information] Information] Information)
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] Information] Information] Information) Information)
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] Information] Information] Information] Information)
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] Information] Information) Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information) Information) Information) Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information) Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] Information] Information] Information] Information]
Kmean [Proprietary [Proprietary [Proprietary
Information] Information] Information]
[Proprietary [Proprietary [Proprietary
Information] Information) Information]
| [Proprietary | [Proprietary | [Proprietary | [Proprietary. | - [Proprietary Information] |
. Information] | Information] | Information] | Information} |~ - - . - .. ...
| {Proprietary. ‘| -[Proprietary. -|"[Proprietary | .[Proprietary. | . [Proprietary Information] - i
| Information]: | -Inférmation] +| Information]*}" information] |~ <" o a e E
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5.3.3.

Intermediate Enriched Uranium

As the data are judged to be from a normal distribution the bias and bias uncertainty is represented with a
The USL calculation MCNP [Proprietary Information] is developed in

Lower Tolerance Limit (LTL).

Table 10.
Table 10 - IEU USL

S mweName | ke e [7owey | Weghed | Ueshed
[Proprietary Information] | Lk e | e | aton] | information] | informaton]
Proprctary normation] | e | Frovieen [ [roprietay | rroprian | [ropitry
Proprctary nformaton] | rcpieiey | [rovicls | [ropietay ™| Propitoy | ety
Proprctry inormation] | et | Fropreten | [ropritay ™| Proprean | ropiany
Proprctary nformation] | [ycereiy | roprey [ [roortay 1 propietey | [Fropiey
[Proprietary Information] | [LoPToSY | [onee | ommaton) | iommation) | information
ProprctaryInformation] | [ropreiy | [ropien | [ropfetay ™ oty | Froritery
Proprctry inormation] | (et | Fropieten | [ropitay ™ rropieery | ropieany
Propretry mormation] | o) | ooy | Froprtey | romiey | ropfetny
[Proprietary Information] | b | b | ion] | information] | Information]
Proprctary ormatin] | oot | Fropreens | Froprtay | Propican | ropriny
Proprctary ormation] | [opr) | [rortens | fropitary ™ propieay | [ropieay
Propictary nformaton] | Fropany | Provieen [ [ropitay | Prorictey | ity
Proprctry inormation] | lropiee | Provitoy [ [ropritary [ propietery | [ropitry
Proprctary normation] | et | Froprlens [ [ropitary | Propieey | ropitny
[Proprietary Information] | 1L p e o | e | aton] | Infomation] | informaton
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e | e ] o ] e ]G]
Proprietary nformation] | [FOBREn | (FORIAEn | e | formaton) | imfoumation
Proprietary Information] | [l ERY | TSN | formation) | _ information] | _Information
(Proprietary information] | 7 P3SN | LSRN | information) | _information) | information
[Proprietary Information] | {reF2eY | TR o | Information] | informaton] | Information
[Proprietary Information] | [1oRAEY | 1O on | Information] | nformation] | informaton]
(Proprietary Information] | [Z0FASY | T ten | Information] | nformation] | nformaton
(Proprietary Information] | [EREEY | ONon | nformaton] | information] | information]
(Proprietary Information] | [ oREEY | TN om | Information) | _informaton] | informaton
[Proprietary Information] | [7CR3SY | (TR Som) | Information] | information) | Information]
[Proprietary Information] | |7 EEY | TR Son) | information] | information] | Information]
Proprietary Information] | FEFEEY | DORCEN | ormation] | information] | infarmaton]
(Proprietary information] | {r B3N | |ON o | information) | information] | nformation
[Propretary Information] | [7CRAEY | [ORReN |  Infomation] | informaton] | Information
[Propretary information] | RSN | TGN | inormaton) | infotmation) | information]
(Proprietary Information] | [E0SE | Lo Ciont | information]. | information] | information]
[Proprietary Information) | TR | [TCREEY | formationl | information] | information
(Proprietary Information] | [ORAEY | ITCREoN | iommation) | nformaton] | informaton
[Proprietary Information] | [ BReY | (TR o | Information] | Information] | Information
[Proprietary Information] | [TCRERY | TONERN | nfommation) | information) | informatin]
[Proprietary Information] | [T ERY | RS | nformation) | information] | nformation]
(Proprietary Information] | {5 RSN | TCRCEN | iormation] | informaton] | information]
(Proprietary Information] | R TREEN | [EREEY | inomation] | informaton) | information
(Proprietary Information] | [TFEEY | TN oy | Information) | information] | Information
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5 Informatlon]. I -

Brpa o e e e Welghted‘r’i"~‘5'Weigh’teii’1””
. -File Name - AV( ) LR A S DR e
BRI TR e t i AT H ;{) co o ker: |- Variarice
. . [Proprietary | [Proprietary [Proprietary [Propnetary [Proprietary
[Proprietary Information] Information] | Information] Information] Information] Information]
. : [Proprietary | [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] | Information] Information] Information] information]
. . [Proprietary | [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] | Information] Information] Information] Information]
. . [Proprietary | [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] | Information] Information] Iinformation] Information]
. . [Proprietary | [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] | Information] Information] Information] Information]
. . [Proprietary | [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] | Information] Information] Information] Information}
. . [Proprietary | [Proprietary [Proprietary [Proprietary [Proprietary
[Proprietary Information] Information] | Information] Information] Information] Information]
[Proprietary | [Proprietary [Proprietary [Proprietary
Information] | Information] Information] Information]
[Proprietary [Proprietary [Proprietary
Information] Information} Information]
|. [Proprietary i ,[Proprletary : [If’rppljletary}’;g

ylnformatlon]

[Proprietary -..}. - [" —

L Informatlvon]vv

[Propnetary
sl n_formatx_on]

lnformatldn]
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5.3.4.

High Enriched Uranium

As the data are judged to be from a normal distribution the bias and bias uncertainty is represented with a
Lower Tolerance Limit (LTL). The USL calculation for MCNP [Proprietary Information] is developed in

Table 11.
Table 11 - HEU USL

File Name k. poe | e Welghtedkeﬂ v‘,v::lg:::g
(Proprietary Information] | (oo BB Sy | [ENEEN | omaton] | information] | information
[Propritary Information] | RSN | [TOREEN | Ktommaton) | Information] | information]
[Proprietary Information] | {7 REEY | FENEEN | Kommation] | information] | Information
[Propristary Information] | [ RSN | TEREEY | {tomation] | information] | information]
[Proprietary Information] | fr R BE | [OREEY | fomationt | information] | information]
[Proprietary Information] | {ree RSN | FETRE | [fomaton] | information] | information]
(Proprietary Information] | fr R RS, | ITEREEN | [ omaton] | Information] | information
[Proprictary Information] | freREEY | [OREEY | iokaion) | Information] | information]
[Proprictary Information] | [ EEY | [TEREEY | Fiomaton] | information] | information
[Proprietary Information] | oo FEEY | [N | omation] | information] | information
[Proprietary Information] | {reo RSN | IR | Information] | information] | information]
[Proprietary Information] | jue e | HONAEN | [fommaton) | information] | nformatont
[Proprietary Information] | [T FTREY | RSN | LR on | information] | informaton]
[Propretary Information] | (o BEEY | [ERRE | | omation] | information] | information
(Proprietary Information] | [ oREE | ITEREEY | normation] | Information] | information
[Proprietary Information] |t BASY | TCREE | o] | information] | information]
[Proprietary Information] | [TEREEN | HOREEY | tormation] | information] | information
[Proprietary Information] | ooty | RSN | [fomaton | informetion] | information
[Proprietary Information] | jretBi RS | FEOREEN | Forationt | infonmation] | information
[Proprietary Information] |t BRE | TEREEN | omaton] | information] | information
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- FileName = |° kexr. | .o ) . |Weighted kest}| ,
| FieName | ke e ) Wy (Weishtedker variance
[Proprietary [Proprietary [Proprietary [Proprietary
Information] Information] Information] Information]
[Proprietary [Proprietary
Information} Information]
[ . [Proprietary * |  [Proprietary Information] |- [Proprietary | ' [Proprietary | ‘[Proprietary
|- -Information] | " -+ ;.. Information], | Information] | Information]
|+ {Proprietary” "' {- ‘[Proprietary Information] - *{ . [Proprietary. . | - [Proprietary' - | '[Proprietary .
| ‘Information]. | =« . . w .4 Information] ‘|  Information] " | "Information]

5.3.6. Combined LEU, IEU and HEU Enrichments

As the data are judged to be from a normal distribution the bias and bias uncertainty is represented with a
Lower Tolerance Limit (LTL). The USL calculation for MCNP [Proprietary Information] is developed in
Table 9. Notice that the bias [Proprietary Information]. However, per Reference 4 positive bias values are
not used and the kmean is set to unity for the USL calculation.

Table 12 - Combined USL

| EleName | ke | o | MoP - |Weightkal VISR
oty wormatan | e | oy | o™ | oty | ey
oy ot | Frmey | iy | oty | iy | ooy
oty woraon | ey | ey | ity | iy | e
proprery womaion, | Fmoey | Pt | sty | onidy | ey
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| FieName |k | o | Wy |Weshied ) YR
[Proprietary Information] | [refiss | FCoRRe | L oraton] | ifonmaton] | infomatian
[Proprietary Information] | pBEEY | FEORRe | ormation) | mormation) | nformaton
[Proprietary Information] | R | L | e aton] | information] | information]
[Proprietary Information] | b | e | e aton, | miommation] | infornation]
[Proprietary Information] | [TEoRteE | H e | oenaton] | mionation] | infornstion]
[Proprietary Information] | R | e e aton] | Infonation] | ifontion]
[Proprietary Information] l[sfg)rfrzl:’:li% I[:frc?rFr)T:Iae;l?)% ffﬁ?ﬁfﬁiﬁy} l[sf::or?rr:ttui% {sfg)ﬁaetﬁi%
[Proprietary Information] | fEoE e | L e | aton] | miommation] | infornation]
[Proprietary Information] | B SEY | EEEEED | aton] | information] | Informaton
[Proprietary Information] | [ B RS | L e | aton) | ifommation] | infomaton
[Proprietary Information] | B eS| e | raton] | ifomnation] | infomation
[Proprietary Information] | R e | L | e on, | infomnation | ioonation]
[Proprietary Information] | R | e | onl | Infomnation] | mfomation]
[Proprietary Information] | [TERTe | EEoree | ommaton] | miommation] | infoenston
[Proprietary Information] | teb o | Loy | L tor) | infontion] | information
[Proprietary Information] | [RS8 | FEO0TRE | ommaton] | Information] | Information]
[Proprietary Information] | [7PTE8Y | FEOREEM | nformaton) | information] | information]
[Proprietary Information] | [TERSSY | [EREEN | tomaton] | information] | information]
[Proprietary Information] | B o | e | eaton) | ifommation] | information]
[Proprietary Information] | [TEBTEEY | [HER R | rston] | infonnatian | miomtion]
[Proprietary Information] | Febte8 | oo | oraton) | information] | nformatin
[Proprietary Information] | [Eb e e | e | e aton] | Information] | mformation]
[Proprietary Information] | [ToTReN | 0o | omaton) | infomation] | Information]

Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VII.1 Cross Sections

Atkins-NS-NM!-14-01

50




Northwest Medical Isotopes, LLC

[Proprietary Information] | [Topreey | [opTeel | [FEPTEE | Mnfommation | information
[Proprietary Information] | [ToPTEeY | FEOPTEaN | [THOPTEe | Intomnation] | iformaton
[Proprietary Information] l[sf:;c)rfr?aetﬁ% l[rl?f:)c;%l:’ttg% ;[sfrc?r'?é':ﬁi% Efﬁrﬁftﬁi% l[rffgfr:ftﬁ%
[Proprietary Information] | F R e | e | o) | Information] | informaton
[Proprietary Information] | JLEpee | ey | L e | Infomnation] | information]
[Proprietary Information] | {roPreie | [Topeien | (FOPISom | Tnfounation | information]
[Proprietary Information] | JEp e | e | e ton) | Infontion] | Information]
[Proprietary Information] | [P | ey | D ony | Infomnstion] | Information]
[Proprietary Information] | [oPTEeN | FEopTeen | opr ety | ifomation] | iormaton
[Proprietary Information] | 1R e L e | o | ifomation] | informaton
[Proprietary Information] | [OPTEeY | HOPREs | ropetem | fommation] | miommaton
[Proprietary Information] | [LoPrCeN | Lroptee | oo | Infonation] | information
[Proprietary Information] | [ToPTEEY | FEORTREN | e | Infomation] | infonmaton
[Proprietary Information] | IFioPrietay | [Fiobretan | [RopieEny | (oo | inemston
[Propritary Information] | [FToprieany | Proprietay | [Propretary | [Proprietary | [Propretery
[Proprietary Information] | [FIoPTee | [Ropreiany | (o Ren | Infomnation | information]
[Proprietary Information] | 1R | e | L oy | infoumation] | Information]
[Proprietary Information] | 1R e | F e | o) | Infomation] | information
[Proprietary Information] | [LToPTSEN | FEoRTSa | P | Infownation] | iormaton
[Proprietary Information] | [op e | e | o ont | Iformation] | information]
[Proprietary Information] | [EoPrea | EoRea | o oy | omnation] | iformaton
[Proprietary Information] frffg?r::tﬁ% I[Efﬁ‘iﬂff.i% fffﬁﬁiféi% I[r;?frc?r?;:’fka)rn)s Ef?rfr?ae;z%
[Proprietary Information] | [P e e | e | o | fommation) | information]
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| FleName, | ke | e | MoF | Weighted k| UIEIEH
[Proprietary Information] | FoRt Sy | EoR e | aton] | infomnation] | imformation]
[Proprietary Information] | Jem e | F e ont | Informaton] | information] | ifommation
[Proprietary Information] | e BR RS | FEAREEN | L omation] | Infoumation] | information
[Proprietary Information] | b 8o | e | L o) | Infonation] | information
[Proprietary Information] | Eeb S o | e | L oy | Infommation] | information
[Proprietary Information] | [rcB S e | L e | L o) | Infomation] | Information
[Proprietary Information] | b e | e | e aton) | infomation] | Information]
[Proprietary Information] | 0B ey | o | on | infonation] | ieonation
[Proprietary Information] | [EoR e | L | oraton] | ifommaton] | eonation
[Proprietary Information] | [k e | e | o on | Information] | information]
[Proprietary Information] | iz RS | FEOREEN | Infomation] | information] | information
[Proprietary Information] | ek e | e | o aton] | Informaton] | informator]
[Proprietary Information] | [FroPretary | [Proprietay | - [Proprietary ) [Propritary | [Proprctary
[Proprietary Information] | {rebieE | LR e | L o | Information] | information
[Proprietary Information] | 1ok e | Lo e | L et | ifownation] | information]
[Proprietary Information] {Efgﬁféi% l[rTfL()rFr)r::’:lz% l[sf:;)r?;f’;i% I[:fr:r?r::tﬁim I[Efm::tt;%
[Proprietary Information} | {LobTSe | LEonte | omaton) | infomation] | information
[Proprietary Information] | [ToPTS8Y | LEORee | Mommaton) | information] | information
[Proprietary Information] | [ToFTSEN | FEORTEE | ormation] | information] | Information
[Proprietary Information] | Jtob e | e | ol | infonnation] | nformation
[Proprietary Information] | [TRTEEY | R A | omation] | infomation] | information]
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[Proprietary Information] | {FeobtRe | EoREe | L raton) | infonnation] | informaton
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Ao T T T T T ] Weighted
ile Name S 2 ight A
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[Proprietary Information] Information] | Information] Information}] Information] Information]
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[Proprietary Information] Information] | Information] Information] Information] Information]
[Proprietary | [Proprietary [Proprietary [Proprietary
Information] | Information] Information] Information]
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6. Area of Applicability

This validation is appropriate for homogeneous and heterogeneous intermediate enriched uranium
systems. A summary of the area of applicability for these experiments is provided in Table 13. For systems
outside the validation area of applicability, an increased MoS value may be warranted, depending on the
specific problem being analyzed. The analyst must document any extrapolation beyond the validation area
of applicability and justification must be made for no adjustments to the MoS when extrapolating.

Table 13 - Area of Applicability Summary

7 'Isaraiihétef‘z’ ’E'.{-\hre?,;q_ffAlpﬁclticéﬁiliifir‘.;; L S
FISSIIeMaterIaI oo >[;3r.op’rietary Information] T
‘F,is,'s‘ile;l\l’iattei'iﬁavl Form ;' [Proprietary Information]
‘Hlkz"’;s!J‘vﬂrat‘ip* o [Proprietary Information]
. A.veragre Neutrbﬁ .‘Enér.g'y . [Proprietary Information]

Causing Fission.(MeV)-

K Enricﬁﬁiéptﬁ*-‘, ' . A [Proprietary Information]
M‘oder_at‘ihg‘/Materi’avlsz’f ‘: - [Proprietary Information]

| ;Re’filec'tir‘lg’ M@téfialg‘ : o [Proprietary Information]
Ab's'p‘rbef Mei:tgri_‘ailsil - [Proprietary Information]

« Géométfy B [Proprietary Information]

* See following text.

The H/2%®U ratio of the experiments has values ranging from 0 to 1611 and Figure 2 of Section 5.1.2
demonstrates that ratios up to an H/25U ratio of 1200 are well covered. However, above 1200 there is only
one value and this one is somewhat an outlier. However, as described in Reference 5, a £ 20% interpolation
is considered acceptable for the ratio of moderator to fissile material in an AOA. Adding 20% to the 1200
value yields 1440. Therefore, given that Section 5.1.2 demonstrates that there is no trend between H/23%U
ratio and bias, it is judged herein that this validation can be conservatively used for the H/23°U ratio AOA
range listed in Table 13.

The enrichment range for the data set experiments ranges from 9 to 94 wt.% 235U, while the enrichment of
greatest interest in NWMI criticality applications is 19 wt.% 23°U. Figure 4 of Section 5.1.4 shows the
distribution of the bias as a function of enrichment and indicates that there is no trend and that values
around 19% enrichment are well covered. Therefore, this validation can be conservatively used for the
entire enrichment range listed in Table 13.
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Appendix A. Combined Data Normalicy

Test Calculations

Tables A1 through Table A3 present the calculations for the normality tests for MCNP data from Section

7.5.24.
Table A1 - Modified Chi Square Normality Test

‘ .o ' N :_Occu‘r'rence - " _ o

Ordered- |- : ~ - T I+ Class '|}.Frequeney |- .- = - | . - P
- Data Class ~ | Class |Midpoint(M)j. = (O) - {. OfMyn | OxM)%n. |
[Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary
Information] | Information]| Information] | Information] | Information] | Information] | Information]
[Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary |[Proprietary | [Proprietary
Information] | Information]| Information] | Information] | Information] | Information] | Information]
[Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary
Information] | Information]| Information] | Information] | Information] | Information] f Information]
[Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary |[Proprietary | [Proprietary
Information] | Information]| Information] | Information] | Information] | Information] | Information]
[Proprietary |[Proprietary | [Proprietary | [Proprietary | [Proprietary |[Proprietary | [Proprietary
Information] | Information]| Information] | information] { information] | Information]{ Information]
[Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary
Information] | Information] | Information]| Information] | Information] | Information] | Information]
[Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary
Information] [ Information]| Information] | Information] | Information] | Information] | Information]
[Proprietary |[Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary | [Proprietary
Information] | Information}| Information] | Information] | Information] | Information] | Information]
[Proprietary | [Proprietary | [Proprietary | [Propristary | [Proprietary | [Proprietary | [Proprietary
Information] | Information}| Information] | Information] | Information] | Information] | Information]
[Proprietary | [Proprietary '

Information} | Information]

[Proprietary | [Proprietary [Proprietary | [Proprietary | [Proprietary | [Proprietary
Information] | Information] Information] | Information] | Information] | Information]
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Information] | Information]
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Information] | Information] Information] | information] | Information]
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Information] | Information] Information] | Information] | Information]
[Proprietary | [Proprietary

Information] | Information]
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Table A2 - Kolmogorov-Smirnov Normality Test
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12 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
13 information}] Information] Information] Information] Information]

Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VII.1 Cross Sections
Atkins-NS-NM!-14-01 62




Northwest Medical Isotopes, LLC

DA

Observa_ l o e Y »». : ‘ . ,3 . v i » VJ | I * -,2 v' ] ‘7 F; _ - ,,( , R i v ’ ‘ ‘
“tion | Ordered Data | G(x) | x| Pxy —apay | (P00 GRe VT SubE | eon)
Number } ="~ = | CERR Y P I ! - PP R I »
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
14 Information] Information] Iinformation] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
15 Information] Information] | Information] | Information] Information]
[Proprietary
16 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
17 Information] | Information] | Information] | Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
18 Information] | Information] | Information] | Information] | Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
19 Information] Information] Information] Information} Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
20 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprigtary
21 Information] Information] Information] Information] Information]
[Proprietary
22 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
23 Information] | Information] | Information] | Information] | Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
24 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
25 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
26 Information] Information] Information] information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
27 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
28 Information] Information] Information] Information) Information]
[Proprietary
29 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
30 Information] Information} Information] Information] Information]
[Proprietary
31 Information]
[Proprietary
32 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
33 Information] Information] Information] Information} information]
[Proprietary
34 information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
35 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
36 Information] Information] Information] Information] Information]

Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VII.1 Cross Sections
Atkins-NS-NMI-14-01

63




Northwest Medical Isotopes, LLC

Observa-| - . . = .o .. ). T b s e o cires P
tion | Ordered Data| . G(xk | P, | |[Fia) = Gpap | IO G0 T2 SRET - wegez)
Number |-~ ..« = f. oo oL L B L PO SR i PR AR SR
[Proprietary
37 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
38 Information] Information] Information] Information} Information]
[Proprietary
39 Information}
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
40 Information] Information] Information] Information] Information]
[Proprietary
41 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
42 Information] | Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
43 Information] Information] Information] Information] Information]
[Proprietary
44 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
45 Information) Information) Information} Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
46 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
47 Information} Information] Information] information] Information]
[Proprietary
48 Information]
[Proprietary
49 information]
[Proprietary
50 Information])
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
51 Information] Information) Information) Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
52 Information] Information] Information] information] Information])
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
53 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
54 Information] information]} Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
55 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
56 Information] Information] Information] Information] Information])
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
57 Information] information] information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
58 Information] Information] Information] Information] information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
59 Information] Information] Information] Information] Information]
Atkins MCNP 6.1 Validation with Continuous Energy ENDF/B-VII.1 Cross Sections
Atkins-NS-NMI-14-01 64




Northwest Medical Isotopes, LLC

tion .- |Ordered Data{~ G(xi) " | = -F*x) "~ | [F*x)=G(xi)] [AFi‘(w’('))'] G(x'f T* _sg(px[)l;.,(x)v - wes(92)
Number | -~ - | I T O B R
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
60 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
61 Information] Information] | Information] | Information] | Information]
[Proprietary
62 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
63 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
64 Information] Information] Information] Information] Information]
[Proprietary
65 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
66 Information] | Information] | Information] | Information] | Information]
[Proprietary
67 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
68 Information] Information] Information} Information] Information]
[Proprietary
69 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
70 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
71 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
72 Information] | Information] | Information] } Information] | Informationj
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
73 Information] Information} Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
74 Information} Information] Information] Information] Information]
[Proprietary
75 Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
76 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
77 Information] Information] information} Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
78 Information] | Information] | Information] | Information] | Information]
[Proprietary
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85 Information] Information] Information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
86 Information] Information] Information} information] Information]
[Proprietary
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[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
88 Information] Information] Information] Information] information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
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90 Information] Information] information] Information] Information]
[Proprietary [Proprietary [Proprietary [Proprietary [Proprietary
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Table A3 - Lilliefors Normality Test

Ction | x| m | P | ey | IP @ L IRHEL = e wez)
Numberl - s LSt R UL LG Gl s R
[Proprietary |[Proprietary |[Proprietary |[Proprietary {[Proprietary ([Proprietary |[Proprietary |[Proprietary
1 Information] jinformation] {Information] |information] |Information] |information] | Information] | Information]
[Proprietary {[Proprietary |[Proprietary |[Proprietary [[Proprietary |[Proprietary
2 Information] {Information] |Information] |Information] |Information] |Information] i ,
- - - - - - [Proprietary Information]
3 [Proprietary ([Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
Information] |information] |Information] |Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
4 Information] (Information] |Information] |Information] |Information] {Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
5 Information] |Information] {Information] jInformation] |/nformation] }Information]
[Proprietary |[Proprietary |[[Proprietary |[Proprietary {[Proprietary [[Proprietary
6 Information] |Information] |Information] |Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
7 Information] |Information] |Information] [information] |Information] {Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
8 Information] |Information] |Information] [Information] |Information] |Information]
[Proprietary ([Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
9 Information] |information] |Information] |Information] |Information] |Information]
[Proprietary [[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
10 Information] |Information] {Information] {information] |Information] {Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary [[Proprietary
11 Information] [Information] |Information] |information] |information] |Information]
[Proprietary ([Proprietary {[Proprietary |[Proprietary |[Proprietary [[Proprietary
12 information] {Information] {information] |Information] {Information] |Information]
[Proprietary |[Proprietary {[Proprietary |[Proprietary |[Proprietary \[Proprietary
13 Information] {Information] |Iinformation] |Information] |Information] |Information]
[Proprietary |[Proprietary {[Proprietary |[Proprietary |[Proprietary |[Proprietary
14 Information] |Information] {information] [Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary [[Proprietary
15 Information] {Information] |information] (Information] |Information] |Information]
[Proprietary {{Proprietary |[Proprietary |[Proprietary [[Proprietary ([Proprietary
16 Information] |Information] |Information] {Information] |Information] |Information]
[Proprietary |[Proprietary [[Proprietary |[Proprietary |[Proprietary |[Proprietary
17 Information] |information] |Information] {Information] |Information] {Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary {[Proprietary ([Proprietary
18 Information] |Information] |information] [Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary ([Proprietary
19 Information] |Information] |Information] {Information] {Information] |Information]
[Proprietary {[Proprietary {[Proprietary |[Proprietary |[Proprietary [[Proprietary
20 Information] |Information] |Information] |Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
21 information] |Information] |Information] |Information] |Information] |Information]
[Proprietary [[Proprietary |[Proprietary |[Proprietary |[Proprietary ([Proprietary
22 Information] [Information] jInformation] |Information] (Information] {Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary {[Proprietary
23 Information] |Information] [Information] |Information] |Information] |Information]
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Ction | xi f s | P o o) | IR TR | wes(92) !
[Proprietary |[Proprietary [[Proprietary |[Proprietary |[Proprietary |[Proprietary
24 Information] [Information] |Information] |Information] {Information] |Information]
[Proprietary ([Proprietary |[Proprietary |[Proprietary |[[Proprietary ([Proprietary
25 Information] |Information] |Information] |information] |Information] jinformation]
[Proprietary |[Proprietary [[Proprietary |[Proprietary |[Proprietary |[Proprietary
26 Information] |Information] |Information] {Information] |information] |information]
[Proprietary [[Proprietary [[Proprietary |[Proprietary |[Proprietary |[[Proprietary
27 Information] |Information] |Information] (Information] [Information] |Information]
[Proprietary ([Proprietary [[Proprietary [[Proprietary |[Proprietary |[Proprietary
28 Information] |Information] |Information] |Information] |Information] |Information]
[Proprietary ([Proprietary |[Proprietary |[Proprietary |[Proprietary |[[Proprietary
29 Information] |Information] |Information] |Information] |Information] |Information]
[Proprietary |[Proprietary [[Proprietary [[Proprietary |[Proprietary |[Proprietary
30 Information] [Information] |Information] |Information] |Information] [Information]
[Proprietary |[Proprietary |[Proprietary [[Proprietary |[Proprietary |[Proprietary
31 Information] |Information] |Information] |Iinformation] |Information] |Information]
[Proprietary |[Proprietary ([Proprietary ([Proprietary |[Proprietary |[[Proprietary
32 Information] |Information] |information] |Information] |Information] |Information]
[Proprietary |[Proprietary ([Proprietary [[Proprietary |[Proprietary [[Proprietary
33 Information] |Information] (Information] |information] |Information] {Information]
[Proprietary ([Proprietary [[Proprietary [[Proprietary |[Proprietary |[Proprietary
34 Information] |Information] |Information] [Information] {Information] |information]
[Proprietary ([Proprietary [[Proprietary ([Proprietary |[Proprietary [[Proprietary
35 Information] |Information] |Information] |information] |Information] |Information]
[Proprietary {[Proprietary ([Proprietary |[Proprietary |[Proprietary |[Proprietary
36 information] |Information] |Information] [Information] |Information] |Information]
[Proprietary ([Proprietary |[Proprietary [[Proprietary |[Proprietary |[Proprietary
37 Information] |Information} [Information] |Information] |Information] |Information]
[Proprietary |[Proprietary ([Proprietary [[Proprietary |[Proprietary |[Proprietary
38 Information] |Information] |Information] |Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary ([Proprietary |[Proprietary
39 Information] |Information] {Information] Iinformation] |Information] {Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary [[Proprietary |[Proprietary
40 Information] [Information] {Information] |Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary [[Proprietary |[Proprietary |[Proprietary
41 Information] |Information] |Information] (information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary [[Proprietary |[Proprietary
42 Information] |Information] |Information] |Information] |Information] |Information]
[Proprietary {[Proprietary {[Proprietary |[Proprietary |[Proprietary [[Proprietary
43 Information] |Iinformation] |Information] |Information] |Information] |Information]
[Proprietary |[Proprietary ([Proprietary [[Proprietary |[Proprietary |[Proprietary
44 Information] |Information] |Information}] |information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary ([Proprietary |[Proprietary
45 Information] [Information] [Information] |Information] [Information] |Information]
[Proprietary {[Proprietary |[Proprietary ([Proprietary |[[Proprietary |[Proprietary
46 Information] |Information] [Information] {Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary {[Proprietary |[Proprietary
47 Information] |Information] {information] |information] |Information] |Information]
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[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary [[Proprietary
48 Information] |Information] [information] |Information] |Information] |Iinformation]
[Proprietary {[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
49  [Information] |Information] |Information] |Information] [Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary {[Proprietary
50 information] {Information] |Information] |information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary ([Proprietary
51 information] {Information] {Information] |Information] {Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
52 Information] |information] {Information] [information] |Information] {Information]
[Proprietary |[Proprietary ([Proprietary |[Proprietary |[Proprietary ([Proprietary
53 information] |information] {Information] |information] |Information] |Information]
[Proprietary |[Proprietary [[Proprietary |[Proprietary {[Proprietary |[Proprietary
54 information] [Information] {Information] [Information] |Information] {Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary [[Proprietary
55 Information] |Information] {Information] |information] |information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary [[Proprietary
56 Information] |Information] |Information] {Information] |Information] |information] X
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
57 Information] |Information] |Information] {Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
58 Information] |Information} |Information] |Information] |Information] |Information]
[Proprietary {[Proprietary ([Proprietary |[Proprietary |[Proprietary |[Proprietary
59 information] |Information] {Information] |Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
60 Information] |Information] |Information] |Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary [[Proprietary
61 Information] {Information] |Information] [Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
62 Information] [Information] |Information] {Information] |Information] [Information]
[Proprietary [[Proprietary |[Proprietary {[Proprietary |[Proprietary |[Proprietary
63 Information] {Information] |Information] {Information] jinformation] jinformation]
[Proprietary |[Proprietary |[Proprietary |[Proprietary ([Proprietary |[Proprietary
64 Information] |information] |Information] {information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
65 Information] |Information] {Information] {Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary {[Proprietary
66 Information] jInformation] {Information] {Information] |Information] |information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
67 Information] |Information] |Information] |Information] |Information] |Information)
[Proprietary {[Proprietary |[Proprietary {[Proprietary |[Proprietary {[Proprietary
68 Information] {Information] {Information] |information] |Information] |Information]
[Proprietary |[Proprietary {[Proprietary |[Proprietary |[Proprietary [[Proprietary
69 Information] {Information] |Information] |Information] |Information] |Information]
[Proprietary {[Proprietary ([Proprietary |[Proprietary |[Proprietary |[Proprietary
70 Information] (Information] [Information] [Information] [Information] {Information]
[Proprietary ([Proprietary {[Proprietary {[Proprietary |[Proprietary |[Proprietary
71 Information] {Information] (Information] |Information] |Information] |Information]
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[Proprietary |[Proprietary ([Proprietary {[Proprietary |[Proprietary |[Proprietary
72 Information] |Information] |information] |Information] |information] |Information]
[Proprietary [[Proprietary |[Proprietary {[Proprietary [[Proprietary |[Proprietary
73 information] |Information] |information] {Information] |information] {Information]
[Proprietary ([Proprietary |[Proprietary ([Proprietary |[Proprietary |[Proprietary
74 Information] |Information] {Information] jinformation] |Information] {Information]}
[Proprietary |[Proprietary |[Proprietary {[Proprietary |[Proprietary |[Proprietary
75 Information] |Information] |Information] |Information] |Information] |Information]
[Proprietary {[Proprietary |[Proprietary |[Proprietary |[Proprietary [[Proprietary
76 Information] |Information] |Information] jinformation] |Information] |Information]
[Proprietary [[Proprietary {[Proprietary [[Proprietary [[Proprietary {[Proprietary
77 Information] {information] |Information] |Information] [Information] |Information)
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
78 Information] |Information] |Information] |Information] [Information] {Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
79 information] |Information] {Information] |information] {information] |Information]
[Proprietary |[Proprietary |[[Proprietary |[Proprietary |[Proprietary |[Proprietary
80 Information] |Information] |Information] |Information] |Information] |Information]
[Proprietary {[Proprietary |[Proprietary ([Proprietary {[Proprietary |[Proprietary
81 Iinformation] |Information] |Information] |Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary ([Proprietary [[Proprietary |[Proprietary
82 Information] |Information] [information] |information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary ([Proprietary |[Proprietary
83 Information] {Information] |Information] |information] [Information] |Information]
[Proprietary [[Proprietary |[Proprietary {[Proprietary |[Proprietary |[Proprietary
84 Information] {Information] |Information] |Information] |Information] {Information]
[Proprietary [[Proprietary |[Proprietary |[[Proprietary [[Proprietary |{[Proprietary
85 Information] |Information] {Information] |Information] |Information] Jinformation)
[Proprietary [[Proprietary [[Proprietary {[Proprietary |[Proprietary |[Proprietary
86 Information] |Information] |Information] |Information] |Information] |Information]
[Proprietary |[Proprietary |[Proprietary [[Proprietary ([Proprietary |[Proprietary
87 Information] |Information] |Information] |Information] |Information] {Information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
88 Information] |information] |information] |Information] |Information] |Information)
[Proprietary [[Proprietary |[Proprietary ([Proprietary |[Proprietary [[Proprietary
89 Information] |Information] {Information] {information] |Information] |information]
[Proprietary |[Proprietary |[Proprietary |[Proprietary [[Proprietary |[Proprietary
90 Information] (Information] |Information] |Information] |Information] [Information]
[Proprietary |[Proprietary ([Proprietary |[Proprietary |[Proprietary |[Proprietary
91 Information] [Information] {Information] |Information] |Information] [Information]
[Proprietary [[Proprietary |[Proprietary |[Proprietary |[Proprietary |[Proprietary
92 information] |Information] {Information] |Information] {Information] |Information]
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Appendix B. Electronic Copy of Input/
“Output Files

A CD with all Input and output files is included with the original
copy '

[Proprietary Information]

“Atkins MCNP 61 Valigation with Continuous Energy ENDF/B-VII.1 Cross Sections
Atkins-NS-NMI-14-01

71



Michael R. Corum

Atkins — Nuclear Solutions
P.O.Box 471488
Charlotte, NC 28247

Email — Michael.corum@atkins.globalns.com
Telephone - 704.731.2311
Direct telephone — 803.603.2349
Fax - 704.731.2309

© Atkins Ltd except where stated pthérwise.

The Atkins logo, ‘Carbon Criticai Design’ and the strapline
‘Plan Design Enable’ are trademarks of Atkins Ltd.





