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ENVIRONMENTAL RADIATION DOSE ASSESSMENT AND VALIDAT ION FOR

URANIUM HEXAFLUORIDE STORAGE MANAGEMENT

by
Shiaw-Der Su
B.S., Nuclear Engineering, National Tsing Hua Uniwvesity, 1968
M.S., Nuclear Engineering, Purdue University, 1971

Ph.D., Engineering, The University of New Mexico, @14

ABSTRACT

This research entailed development and applicatioan efficient indirect Monte
Carlo simulation methodology for performing envineental radiation dose assessment for
storage of a large number (thousands) of uraniuxaftheride (UF) cylinders in an outdoor
storage area. The primary objective was to subathnimprove the Monte Carlo
computational efficiency by an order of magnitudebetter as compared to the previous
time-consuming methodology using the direct, stashdamulation approach. The collateral
objective was to support onsite storage ofs @idinders at uranium enrichment facilities,
addressing dose impacts on storage capacity, fobtgquirements, and cylinder placement
in terms of spacing, array and stacking.

The research was carried out in four sequentiasgdiaPhase 1 — YHadiation
source term development; Phase 2 — single tifinder dose evaluation for parameter
selection; Phase 3 — multiple pJEylinder dose assessment methodology developnmeht a

application; and Phase 4 — validation of computeticefficiency and dose simulations.
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Phases 1 and 2 were a prerequisite for Phaser8vae the necessary data and input for use
in Phase 3. The results of the single and mulgglender dose calculations from Phases 2
and 3 were validated in Phase 4 including quaatiben of computational efficiency. The
analytical tools for the research consisted of @RIGEN-S module in the SCALE 6.1.2
code package for source term calculations, the ME/Rodule in SCALE 6.1.2 for source
importance data generation, and MCNP5 (v1.60)ddration dose calculations.

The indirect Monte Carlo simulation process devetbpfrom Phase 3 was applied to
a case study involving different storage configorat to investigate the dose trend and
sensitivity to storage capacity, and dose impagtstbrage management. The case study
produced the results of the neutron and photon da®s from multiple Ugcylinders in
various storage arrays and stacks for impact aisalgsd demonstration of regulatory
compliance at environmental locations such asiteédsundary.

The computational efficiency of the indirect Mon@arlo dose simulations was
quantified in terms of figure of merit, confirmirtge accomplishment of the objective for
substantial improvement over the direct, standgpta@ach. In addition, comparison of the
dose rate results for single and multiple cylindéxsm this research against the field
measurements and other calculations available atelidthe environmental dose assessment
with respect to the degree of accuracy and cong8emva As a result of this research, future

related work was identified and recommended fathirrdevelopment and enhancement.
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1. INTRODUCTION

Uranium hexafluoride (U§ also commonly known as hex) is a chemical comgoun
of hexavalent uranium and fluorine converted froaOgJ(also know as yellow cake) at a
conversion facility to allow for further processhis conversion is an integral part of the
nuclear fuel cycle. Ufcan be a solid, liquid or gas depending on thauoitty range of
temperature and pressure. At room temperature, ifRa solid white, dense crystalline
material that resembles rock salt.

After conversion, UFis the process gas used by the gaseous diffusmentrifuge
enrichment plants to increase the concentratioanoichment of the fissionable isotope U-
235 from naturally occurring uranium ore. The enment process with YFoffers two
unique features. First, it can conveniently beduae a gas for processing, as a liquid for
homogenization and sampling, and as a solid falag®and transport. Second, with only
one natural isotope in fluorine, all the isotopgparative capacity of the enrichment process
is expended to enrich the concentration of thedighranium isotopes.

As a part of the front-end of the nuclear fuel ey@dommercial uranium enrichment
facilities typically enrich natural uranium hexafhide, which contains approximately 0.711
wt % U-235, to a final product with up to 5 wt %235 for light-water-reactor (LWR) fuel
fabrication. Enrichment to higher U-235 concembrad is also achievable for other
applications such as research reactor fuel and emsamaterial. The depleted uranium
hexafluoride (DUE), with approximately 0.1 to 0.5 wt % U-235 is euafled in certified
containers for storage and eventual disposal arodeersion. At the enrichment facilities,

the URs material is classified as follows, depending onh235 concentration in uranium:
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e "Feed" (natural U§; feed stock for enrichment process)

e "Product" (enriched Ug withdrawn from enrichment process)

e 'Tails" (depleted UE, withdrawn from enrichment process)

In the existing uranium enrichment facilities, hiamgl and storage of Uffmostly use
Model 48Y (48 inches in diameter) cylinders fordesnd depleted Uf-and Model 30B (30
inches in diameter) for enriched kJFA 48Y cylinder has a fill capacity of 12,501 kif-,
and a 30B cylinder can contain up to 2,277 kg (WSEC 1995, Table 2]. Other models of
cylinders are also available and have been usedopdy such as Model 48G cylinders at
the U.S. gaseous diffusion plants [ANL 2013].

Regardless of feed, product or tails materialg I3Rypically stored as a solid in large
carbon steel containers such as the afore-mentibloetls 48Y/G and 30B cylinders at the
operating enrichment facilities for long term stgggfor tails) or short term storage (for feed
and product). These cylinders can be stored inadwooutdoor in accordance with the
licensing requirements by the regulatory agencyhsas the U.S Nuclear Regulatory
Commission (NRC).

At the URENCO USA (UUSA) Enrichment Facility (faerly National Enrichment
Facility [NRC 2005]), 48Y feed and tails cylindease allowed for storage on an outdoor
concrete pad called Uranium By-product Cylinder (L)BStorage Pad. Indoor storage is
provided for 30B product cylinders inside the Cglin Receipt and Dispatch Building
covered by the Criticality Accident Alarm Systemraguired by 10 CFR 70.24 [NRCa]and

physical protection of special nuclear material p@rCFR 73 [NRCc]. Outdoor storage of
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product cylinders requires UUSA to address critigadnd safeguards concerns for special
nuclear material.

Uranium decays by alpha emission or spontaneossofisand UE contained in
cylinders emit both neutrons and photons as a imcbf enrichment or U-235
concentration. These neutron and photon souradsilmate to radiation doses external to the
cylinders. To model the dose from the cylindersaat external point, Monte Carlo
simulations were performed. Source term deternunaepresentative of the real radiation
source distribution and actual bJRatrix is the first step required in the onsitel arifsite
dose assessment for the dUylinders. These source terms are necessarysirrudose
calculations and shielding analyses to ensurettiefacility and storage pad are properly
designed such that radiation doses to onsite peet@md the general public in unrestricted
areas are within the regulatory limits. The dosetite general public at environmental
locations such as the site boundary is the focuthisf research for compliance with the
environmental regulations.

The UK source terms with an in-growth time of one yegresent the maximum
intensity. They are applicable to the dose catmuria for a single cylinder and for the entire
array of cylinders to obtain the maximum doses wafpect to time. Time-dependent source
terms are considered in this research to assessmpact to storage management, in
particular, for empty feed cylinders.

11 RESEARCH OBJECTIVES

The main purpose of this research is to effeqgiivadsess environmental external

radiation doses for an outdoor YJEylinder storage yard or pad with application of a

efficient Monte Carlo method to achieve the follagiobjectives:
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¢ Reducing dose simulation time

e Predicting dose trend for increasing storage c#paci

e Maximizing storage capacity for a given footprint

e Demonstrating regulatory compliance with the saardary dose limit

e Supporting onsite UfFstorage management such as cylinder spacingisgeaikd

placement

1.2 RESEARCH SCOPE
To meet the objectives set forth in Section 1.1 tesearch consists of the following
scope in four distinct phases:
e Phase 1 — Uf radiation source term development for Monte Cadluse
simulations for filled tails, filled feed, and emgdeed cylinders using 48Y Model
e Phase 2 — Single cylinder dose evaluation by MddD&lo simulations for
calculating the dose rates from a single cylinded setting the key parameters
for multiple cylinder dose assessment
e Phase 3 — Methodology development for efficient MoBarlo simulations and
application to cylinder array dose analysis
e Phase 4 — Quantification of computational efficerand validation of dose
simulations against field measurements and otHeulegions available
The work in Phases 1 and 2 is a prerequisite fas®I3, as it provides the necessary
input and information for use in dose analysisrfaitiple cylinders. Phase 3 is the heart of

this research project to provide an efficient apploto dose calculations for arrays of

www.manaraa.com



cylinders in different stacking configurations (oo and three high). The results from
Phase 3 are useful for quantifying computationéiciehcy, predicting dose trend, sizing
storage space requirements, and devising an eificiend economical cylinder
storage/placement scheme. Phase 4 involves goatith of computational efficiency, and
the use of field radiation measurements and otaleutations available for validation of the
efficiency and accuracy of the dose calculatiorth Wie improved approach.
1.3 MANUSCRIPT ORGANIZATION

The following chapters describe the research &ffand results including discussion
of previous work. Chapter 2 introduces the esakmtformation on UE cylinders and their
storage related to this research. Chapter 3 defamel provides the FRadiation source
terms consisting of neutron and photon sourcedilted tails, filled feed and empty feed
48Y cylinders as developed from Phase 1. Chapteredents the dose rate results for a
single cylinder, and sets the pertinent paramefiens Phase 2 for use in the multiple
cylinder dose assessment in Phase 3. As a rdsihle d’hase 3 efforts, Chapter 5 provides
the details of an efficient indirect Monte Carlonsiation approach to the dose assessment
for various configurations and arrangements ot Ofinder storage. The dose results of
significance to this research are presented in €haf, including dose impacts to
management of filled and empty cylinder storage. pArt of the scope in Phase 4, Chapter 7
validates the computational efficiency of the iedirMonte Carlo simulation method relative
to the direct approach. Chapter 8, also parthaisE 4, compares the calculated dose results
against the field measurements and other calcakfior validation of the Ufsource terms

and application of the indirect Monte Carlo simidatmethod.
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In addition, a concluding chapter is included &s@er 9, summarizing the findings
and interpretations and recommending future workhe computer files and supporting

information are collected in the appendices.
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2. DESCRIPTION OF UFs CYLINDER STORAGE

This chapter provides the supporting backgroundrinétion related to this research,
including UF cylinder physical description, storage and staghkaith special focus on the
UUSA Enrichment Facility in Eunice, New Mexico.

21 UK CYLINDER DESCRIPTION

Model 48G and 48Y cylinders are typically useddtmrage of solid Ug which has a
density of 5.1 g/cth[lUSEC 1995, Table 5] at room temperature. Mo £ylinders with
a thinner wall thickness were used in earlier tiraeshe gaseous diffusion plants such as
Portsmouth. Model 48Y cylinders are currently sewat the UUSA Enrichment Facility for
tails storage. Table 2-1 provides the physicabhpeaters and contents of Model 48G and
48Y cylinders. Figures 2-1 and 2-2 depict the pfalsconfiguration of a single cylinder for
48G and 48Y, respectively.

Cylinders are initially filled to a safe capaciwhich is allowed to cool for several
days. After cooling, U contracts and forms a solid that fills about 60f4he internal
cylinder volume. During storage, a cylinder conséaUFs solid in the bottom in slumped
geometry and Ufgas at less than atmospheric pressure in the @p df the internal

volume.
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Table 2-1 Model 48G and 48Y Storage Cylinder Parameters

Description Value for 48G Value for 48Y
Nominal Diameter, in (cm) 48 (122) 48 (122)

Nominal | Length, in (cm) 146 (370) 150 (380)

Shell Thickness, in (cm) 0.3125 (0.8) 0.625 (1.6)
Maximum Fill Limit, Ib (kg) 28,000 (12,701) 27,560 (12,501)
Minimum Internal Volume, ft* (m®) 139 (3.94) 142.7 (4.04)
Construction Material Carbon steel Carbon steel
Reference Source USEC 1995, §6.10 USEC 1995, §6.9

Identification |
Plate  —O

- Stiffening
Ring

Figure 2-1 Physical Illustration of Model 48G Cylinder
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Figure 2-2 Physical lllustration of Model 48Y Cylinder
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2.2 UR CYLINDER STORAGE AND STACKING

The uranium hexafluoride is stored in cylinderdarge outdoor areas called storage
yards or pad, which typically have a gravel or ¢ete base. The newer storage areas are
built of concrete.

The cylinders in the storage area can be stackedta or three high. Figure 2-3
features a double stacking configuration at thaowuar enrichment facilities in the U.S.
Besides the current practice of double stackingSBAUlans to use a unique triple stacking
configuration to minimize the footprint requiredr fthe storage pad at their enrichment
facility. The cylinders in the bottom stack arage#d on concrete chocks, with some wooden
chocks used in older yards as shown in Figure 2-1.

At the U.S. gaseous diffusion plants (Portsmoutdd Raducah), the filled cylinder
stacking is limited to two high, because of the oééModel 48G cylinders which have a
thinner wall than Model 48Y. The switch to Modé¥4 cylinders at commercial uranium
enrichment facilities allows triple stacking, owgimo a thicker wall to provide structural
support. The arrangement of triple stacking offdre advantage of additional storage
capacity within the boundary of a given footprinitheut significant environmental dose

impacts.
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DUFg Cylinder Storage Yard at t-He-Portsmo-uth, Ohio Gaseous Diffusion Plant [ANL 2013]

Figure 2-3 Double Stacking of UFg Storage Cylinders

11
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2.3 UUSA ENRICHMENT FACILITY DESCRIPTION

UUSA owns and operates a commercial uranium encttrfacility in Eunice, New
Mexico to provide enrichment services to nuclealities. Figure 2-4 depicts the facility
layout [UUSA 2012a, Fig. 9-4]. The distances frtme facility to the site boundary (or
fence line) vary from appropriately 400 to 1,00JMiRC 2005, Table A.1-4], depending on
the sector. The UBC Storage Pad is marked as1tem Figure 2-4. The distance from the
storage pad edge is about 1,200 ft (366 m) to &lsé ®te boundary and about 1,600 ft (488
m) to the north boundary [UUSA 2012c, Figure 1&pr this research, these distances were

used for comparison with the required distances ftioe case study for arrays of cylinders.
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Figure 2-4 UUSA Enrichment Facility Layout
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This uranium enrichment plant is based on a higalable gas centrifuge process,
and has been in operation since June 2010 [LPES$, B110]. The plant is designed to
separate a feed stream containing the naturallyraong proportions of uranium isotopes
into a product stream - enriched in the uranium-A3835) isotope and a tails stream -
depleted in the U-235 isotope. The process, déntpleysical in nature, takes advantage of
the tendency of materials of differing density égsegate in a centrifuge. The chemical form
of the working material of the plant, uranium héuafide (UF), does not require chemical
transformations at any stage of the process. pitusess enriches natural §JFEontaining
approximately 0.711% U-235 to a kJproduct, containing U-235 enriched up to 5 wt%.

The current licensed nominal capacity of the facils 3 million separative work
units (SWU) per year [NRC2005, 81.1.3]. The SWlimeasurement in kilograms of the
separative work (effort or energy) required to safmisotopes of uranium for use in nuclear
power reactors or nuclear weapons. UUSA plansxparaling the facility to an eventual 10-
million SWU capacity to meet future demands [UUSA 2b].

The facility uses only two types of cylinders, ndynet8Y for the feed and tails
material, and 30B for the product material. Thegeders meet the ANSI N14.1 standard
[ANSI 2001], and the 10 CFR 71.73 [NRCDb] and 49 CER.420 [DOT] requirements for
packaging and offsite transport.

24 UUSA UBC STORAGE PAD DESCRIPTION

The UUSA Enrichment Facility utilizes the UBC Stge Pad to store the expected
volume of Uranium Byproduct Cylinders (depleted¢Jroduced by the facility. The
cylinder contents are stored under vacuum in cameesistant ANSI N14.1 Model 48Y

cylinders. Additionally, the UBC Storage Pad pd®s limited buffered storage of full and

13
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empty 48Y feed cylinders. Only the source matddabpleted and natural s stored in
this area. The area does not allow for storaggpetial nuclear material (enriched dykat
this time.

The UBC Storage Pad can accommodate storage ofxapyately 15,730 cylinders
under the current license from the NRC [NRC 2018ndition 21]. The cylinders are
stacked two high. Concrete saddles are used te #te cylinders approximately a few
inches above ground level to avoid contact with soi

An initial section of the storage pad has beerstanted and in use for storage of
filled tails, filled feed, and empty feed cylinder$he section features an array size of 129x8
cylinders (129 cylinders per row from east to wast 8 rows from north to south) with
cylinder ends oriented in the north-south direcflddSA 2010, §82.0]. For double stacking,
the initial section can accommodate a total of KBY9+ (128x8) = 2,056 cylinders. Each
upper cylinder (on the top level) sits and fitsedity above the tight space between two
lower cylinders (on the bottom level), thus redgcthe total number of cylinders on the top
level by one (see Figure 2-3). As of April 201ppeximately 1,600 cylinders have been
placed on the pad, mostly in a double-stacked gement [Kohrt 2014].

To allow facility expansion with an increased SWidpacity, UUSA plans on
expanding the UBC Storage Pad to accommodate @,@00 cylinders in triple stacking
[UUSA 2013c, 81.0]. Additional sections will berwstructed on the UBC Storage Pad to
host this planned capacity.

Empty feed cylinders require a radiological coolpegiod in storage prior to reuse as
tails cylinders, or for return to the customersheTcooling period is dependent upon the

emitted dose, and is typically three months. Aavednce has been made for six months of
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storage of empty feed cylinders. For a 3-milliow'3 capacity, this output requires an

allocated space for 354 empty feed cylinders [UUEA5, §83.4.11.3]. The storage space
requirement is practically proportional to the SWépacity. For example, facility expansion

to a 10-million SWU capacity needs to provide sudint storage space for 1,180 empty feed
cylinders.

Under normal conditions, the primary radiologicakrfrom tails (DUFE) cylinder
storage is direct radiation dose from exposurewelevel external radiation due to neutron
and photon sources in DEIF For environmental considerations, the U.S. Emmental
Protection Agency regulations of 40 CFR 190.10&DA] require that the offsite dose at the
site boundary (e.g., fence line as shown in Figz#® be less than 25 mrem/year (0.25
mSv/year). This annual dose equates 2.85 pren/ltdotinuous residential occupancy
(8,766 hours per year), or 12.5 prem/h for occopali business entities (based on 2,000
hours per year) [Sanders 2010]. Note that the eational dose units of mrem and prem
rather than the International System of Units ofexé&rt or uSievert are used throughout this
document for convenience and alignment with the rmom nuclear industry practice.
Demonstration of regulatory compliance necessitgbesformance of radiation dose
assessment with an appropriate radiation transmaté such as MCNP [LANL 2008] and

MAVRIC [ORNL 2011a].
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3. UFs DIRECT RADIATION SOURCE TERMS

The direct radiation source term refers to theadiseurce causing external radiation
doses to personnel as a result of radiation expostihe direct radiation source type may be
neutron radiation only, photon radiation only, athb neutron and photon radiation. The
source term consists of the source intensity (nurobgehotons or neutrons per second) and
its associated energy spectrum froms@dB a volumetric source necessary for input in& th
Monte Carlo simulation code to calculate the neutsophoton dose.

UFs emits both neutron and photon radiation as a fonaf enrichment or U-235
concentration, and contributes to radiation dosdsreal to the cylinders. Source term
determination is the first step required in theit@nand offsite dose assessment for thg UF
cylinders. These source terms are necessary ®riruglose calculations and shielding
analyses to ensure that the facility and storagkegpa properly designed such that radiation
doses to onsite personnel and the general publicniestricted areas are within the
regulatory limits.

This chapter determines and defines the radiatieat(on and photon) source terms
and associated energy spectra for the followingerneds:

e "Feed" (natural U§)

e 'Tails" (depleted UE)
The product material (enriched kJHs excluded, as its storage in an open outdoea &
prohibited without the approval of the U.S. Nucl&egulatory Commission (NRC), and/or
requires the use of an overpack which providestaadi shielding. At present, the UUSA

Enrichment Facility does not permit storage of mictylinders on the UBC Storage Pad.
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Several previous Ufsource term calculations were available for refees or
comparison. The initial UUSA calculations [AREVAO@3a and 2003b] used a manual
approach for the Ufneutron yield, and ORIGEN-2 [Groff 1991] for thiegton source. The
calculations were updated in 2013 to support thiéitiaexpansion at UUSA [UUSA 2013b],
using the ORIGEN-S module in the SCALE 6.1.2 codekpge [ORNL 2011b, 2011c, and
2013]. The 2013 updated calculations were lar@palsed on an independent, unpublished
study performed by the author at the Universitilefv Mexico (UNM).

For this research, it was necessary to revisetéeious calculations to incorporate
the following changes:

e Focus on tails and feed cylinders for outdoor gfenamanagement

e Use of a standard SCALE built-in energy group gtreec for the nuclear cross

section library

e Addition of the time-dependent photon source tefarsboth filled and empty

feed cylinders

e Inclusion of several tails assays for sensitivitydy

The following sections describe the details of teéguired source term calculations
for filled tails, filled feed and empty feed cyliexs to support UfFstorage management.

3.1 BASES AND ASSUMPTIONS

The current practice at the commercial uraniumoclmnent facilities for producing
enriched uranium for LWR fuel employs natural L5 feed material, despite the fact that
the feed material can have a different U-235 commagan. Natural uranium in the feed

material contains 0.711 wt % U-235, which corregfsoto an atomic abundance of 0.72% U-
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235 [Baum 2002]. The UUSA Safety Analysis Rep@AR) also provides the same
specification for natural Ufas feed material in the enrichment process [UUSE32, 8§81.1].

In this research, the tails material was assumexbmtain depleted uranium with 0.2
to 0.5 wt % U-235. The typical range of the taitsay is 0.2 to 0.34 wt % U-235 [UUSA
2004, 81.1.3.2], depending on the trade-off betw&iJ and tails assay. A higher tails
assay requires less SWU. D&t the U.S. gaseous diffusion plants mostly costé.2 to
0.4% U-235 by weight [DOE 2001, p.1]. In a tramimodule on Depleted Uranium [NRC
2008], it is also stated that “DU assays typicapan the 0.2-0.4% range, with 0.2-0.3%
being the most common”. The current tails speaiftn at the UUSA facility is 0.1 to 0.5%
U-235 [UUSA 2013a, 81.1.3.2]. The assumption @& 1. 0.5% U-235 by weight for tails
assay covered the typical range and provided seffiicdata points for studying the
sensitivity of the source terms to the tails assAgcordingly, the ORIGEN-S calculations
for tails material included the cases for 0.2%%.8.4% and 0.5% U-235 assays.

For the convenience of scaling, the calculationshased in the SCALE/ORIGEN-S
runs was 1 kg of U as the code accepts any useful calculation basigh this basis, the
total source strength in a given filled cylindendze readily obtained by multiplying the unit
source strength by the cylinder capacity. The-saklding effect of UFis a factor for the
dose calculations but irrelevant for the sourcetealculations.

The in-growth time for the progenies (or daughtexdpcts) of the uranium isotopes
was assumed to be one year. The progenies buildwvitip time from the initial
concentrations of the uranium isotopes with no #&ergproducts, reaching equilibrium at
one-year in-growth time, as demonstrated by a &atiom with SCALE 6.1.2 [UUSA 2013,

87.2.1] and other references [e.g., AREVA 2003ldilable. No further validation would be
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necessary. This assumption affects photon sourtcys The neutron sources are virtually
time independent.

Besides primary gamma emission, the gUphoton source must include the
component of bremsstrahlung radiation due to betayl of the uranium progeny. For the
contribution from this component, bremsstrahlungh@ UQ matrix was initially assumed,
as SCALE 6.1.2 lacks the option of calculating binemsstrahlung radiation contribution for
the actual UFmatrix. The option of the UQmatrix was used for conservatism to obtain the
uncorrected photon sources terms first, which gekesequently corrected for the actuakUF
matrix to remove the conservatism (see Section. 3.This correction was specifically
applicable to UFin the filled feed and filled tails cylinders only

A feed cylinder contains residual radioactivity frathe daughter products of the
uranium isotopes after being emptied in the prosgstem which separates uranium from its
progeny. However, the emptied cylinder contaitttelior no Uk to provide self-shielding,
resulting in a much higher external dose rate thanfor a filled cylinder.

The radiation source terms for an empty feed cwglintked to be treated differently
from a filled feed or tails cylinder. An empty¥8eed cylinder may contain an allowable
“heel” quantity of Uk (22.68 kg) [USEC 1995, Table 3], but would be of appreciable
significance to the dose external to the cylindecduse of the small quantity. Therefore,
only the photon source term from the progeny ofirsdturanium is of importance to the dose
assessment. The progeny in an empty cylinder wssdoon an initial maximum capacity of
a filled feed cylinder with one-year growth of datgr products, followed by radioactive

decay after being emptied. Since the empty fedithdsr is essentially absent of kJFt
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would be appropriate to use the water matrix aklan ORIGEN-S for the bremsstrahlung
radiation contribution to simulate the matrix far and carbon steel with an empty cylinder.
3.2 METHODOLOGY

The source term calculation involves the determonadf neutron and photon sources
as a function of U-235 concentration for dJéontained in certified cylinders meeting the
ANSI N14.1-2001 standard [ANSI 2001]. The calaglatused the ORIGEN-S module
[ORNL 2011b] in the SCALE code package [ORNL 201ith a patch to fix the nuclear
decay data library for uranium. The patched versias released in February 2013 as
SCALE 6.1.2 [ORNL 2013].

The code was obtained from Radiation Safety InfeionaComputational Center
(RSICC) at Oak Ridge National Laboratory (ORNL) andn export-controlled license for a
single user (Computer Code Request No. 135966),sandessfully installed on a Hewlett
Packard laptop computer (Model: HP G71 Notebook PC)

ORIGEN (Oak Ridge Isotope GENeration code) has lksmeeloped and maintained
as the depletion and decay module in the SCALE gydeem. This version, ORIGEN-S,
maintains the capability of other versions to beduas a standalone code but has the added
ability to utilize multi-energy-group cross sectgormprocessed from standard ENDF/B
evaluations. ORIGEN-S applies a matrix exponergigansion model to calculate time-
dependent concentrations, activities, and radiasoarce terms for a large number of
isotopes simultaneously generated or depleted hytraore transmutation, fission, and
radioactive decay. For this calculation, ORIGEN+&s used to determine the dJkeutron

and photon source strengths and associated enaggiya
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ORIGEN-S performed the radioactive decay calcuhatior uranium isotopes to
determine the nuclide concentration in grams ancioies as a function of decay time, and
automatically generated the resulting neutron anhdtgn sources in the same run. The
neutron source consists of the neutron yields fspontaneous fission and,(n) reactions
with fluorine in UFR. The photon radiation includes photons arisimgnfrX-rays, gamma-
rays, bremsstrahlung, spontaneous fission gamnsa aag gamma rays accompanyingn)
reactions. The following subsections discuss fi@ieable methodology for the radioactive
decay calculation (83.2.1), neutron source calmnatg§3.2.2) and photon source calculation
(83.2.3) as extracted from the ORIGEN-S user's mAf@RNL 2011b] for inclusion and
completion.

3.2.1 Radioactive Decay Calculation

In determining the time dependence of nuclide cotradons, ORIGEN-S solves for
the formation and disappearance of a nuclide byoaative disintegration and neutron
transmutation. For radioactive decay only as casidl in this calculation, the time rate of
change of the concentration for a particular n&liy, in terms of these production and

removal processes can be written as

]

ﬂzzhjg.Nj—ﬂ,‘Ni (Eq. 1)
dt j=1

where
N; = atom density of nuclide
Ai = radioactive disintegration constant of nuclide
lj = branching fractions of radioactive disintegraidrom other nuclidegto nuclide
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Equation 1 is used to calculate the radioactivilycuries) of the decay or daughter
products of the uranium isotopes, which in turnused to determine the photon source
strength and associated energy spectrum.

The radioactivity by nuclide or isotope is avaimllom the ORIGEN-S output, but is
not listed in this calculation as part of the résw@s the dose assessment only requires the
source intensity and associated energy spectrum.

3.2.2 Neutron Source Calculation

The neutron source strengths and energy spectrputeth by ORIGEN-S include
neutrons produced from spontaneous fission,n) reactions, and beta-delayed neutron
emission. For U§ there is no contribution from beta-delayed nengroThe computational
methods and neutron decay data were adopted frenbdl Alamos National Laboratory
code SOURCES-4B (LANL 2000). Only the homogenemesiium ¢, n) option has been
adopted. The method of computing the spontanesa®fi neutron source is independent of
the medium containing the fuel. Howevesx, () production varies significantly with the
composition of the medium. ORIGEN-S includes thieen) options: (1) a U&fuel matrix,

(2) a borosilicate glass matrix, and (3) an arbytrroblem-dependent matrix defined by the
user input compositions. This calculation usedap(B). In this option, the code determined
the matrix compositions (WJ-from the input.

3.2.2.1 Spontaneous Fission Neutrons

In ORIGEN-S, spontaneous fission neutron sourcesspectra are calculated using
the half-life, spontaneous fission branching fraatinumber of neutrons per fissior),(and

Watt fission spectrum parameters for 43 fissionagginides. The half-lives used in the
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calculation are obtained from the ORIGEN-S decaw dibrary. All other data are obtained
from a separate neutron source decay data library.

The spontaneous fission neutron energy spectruappsoximated by a Watt fission
spectrum using two evaluated nuclide-dependentigpe@arameters, A and B, such that

N. (E) = Ce ¥'*sinhy/BE (Eq. 2)
whereE is the neutron energy af@lis a normalization constant.
3.2.2.2 @, n) Reaction Neutrons

The @, n) neutron source and spectra are strongly depérah the constituent and
light element content of the medium containing #gha-emitting nuclides. Calculation of
the source and energy spectra requires accurateléahge of the slowing down of the alpha
particles and the probability of neutron productastheoa particle energy decreases in the
medium. ORIGEN-S performs an,(n) neutron source calculation for a homogeneous
mixture in which the alpha-emitting nuclides areifaimly intermixed with the target
nuclides. Since the dimensions of the target amehmarger than the range of the alpha
particles, all alpha particles are stopped withia mixture. The neutron yield from an alpha
particle of energ¥, emitted by nuclidé& in a homogeneous mixture with total atom number

densityN, and @, n) target nuclide atom density, can be determined as

_ N (& o,(E)
Yk =N J; ﬁdE (Eq. 3)

whereS(E)is the total stopping power of the medium, afdE) is the energy-dependent, (
n) reaction cross section for target nuciid®RIGEN-S uses this expression to calculate the
neutron yield for each target nuclide and from ediskrete-energy alpha particle emitted by

all alpha-emitting nuclides in the material. Thepging power for compounds, rather than
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pure elements, is approximated using the Bragg+{&eadditivity rule [Attix 1986, p.178]
based on the assumption that the stopping poweatoen of compound is additive. The
energy-dependent elemental stopping cross sectiomsdetermined as parametric fits to
evaluated data. The valuesYok are determined using a discrete numerical apprdiomaf
the integral over the alpha particle energy in Edrhe neutron yield from the alpha particle
as it slows down in the medium is calculated bydstiling the maximum energl, into a
number of discrete energy groups, or bins. The rurobalpha energy groups can be set by
the user using the input parameter NAG in the 8t&yan ORIGEN-S. The neutron yield is
determined for each discrete alpha energy bin usiagaverage midpoint energy of the bin.
The total neutron source is determined by multiiythe total alpha source strength for each
alpha energy bin by the respective ) yield valueY,k. This calculation is performed for
each alpha particle and target nuclide in the nmadiu

The neutron spectra are calculated using nucleatiom kinematics, assuming that
the (@, n) reaction emits neutrons with an isotropic dagdistribution in the center-of-mass
system. The maximum and minimum permissible ensrge the emitted neutron are
determined by applying mass, momentum, and eneaignbe for each product nuclide
energy level. The nuclear data libraries contaie tlecessary data for the ORIGEN-S
calculation, including the product nuclide levealse product level branching data, the 1)
reaction Q values, the excitation energy of eaaddyct nuclide level, and the branching
fraction of @, n) reactions resulting in the production of proidlevels. The nuclear data
used in thed, n) source calculation are limited to alpha eresdielow 6.5 MeV. Any alpha

particle exceeding this limit is assigned an energlpe of 6.5 MeV and the calculation
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proceeds. This limitation has no impact on thenium isotopes whose alpha particles are
all less than 6.5 MeV.

In the arbitrary matrix option, the code calculaties (., n) neutron source and spectra
using the source, target, and constituents deteanusing the material compositions in the
problem. The neutron source calculation is perfara&suming that the concentrations of the
(0o, N) target elements and matrix compositions reraistant during decay.

3.2.3 Photon Source Calculation

The gamma-ray source strengths and energy spectiputed by ORIGEN-S include
photons arising from X-rays, gamma-rays, bremskiraj; spontaneous fission gamma rays,
and gamma rays accompanying ) reactions. Photons from X-rays and gamma rays
emitted from the nucleus for all decay modes aveedtin the gamma library as line-energy
and intensity data. Continuum spectra from brerabking, spontaneous fission, and 1)
interactions are represented as binned pseudalditze

The ability of ORIGEN-S to apply line-energy datkoas photon energy spectra to
be calculated in any user-specified energy groupctire directly. When the data from
photon data libraries are converted to multigroigidg by ORIGEN-S, the intensities of the
photons are adjusted to conserve energy of thetrspecThe adjusted group intensity is
given by

I, =1.(E./E) (Eq. 4)
where

|, = actual photon intensity from the gamma librgslgqtons per disintegration),

E, = actual photon energy (MeV),

Ey = mean energy of the group (MeV),
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lg = group photon intensity (photons per disintegiati
If the actual photon energy, s near a group boundary, the group intensity tmay

split between two groups. To determine when this$ spcurs, a factor f is computed as

f=—a_ (Eq. 5)

where

E, = lower energy bound of the group (MeV),

E. = upper energy bound of the group (MeV).

If f <0.03, the intensityylis split equally between group g and the next logreergy
group, unless group g is the lowest group. 3f(f.97, the intensity | is split equally between
group g and the next higher energy group, unlesspgg is the highest group. If 0.03 < f <
0.97, the intensityylis not split between adjacent groups.

If a nuclide decays by gamma emission but doehaeé evaluated spectral data in
the photon library, the recoverable gamma energgraened from the ENDF/B decay
evaluations is saved and the extra energy is ateduor by renormalizing the spectra. If
this extra energy exceeds 1% of the total gammaggnieom the spectrum, ORIGEN-S
prints out a warning message.

3.3 CALCULATIONAL INPUTS/NOMEMCLATURE

The U-235 concentrations and storage cylinder tysesl for Uk are shown in Table
3-1. The “U-235 concentration or assay” used Imerefers to the weight percents of the U-
235 isotope in uranium. The cylinder parameteesgiven in Table 3-2. The nuclear data
used in this calculation are provided in Table 3-3.

Natural uranium is composed of three radioactiatoises: U-234, U-235 and U-238

with trace amounts of U-236. The specific isotopmntent is not known, other than
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enrichment. The ORNL/TM-12294 report [ORNL 1995.20] gives a set of formulas that
relates the amount of U-234, U-236, and U-238 éamount of U-235 as follows:

o Wazs= 0.007731%(Was) "%’

o Wy36=0.0046*Wb3s5

o Wpzg= 100 — Wzs— Wozs — Wozs
where W is weight percent (wt %).

Table 3-1 U-235 Concentrations and Cylinder Types

Description U-235 Concentration Cylinder Type Refer ence
Feed Material 0.711 wt % U-235 Model 48Y Section 3.1
Tails Material 0.2to 0.5 wt % U-235 Model 48Y Section 3.1

Table 3-2 Cylinder Parameters

Cylinder Type Description Value Unit Reference
48Y for Feed | Max Fill Limit | 12,501 (27,560) | kg (Ib) USEC 1995,
Table 2
Feed Assay 0.711 wt % U-235 Section 3.1
48Y for Tails | Max Fill Limit | 12,501 (27,560) | kg (Ib) USEC 1995,
Table 2
Tails Assay 0.2t0 0.5 wt % U-235 Section 3.1
Table 3-3 Nuclear Data
Nuclide Atomic Mass Half Life (years) Reference
U-234 234.040946 2.455x10° Baum 2002
U-235 235.043923 7.038 x10° Baum 2002
U-236 236.045562 2.342 x10’ Baum 2002
U-238 238.050783 4.468 x10° Baum 2002
Fluorine 18.9984032 (stable) Baum 2002

3.4  DETAILED CALCULATION
3.4.1 Uranium Isotopic Concentrations
The weight percents of the various uranium isotopese calculated from the

equations listed in Section 3.3, using the U-23%4ms an input. As an example, the U-235
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wt % in tails (depleted Wff is 0.3%. The weight percents for other pertinergnium
isotopes were calculated as:

W34 = 0.007731 * 0.3°%"= 0.002401593%

W36 =0.0046 * 0.3 = 0.001564%

W35 =100 — 0.002401593 — 0.3 — 0.001564 = 99.6560%441

Table 3-4 provides the Excel-calculated weight @ete of uranium isotopes for
several U-235 concentrations by weight including, 0.3, 0.4 and 0.5% for tails, and
0.711% for feed. The calculated values for 0.3% @711% U-235 agree reasonably well
with the comparable NBL-SRM-969 primary traceablendards used at the Portsmouth
Gaseous Diffusion Plant Nondestructive Assay LaiooydMcGinnis 2009, Table 1], except
for U-236 which is immaterial to dose consequernmExause of trace quantities.
3.4.2 Nuclide Masses per kg of UF

Since the calculation basis for input to SCALE/OENGS was 1 kg of Ug(Section
3.1), it was necessary to determine the correspgnaiass for each nuclide in kJF The
associated nuclides include U-234, U-235, U-23@38-and F-19. For such determination,

the average atomic mass for uranium for a giveiclement was calculated as follows:

A, =100/ 3 W,/ A (Eg. 6)

where W and A are the weight percent and atomic mass for neidlidespectively, and i
refers to U-234, U-235, U-236 and U-238.

For example, the average U atomic mass for tails3% assay is:

100
0.00240158 03 0001564 9965603441 2o 04139

+ + +
234.04094 23t.043920 23€.04556: 23€£.05078:
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For 1 kg (or 1

,000 g) of W-the mass of UFwas converted to mass of just uranium

by the mass fraction of U in YF

1000 g Uk * 238.0415339/(238.0415339 + 6*18.9984032) = 696y U

Accordingly, 1 kg of Uk at 0.3% assay contains the following mass distioinu

U-234

U-235

U-236

U-238
F-19

676.19 g x 0.002096969/100 = 1.4180E-02 g
676.19 g x 0.003/100 = 2.0286E+00 g
676.19 g x 0.00138/100= 9.3315E-03 g

676.19 g X 99.69652303/100 = 6.7414E+02 g
1000 g — 676.19 g = 3.2381E+02 g

The Excel-calculated UFmass distribution for each U-235 concentratiomaliso

provided in Table 3-4, along with the uranium igmtoconcentrations.

Uranium Isotopic Concentrations and UFg Mass Distributions

Table 3-4
Isotope A
U-235 235.043923
U-234 234.040946
U-236 236.045562
U-238 238.050783
Total

wt %
0.2 0.3 0.4 0.5 0.711
0.001351331 0.002096969 0.002864099 0.003647619 0.005342035
0.00092 0.00138 0.00184 0.0023 0.0032706
99.79772867 99.69652303 99.5952959 99.49405238 99.28038736
100.000 100.000 100.000 100.000 100.000

U Average Atomic Mass

238.0446188

238.0415339

238.0384483

238.0353621

238.0288487

Isotope
U-total
U-235
U-234
U-236
U-238
F-19
Total UFg

235.043923
234.040946
236.045562
238.050783
18.9984032

g per kg UF &
6.7620E+02 6.7619E+02 6.7619E+02 6.7619E+02 6.7618E+02
1.3524E+00 2.0286E+00 2.7048E+00 3.3809E+00 4.8076E+00
9.1376E-03 1.4180E-02 1.9367E-02 2.4665E-02 3.6122E-02
6.2210E-03 9.3315E-03 1.2442E-02 1.5552E-02 2.2115E-02
6.7483E+02 6.7414E+02 6.7345E+02 6.7277E+02 6.7132E+02
3.2380E+02 3.2381E+02 3.2381E+02 3.2381E+02 3.2382E+02
1.0000E+03 1.0000E+03 1.0000E+03 1.0000E+03 1.0000E+03

3.4.3 ORIGENS-S Calculations

The UF source terms were determined with the ORIGEN-Suteth the SCALE

6.1.2 code system. The calculations produced déselts of curie contents by nuclide,
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neutron source strengths and energy spectra, astdrplource strengths and energy spectra
for five U-235 concentrations of 0.2, 0.3, 0.4 @8% for tails, and 0.711% for feed by
weight in uranium. The results of the source gitles and energy spectra are of particular
interest to application in radiation dose calcolasi.

For the neutron source, the calculation included tontributions from o n)
reactions and spontaneous fissions. Thenj reactions were based on thegUWkatrix by
inputting the composition of UFby nuclide into ORIGEN-S. The standard SCALE 27-
group structure [ORNL 2011c, Table S6.5.1] for nens was used for compatibility with
SCALE applications to obtain the neutron sourcegnspectra. This group structure would
facilitate source importance calculations with tRAVRIC module in SCALE to take
advantage of the built-in nuclear cross sectiom fiatary. The ORIGEN-S output provides
the contributions froma{ n) reactions and spontaneous fissions, respéctagewell as the
total in terms of the source strength and energgtspm. In addition, the neutron yield by
isotope is available from the output files.

For a filled tails or feed cylinder, the photon smu calculation with ORIGEN-S
considered the cases with and without bremsstrghl(ghortened as brem) radiation
contribution, using the standard 19-group strucf@e@NL 2011c, Table S6.5.1] for photons.
For the case with bremsstrahlung radiation, the, d@trix was used per assumption in
Section 3.1, as ORIGEN-S lacks the option of the &trix. The use of the UQOnatrix
tends to over-estimate the bremsstrahlung radiatoomribution for the U matrix, because
the effective atomic number for Y@ greater than that for \JEsee Section 3.4.4), resulting

in a conservative photon source term without ceiwac Correction to the bremsstrahlung
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radiation component is necessary to remove theeteassm in the photon source, as
discussed in Section 3.4.4.

The decay or in-growth times considered in the CRNISS calculation included zero
and one year. The zero year corresponds to thaliaranium concentrations, and thus only
uranium isotopes are present (no progeny). Theyene decay is consistent with the
assumption of one-year in-growth time for buildupttte progeny to reach equilibrium as a
result of the uranium decay. Both zero and one& gaaes were used in Chapter 4 to show
the change in the dose rate with time.

The ORIGEN-S calculations for filled cylinders cated of a total of 10 cases for
five different U-235 concentrations with two casegh. The computer input and output files
for each case are listed in Table A-1 in Appendixafong with the case description. The
input file listing for the sample cases for natw# is also provided in Appendix A.

The ORIGEN-S calculations for an empty feed cylndere treated differently as
separately discussed in Section 3.10.

3.4.4 Photon Source Correction for UgMatrix Bremsstrahlung

As indicated in Section 3.4.3, the ORIGEN-S-gereztaphoton source terms for
filled cylinders are conservative because of the o UG, matrix for bremsstrahlung
radiation. To remove this conservatism, the brérakking radiation component was
manually corrected using the radiation yield dadaaafunction of beta energy for high-Z
materials to demonstrate the linearity with Z (atwnumber) and insensitivity to energy.

Table 3-5 provides the bremsstrahlung radiationdy@ata as a function of beta
energy for tin (Z=50), tungsten (Z=74) and lead §Z§ as taken directly frormtroduction

to Radiological Physics and Radiation Dosimgdiytix 1986, Appendix E]. The data show
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that the yield is closely related to the atomidaratnd fairly independent of beta energy,

especially for higher-Z materials such as tungsiashlead.

Table 3-5 Bremsstrahlung Radiation Yield Data

Beta Tin/Lead Tungsten/Lead
Energy Radiation Yield Yield Ratio Yield Ratio
(MeV) Tin (Z=50) Tungsten (Z=74) Lead (Z=82) Z ratio=0.61 Z ratio=0.9
0.1 6.584E-03 1.032E-02 1.162E-02 0.567 0.888
0.2 1.147E-02 1.865E-02 2.118E-02 0.542 0.881
0.5 2.224E-02 3.712E-02 4.241E-02 0.524 0.875
1.0 3.666E-02 6.030E-02 6.842E-02 0.536 0.881
15 4.998E-02 8.022E-02 9.009E-02 0.555 0.890
2.0 6.284E-02 9.856E-02 1.096E-01 0.573 0.899
25 7.534E-02 1.158E-01 1.277E-01 0.590 0.907

For charged particles such as betas in a givenrimlate compound, an effective

atomic number can be derived by use of elementayjhwidractions as weighting factors

[Attix 1986, p. 308]. Table 3-6 provides the Excalculated effective atomic numbers for

UO, and Uk with a UR/UO, ratio of 0.7937. This ratio was rounded up to 8s8a

correction factor to be applied to the YRremsstrahlung radiation, based on the observation

of the yield data relationship in Table 3-5. Tfastor is higher than the arbitrary factor of

0.6 assumed in the previous UUSA calculation [ARE¥B03b, 85.3(a)] which lacks a

technical basis. Note that the bremsstrahlungection is applicable to the filled cylinders

containing Uk only. The photon source term in the empty fedéhdgrs which are absent

of UFs does not require such correction, as discuss8eations 3.1 and 3.10.
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Table 3-6 Effective Atomic Numbers for UO, and UFg

UO, Effective Atomic Number (DU used for slight conser vatism)

Element Atomic Number, Z Atomic Mass Weight Fraction, f Zxf
U 92 238.0402998 0.88150 81.0983
(@] 8 15.9994 0.11850 0.9480
Effective Z 82.0463

UF¢ Effective Atomic Number (DU used for slight conser vatism)

Element Atomic Number, Z Atomic Mass Weight Fraction, f Zxf
U 92 238.0402998 0.67619 62.2096
F 9 18.9984032 0.32381 2.9143
Effective Z 65.1239

3.5 NEUTRON SOURCE TERM PER UNIT BASIS

The neutron source term is independent of the déoay or in-growth time, as the
progeny of the uranium isotope decay makes comipletgligible contribution to neutron
yields. However, the neutron yield is significgndlependent upon the U-235 enrichment or
assay value. It increases with U-235 wt %, becadfigbe increasing contribution from U-
234 (@, n) reactions, which is a dominant component efttital neutron yield for higher U-
235 concentrations, based on the ORIGEN-S outddate that the enrichment process
increases not only U-235 concentration, but als@34d- concentration simultaneously.
Consideration of U-234 is a key factor in the dateation of the UE source terms. Table
B-1 in Appendix B gives the neutron yield by isatop

Figure 3-1 depicts the neutron source strength fame@ion of U-235 concentration
using the data in Table B-1. The graph shows ttatcontribution fromd, n) reactions is
approximately linear with U-235 concentration arite tcontribution from spontaneous
fissions stays fairly constant (relatively inseivsit to the U-235 parameter). The
contribution from §, n) reactions constitutes a significant comporanthe total neutron

yield for a given U-235 concentration, and its tieka contribution increases with the U-235
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concentration. The spontaneous fission neutroririboion is virtually all from U-238,
because of its predominant weight fraction and danne.

Figure 3-2 shows the neutron yield by isotope iluicm chart type with thex( n) and
spontaneous fission components indicated. ObwoWusi234 and U-238 are the principal
contributors to the UF neutron yield. The contributions from U-235 and286 are
relatively minor or negligible.

The results of the neutron source terms on a perbasis (i.e. per kg of W, are
presented in Tables B-2, B-3, B-4, B-5 and B-6Appendix B for 0.2%, 0.3%, 0.4%, 0.5%
and 0.711% U-235, respectively, as extracted froenassociated ORIGEN-S output files.
The results include the source strengths and agsdoenergy spectra plus the breakdown of
the contributions fromo{, n) reactions and spontaneous fissions (SF). NeteDU denotes

the symbol for depleted U and NU for natural U.
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Figure 3-1 UFg Neutron Yield as a Function of U-235 Concentration in Weight Percents
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3.6 UNCORRECTED PHOTON SOURCE TERM PER UNIT BASIS
As generated with ORIGEN-S, the results of the aembed photon source terms on
a per unit basis (i.e. per kg of kJlased on the Ufbremsstrahlung, are presented in Tables
B-7, B-8, B-9, B-10 and B-11 in Appendix B for 0.2%3%, 0.4%, 0.5% and 0.711% U-
235, respectively. The results include the sosteengths and associated energy spectra.
Unlike the neutron source term, the photon sowo® is sensitive to the decay or in-
growth time. Initially (at zero year), only uramuisotopes contribute to the photon source
term, as no progeny is present. After one-yeagrawth time, the buildup of the decay
products increases the photon source intensity iderably as demonstrated by the
ORIGEN-S results. The use of the in-growth timeoofe year is appropriate for the
maximum photon source intensity based on the ORKSEBISt runs and previous validation.
As for the neutron source term, the U-235 concéntras a key parameter for the
photon source intensity, which also increases with U-235 wit% as a result of the
increasing contribution from U-234. Again, U-234ishbe included in the WYFsource term
determination, because of its significant contiidmuto both neutron and photon sources.
The photon source term for each U-235 wt % valwdugtes the results with and
without bremsstrahlung radiation. The bremsstmadplcontribution is very important for the
photon source term. For the option of the congemdJO, matrix used in the ORIGEN-S
calculation, the ratio of the total photon sourtrerggth with bremsstrahlung to that without
bremsstrahlung decreases as the U-235 wt % in@eade should be noted that the
bremsstrahlung contribution calculated with ORIGENis highly conservative (over-
estimated) for Uf; as the effective atomic number for Jis less than that for UQ(see

Section 3.4.4). The bremsstrahlung correctioriJigsis provided in Section 3.7.
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3.7 CORRECTED PHOTON SOURCE TERM PER UNIT BASIS
As stated in Section 3.6, the photon source temeigeed with ORIGEN-S requires
correction for the bremsstrahlung radiation conitidn in the actual UfFmatrix rather than
the assumed UQOmatrix used in ORIGEN-S. Without correction, tse of the U@matrix
would be conservative but overestimate the brewsisting radiation component of the
photon source term.
The steps for correcting the Y®remsstrahlung for the WHRnatrix are described
below:
e Obtain the net U@bremsstrahlung contribution for each energy grasifollows:
Net UG, bremsstrahlung = difference of ORIGEN-S resultdaind without UQ
bremsstrahlung
e Correct the net UPbremsstrahlung contribution for the diRatrix by a factor of
0.8 for each group (see Section 3.4.4) to obtae riet Ul bremsstrahlung
contribution.
e Calculate the adjusted total photon source intgrfsit each energy group by
adding the contributions for no bremsstrahlung tednet Uk bremsstrahlung.
Using the above procedure, Tables B-12 through BRlBppendix B provide the
corrected photon source terms per unit basis. rékelts include the cases for 0.2%, 0.3%,
0.4%, 0.5% and 0.711% U-235. The corrected phetumce terms were used to obtain the
photon source intensity and energy spectra for egthder (Section 3.8), and to calculate

the photon doses from JEylinders.
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3.8 RADIATION SOURCE TERM PER FILLED CYLINDER

With the results of the neutron and corrected piatource terms per kg of YF
available from Sections 3.5 and 3.7 respectively source term per cylinder for the
maximum fill limit of 12,501 kg UE (Table 3-2) can be easily calculated as follows:

48Y Filled Feed or Tails Cylinder

Source per cylinder = (intensity per kg 8)k (12501 kg UEper cylinder)

For a filled cylinder, the source terms per cylindee provided in Table 3-7 for
neutrons and Table 3-8 for photons for the varide&35 concentrations. For both neutrons
and photons, the energy spectra are fairly sinfidardifferent U-235 concentrations. The
principal contributors to the neutron source ar234-and U-238. The photon source arises
from Th-231, Th-234, Pa-234, Pa-234m, U-234, U-388 U-238. The Ufself-shielding
effect is a factor for dose calculations, but exent for the source term generation which
only treats the decay of uranium isotopes.

As stated earlier, the neutron source terms arepiident of the decay time. The
photon source terms are given for the one-year tirénne to reach equilibrium and for the
case with bremsstrahlung corrected for thes Wkatrix. These results are necessary for
subsequent dose calculations with the MCNP codéhesode requires the source input in
terms of the total source strength per cylinder ismdssociated energy spectrum to obtain an

absolute dose value.
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Table 3-7 UFg Neutron Source Term per Filled Cylinder for Various U-235 Weight Percents

Neutron Source Intensity (n/s per cylinder)

Energy Boundaries

Group (MeV) 48Y Tails 48Y Tails 48Y Tails 48Y Tails 48Y Feed
(0.2%)* (0.3%)* (0.4%)* (0.5%)* (0.711%)*

1 1.00E-11 - 1.00E-08 3.055E-13 4.583E-13 | 6.110E-13 7.637E-13 1.086E-12
2 1.00E-08 - 3.00E-08 8.647E-13 1.298E-12 1.729E-12 2.161E-12 3.074E-12
3 3.00E-08 - 5.00E-08 2.178E-07 2.175E-07 | 2.173E-07 2.170E-07 2.166E-07
4 5.00E-08 - 1.00E-07 9.192E-07 9.182E-07 | 9.173E-07 9.163E-07 9.144E-07
5 1.00E-07 - 2.25E-07 3.777E-06 3.773E-06 | 3.769E-06 3.765E-06 3.758E-06
6 2.25E-07 - 3.25E-07 5.832E-06 5.825E-06 | 5.820E-06 5.814E-06 5.802E-06
7 3.25E-07 - 4.14E-07 2.569E-06 2.566E-06 | 2.563E-06 | 2.560E-06 | 2.555E-06
8 4.14E-07 - 8.00E-07 2.413E-05 2.410E-05 | 2.408E-05 2.405E-05 2.400E-05
9 8.00E-07 - 1.00E-06 1.843E-05 1.840E-05 | 1.839E-05 | 1.836E-05 | 1.833E-05
10 1.00E-06 - 1.13E-06 7.478E-06 7.471E-06 | 7.463E-06 7.456E-06 7.439E-06
11 1.13E-06 - 1.30E-06 1.568E-05 1.566E-05 1.564E-05 1.563E-05 1.559E-05
12 1.30E-06 - 1.86E-06 6.105E-05 6.099E-05 | 6.093E-05 | 6.087E-05 | 6.074E-05
13 1.86E-06 - 3.06E-06 1.703E-04 1.814E-04 1.925E-04 2.041E-04 2.293E-04
14 3.06E-06 - 1.07E-05 1.764E-03 1.841E-03 1.921E-03 2.003E-03 2.180E-03
15 1.07E-05 - 2.90E-05 8.658E-03 9.712E-03 1.080E-02 1.190E-02 1.430E-02
16 2.90E-05 - 1.01E-04 6.491E-02 7.061E-02 | 7.647E-02 8.246E-02 9.541E-02
17 1.01E-04 - 5.83E-04 1.008E+00 1.091E+00 | 1.176E+00 | 1.263E+00 | 1.451E+00
18 5.83E-04 - 3.04E-03 1.155E+01 1.239E+01 | 1.325E+01 | 1.413E+01 | 1.603E+01
19 3.04E-03 - 1.50E-02 1.248E+02 1.323E+02 | 1.399E+02 | 1.476E+02 | 1.644E+02
20 1.50E-02 - 1.11E-01 | 2.971E+03 | 3.147E+03 | 3.327E+03 | 3.509E+03 | 3.905E+03
21 1.11E-01-4.08E-01 | 2.730E+04 | 2.943E+04 | 3.162E+04 | 3.385E+04 | 3.869E+04
22 4.08E-01 - 9.07E-01 9.132E+04 1.027E+05 | 1.144E+05 | 1.264E+05 | 1.523E+05
23 9.07E-01 - 1.42E+00 8.097E+04 9.613E+04 | 1.117E+05 | 1.276E+05 | 1.620E+05
24 1.42E+00 - 1.83E+00 | 3.582E+04 4.279E+04 | 4.997E+04 | 5.730E+04 | 7.314E+04
25 1.83E+00 - 3.01E+00 | 3.305E+04 3.654E+04 | 4.014E+04 | 4.380E+04 | 5.174E+04
26 3.01E+00 - 6.38E+00 | 1.533E+04 1.530E+04 | 1.529E+04 | 1.528E+04 | 1.524E+04

27 6.38E+00 - 2.00E+01 | 5.819E+02 5.813E+02 | 5.807E+02 | 5.802E+02 | 5.789E+02

Total 1.00E-11 - 2.00E+01 2.875E+05 3.269E+05 | 3.673E+05 4.085E+05 4.978E+05
*U-235 wt % in uranium in parentheses
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Table 3-8 UFg Photon Source Term per Filled Cylinder for Various U-235 Weight Percents

Energy Boundaries . Photon Sogrce Intensity (P/s per cyIinder)_

Group (MeV) 48Y Tails 48Y Tails 48Y Tails 48Y Tails 48Y Feed
(0.2%)* (0.3%)* (0.4%)* (0.5%)* (0.711%)*

1 1.00E-02 - 4.50E-02 3.737E+10 3.863E+10 3.993E+10 4.125E+10 | 4.408E+10
2 4.50E-02 - 1.00E-01 2.091E+10 2.106E+10 2.123E+10 2.139E+10 | 2.174E+10
3 1.00E-01 - 2.00E-01 8.408E+09 9.034E+09 9.662E+09 1.029E+10 | 1.161E+10
4 2.00E-01 - 3.00E-01 2.473E+09 2.505E+09 2.536E+09 2.568E+09 | 2.635E+09
5 3.00E-01 - 4.00E-01 1.690E+09 1.690E+09 1.689E+09 1.688E+09 | 1.685E+09
6 4.00E-01 - 6.00E-01 1.162E+09 1.161E+09 1.160E+09 1.159E+09 | 1.157E+09
7 6.00E-01 - 8.00E-01 1.147E+09 1.145E+09 1.144E+09 1.143E+09 | 1.141E+09
8 8.00E-01 - 1.00E+00 8.854E+08 8.847E+08 | 8.837E+08 | 8.828E+08 | 8.808E+08
9 1.00E+00 - 1.33E+00 5.289E+08 5.284E+08 | 5.279E+08 | 5.274E+08 | 5.262E+08
10 1.33E+00 - 1.66E+00 7.872E+07 7.863E+07 | 7.856E+07 | 7.848E+07 | 7.831E+07
11 1.66E+00 - 2.00E+00 9.500E+07 9.491E+07 9.481E+07 9.471E+07 | 9.451E+0Q7
12 2.00E+00 - 2.50E+00 1.588E+05 1.585E+05 1.584E+05 1.583E+05 | 1.579E+05
13 2.50E+00 - 3.00E+00 1.824E+04 1.823E+04 1.821E+04 1.820E+04 | 1.816E+04
14 3.00E+00 - 4.00E+00 1.639E+04 1.638E+04 1.636E+04 1.635E+04 | 1.631E+04
15 4.00E+00 - 5.00E+00 5.532E+03 5.527E+03 5.522E+03 5.517E+03 | 5.507E+03
16 5.00E+00 - 6.50E+00 2.220E+03 2.218E+03 2.215E+03 2.214E+03 | 2.209E+03
17 6.50E+00 - 8.00E+00 4.354E+02 4.350E+02 4.345E+02 4.342E+02 | 4.333E+02
18 8.00E+00 - 1.00E+01 9.536E+01 9.527E+01 9.517E+01 9.508E+01 | 9.488E+01
19 1.00E+01 - 2.00E+01 1.753E+00 1.750E+00 1.749E+00 1.748E+00 | 1.744E+00
Total 1.00E-02 - 2.00E+01 7.474E+10 7.682E+10 | 7.893E+10 | 8.107E+10 | 8.563E+10

*U-235 wt % in uranium in parentheses
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3.9 TIME-DEPENDENT PHOTON SOURCE FOR FILLED FEED CY LINDER

To compare the time-dependent photon source tedraasociated dose rate with an
empty feed cylinder, an additional ORIGEN-S caltola for a filled feed cylinder was
performed for the case of natural Jier 0.0, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0 and 2.0 y=nay.
The input and output files areu_a.inpandnu_a.outfor the run with U@ bremsstrahlung;
and nu_na.inpandnu_na.outfor the run with no bremsstrahlung , respectivelyable 3-9
lists the resulting photon source terms with cdroecof bremsstrahlung radiation for the
UFs matrix in the same manner as described in Se8tibn It is apparent that the assumption
of the one-year in-growth time is valid for readpiequilibrium and maximum photon source
terms, as the values for 1.0 and 2.0 year decaigengical at least to four significant figures.

Note that only the photon source term is time ddpah The neutron source term
stays virtually constant, independent of the invgloor decay time.

The time-dependent photon source term is usefutl&ermining the corresponding
time-dependent dose rate, which is important fonag@ment of cylinder storage especially

for strategic placement of empty feed cylinder® (s¢bsequent discussion in Section 3.10).
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Table 3-9 Time-dependent UF¢ Photon Source Term for 48Y Filled Feed Cylinder

op. Boiﬂzg?’es Photon Source Intensity (p/s per cylinder)

(MeV) 0 year* 0.1 year* 0.2 year* 0.3 year* 0.5 year* 0.7 year* 1.0 year* 2.0 year*
1| LOOE02 | 1167E+10 | 3.355E+10 | 4.040E+10 | 4.280E+10 | 4.393E+10 | 4.407E+10 | 4.408E+10 | 4.408E+10
2 | 450E02° | 7166E+08 | 1461E+10 | 1924E+10 | 2.087E+10 | 2162E+10 | 2.172E+10 | 2174E+10 | 2.174E+10
3 | L0l | 44748400 | 91316400 | 1.075E+10 | 1.131E+10 | 1157E+10 | 1.161E+10 | 1.161E+10 | 1.161E+10
4 | Z0OEO " | 2.406E+08 | 1.798E+09 | 2.342E+00 | 2.533E+00 | 2.623E+09 | 2.633E+00 | 2.635E+09 | 2.635E+09
5 | 300E 00" | 4564E406 | 1.09BE+09 | 1480E+00 | 1.613E+09 | 1676E+09 | 1.684E+09 | 1685E+09 | 1.685E+09
6 | 4000 | 2568E+05 | 7.523E+08 | 1016E+09 | 1108E+09 | 1151E+409 | 1.156E+09 | 1157E+09 | 1.157E+09
7| 80001 | 2.885E+05 | 7.419E+408 | 1.001E+09 | 1.002E+09 | 1.135E+409 | 1.140E409 | 1.141E+09 | 1.141E+09
g | BO0CO " | 0.000E+00 | 5.728E+08 | 7.731E+08 | 8.432E+08 | 8.762E+08 | 8.804E+08 | 8.80BE+08 | 8.808E+08
o | LOOEXO0" | 1211E+405 | 3.422E+08 | 4.619E+08 | 5.037E+08 | 5.235E+408 | 5.250E+08 | 5.262E+08 | 5.262E+08
10 | L33ErO0 | 0.000E+00 | 5.002E+07 | 6.873E+07 | 7.496E+07 | 7.790E+07 | 7.826E+07 | 7.831E+07 | 7.831E+407
11 | LPOEX00" | 5.173E+04 | 6.147E+07 | B.295E+07 | 9.046E+07 | 9.402E+07 | 9.445E+07 | 9.451E+07 | 9.451E+07
12 | 20000~ | 31356404 | 1.136E+05 | 1.424E+05 | 1.525E+05 | 1.573E+05 | 1578E+05 | 1.579E+05 | 1579E+05
13 | 20100 | 1.816E+04 | 1.816E+04 | 1.816E+04 | 1816E+04 | 1.816E+04 | 1816E+04 | 1.B16E+04 | 1816E+04
14 | 00T | 1.631E+04 | 1.631E+04 | 1.631E+04 | 1631E+04 | 1.631E+04 | 1631E+04 | 1.631E+04 | 1631E+04
15 | 050" | 5.507E+03 | 5.507E+03 | 5.507E+03 | 5.507E+03 | 5.507E+03 | 5.507E+03 | 5.507E+03 | 5.507E+03
16 | 00T | 2.200E+03 | 2.200E+03 | 2.200E+03 | 2.200E+03 | 2.209E+03 | 2.200E+03 | 2.209E+03 | 2.200E+03
17 | OO0 | 4.333E+02 | 4.333E+02 | 4.333E+02 | 4.333E+02 | 4.333E+02 | 4.333E+02 | 4.333E+02 | 4.333E+02
18 | SOOI " | 9.488E+01 | 9.488E+01 | 9.48BE+01 | 9.48BE+01 | 9.48BE+01 | 9.488E+01 | 9.488E+01 | 9.488E+01
19 | LO0EOL " | 1744400 | 1.744E400 | 1.744E400 | 1.744E+00 | 1.744E+00 | 1.744E+00 | 1.744E+00 | 1.744E+00

Total | 50002~ | 1 7116+10 | 6.270E+10 | 7.761E+10 | 8.284E+10 | 8.528E+10 | B.560E+10 | 8.563E+10 | 8.563E+10
*In-growth time after filling
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3.10 TIME-DEPENDENT PHOTON SOURCE FOR EMPTY FEED CYLINDER

As indicated earlier, the empty feed cylinders aontphoton sources from the
daughter products of the uranium isotopes. Thegohsource term for the empty cylinders
were treated differently from that for the filledils or feed cylinders. First, an ORIGEN-S
run was made with a fully loaded feed cylinder teomng 12,501 kg U§) for one-year in-
growth time to determine the radionuclide inventdny grams) of the natural uranium
progeny (daughter products). This inventory regmés the maximum source term for the
natural uranium progeny at the time of emptyingecéhd, the resulting progeny inventory
was input into a subsequent ORIGEN-S run to obtaenphoton source strength and energy
spectrum as a function of time from the time of gnmy (t = 0) up to 2 years.

The same 19-group structure for photons was usethéoempty cylinders as for the
filled cylinders. However, the bremsstrahlung &idin for the water matrix option available
in ORIGEN-S was selected for equivalent treatmémremsstrahlung in air and carbon steel
associated with an empty cylinder. Unlike theefillcylinders, the photon source for the
empty cylinders decreases with time after empting.

Tables A-1 in Appendix A lists and describes thput and output files used to
calculate the photon source term for the emptyndgis. Table 3-10 provides the time-

dependent photon source terms.
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Table 3-10 Time-dependent UFg Photon Source Term for 48Y Empty Feed Cylinder

Gp. Boirrz%g}r)i/es Photon Source Intensity (p/s per cylinder)

(MeV) 0 year* 0.1 year* 0.2 year* 0.3 year* 0.5 year* 0.7 year* 1.0 year* 2.0 year*
1| LO0E02 - | 8.869E+09 | 2.336E+09 | 8.171E+08 | 2.858E+08 | 3.501E+07 | 4.337E+06 | 2.450E+05 | 6.279E+04
2 | 450027 | 1.116E+10 | 3.689E+09 | 1.290E+09 | 4.512E+08 | 5.520E+07 | 6.760E+06 | 2.997E+05 | 1.408E+04
3 | LOOL0 | 1165E+09 | 3.930E+08 | 1.374E+08 | 4.807E+07 | 5.880E+06 | 7.204E+05 | 3.225E+04 | 2.000E+03
4 | %0001 | 4.135E+08 | 1430E+08 | 5.032E+07 | 1.760E+07 | 2.160E+06 | 2.7A7E+05 | 2.042E+04 | 1.157E+04
5 | 3000 " | 2.394E+08 | 8.372E+07 | 2.928E+07 | 1.024E+07 | 1.258E+06 | 1501E+05 | 1.284E+04 | 7.708E+403
6 | 4000 | 2.187E+08 | 7.651E+07 | 2.676E+07 | 9.350E+06 | 1.145E+06 | 1403E+05 | 6.383E+03 | 6.554E+402
7| G000l | 7.380E+08 | 2.585E+08 | 9.041E+07 | 3.162E+07 | 3.868E+06 | 4.733E+05 | 2.061E+04 | 6.304E+02
g | 30001 | 7.210E+08 | 2.526E+08 | 8.834E+07 | 3.089E+07 | 3.779E+06 | 4.623E+05 | 1.996E+04 | 3.427E+02
o | LOOEr00" | 4.426E+08 | 1.549E+08 | 5.416E+07 | 1.804E+07 | 2.317E+06 | 2.835E+05 | 1.220E+04 | 2.808E+402
10 | L3300 | 6.530E+07 | 2.288E+07 | 8.001E+06 | 2.798E+06 | 3.423E+05 | 4.193E+04 | 1871E+03 | 1.345E+02
11 | O | 9.267E+07 | 3.242E+407 | 1.134E+07 | 3.965E+406 | 4.851E+405 | 5.943E+04 | 2.669E+03 | 2.191E+02
12 | Z00E00" | 5.748E404 | 2.013E+04 | 7.055E+03 | 2.486E+03 | 3.354E+02 | 7.838E+01 | 5.355E+01 | 8.661E+01
13 | 530000 | 2503E-01 | 3.032E-01 | 3550E-01 | 4.068E-01 | 5.182E-01 | 6.218E-01 | 7.772E-01 | 1.295E+00
14 | 3000 | 6.75E-02 | 7.219E-02 | 8.450E-02 | 9.680E-02 | 1.233E-01 | 1.479E-01 | 1848E-01 | 3.078E-01
15 | L0000 | 4.849E-05 | 4.939E-05 | 4.976E05 | 4.993E-05 | 5.014E-05 | 5.031E-05 | 5.054E-05 | 5.139E-05
16 | 50000 | 1308E-05 | 1.424E-05 | 1435E-05 | 1.440E-05 | 1446E-05 | 1.450E-05 | 1457E-05 | 1.482E-05
17 | G000 | 1.779E-06 | 1.813E-06 | 1.827E-06 | 1.834E-06 | 1841E-06 | 1.847E-06 | 1856E-06 | 1.887E-06
18 | SO0 " | 2424E-07 | 2473607 | 2492E-07 | 2501E-07 | 2512E-07 | 2520E-07 | 2.532E-07 | 2.574E-07
19 | LO0C+O | 2.860E-09 | 2921E-00 | 2.945E00 | 2.956E-09 | 2.969E-09 | 2.979E-09 | 2.992E-09 | 3.042E-09

Total | 590502 | 24136410 | 7.444E+00 | 2.603E+09 | 9.105E+08 | 1.114E+08 | 1.371E+07 | 6.741E+05 | 1.005E+05

*Decay time after emptying

44

www.manaraa.com



3.11 COMPARISON WITH PREVIOUS CALCULATIONS

UUSA previously performed a WFsource term calculation to support the license
application of the National Enrichment Facility (REin Eunice, New Mexico. The
calculation included the neutron and photon sotecms [AREVA 2003a and 2003b]. For
direct comparison with this calculation, additiof@RIGEN-S runs [UUSA 2013b] were
executed with the same energy group structuressed un the original UUSA calculation.
The ORIGEN-S calculations supporting this reseaach identified here as the UNM
calculations.

For the neutron source, UUSA used the neutron ydele in the paper oNeutron
Production in Uk from the Decay of Uranium Nuclid&Vilson 1981) to manually calculate
the total source strengths from both §) reactions and spontaneous fissions. Howerer,
assumption was made for the () reaction neutron energy spectrum, based ddna241 —
fluorine source. Am-241 produces alpha partickearmaverage energy of about 5.5 MeV,
while uranium isotopes produce alpha particles betw4.1 and 4.8 MeV [Baum 2002].
Since the neutron energy produced by @nn) reaction is a function of the alpha particle
energy, the Am-241-Fu( n) energy spectrum is harder than a Wfn{ spectrum. Table B-
17 in Appendix B compares the neutron results betwthe UUSA and UNM calculations
for tails at 0.34% U-235 and for feed at 0.711%relfevance to this research. The
comparison is shown graphically in Figure 3-3. Hgeeement for the spontaneous fission
contribution is excellent. However, the, (1) reaction contribution is higher with the UNM
ORIGENS-S calculation using the problem-dependentirmaf UFs for the stopping power,
which represents a more rigorous treatment of theran yield. Fissioning in uranium was

accounted for in the MCNP dose calculations, nahenORIGEN-S neutron source terms.
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For the photon source, the original UUSA calculatigsed the stand-alone code
ORIGEN-2 [Groff 1991] to calculate the source irsiéy per MTU (metric ton uranium).
These photon results can be converted into phatopsf cylinder by the following
multipliers:

48Y Tails Cylinder (0.34% U-235)

(12501 kg UK/cylinder)x(0.67619 U/UEx(1/1000 MT/kg) = 8.4584 MTU/cylinder

48Y Feed Cylinder (0.711% U-235)

(12501 kg UK/cylinder)x(0.67618 U/UEx(1/1000 MT/kg) = 8.4529 MTU/cylinder

The converted ORIGEN-2 photon source terms areepted in Table B-18 in
Appendix B and compared with the corresponding URRIGEN-S results. The graphical
comparison is shown in Figure 3-4. The two sepacaticulations with different codes
(ORIGEN-2 and ORIGEN-S) agree reasonably well wi$pect to the total source strength,
but there are some minor differences in the eneyggctrum. The UNM ORIGEN-S
calculation reflects the updated nuclear decay tatary with ENDF/B-VII.1 used in the
SCALE 6.1.2 code system with better accuracy.

It needs to be noted that the photon energy growgetsre used in Table B-18 is
different from that in Table 3-9. The 19-groupusture in Table 3-9 omits photons emitted
between 0.0 and 0.01 MeV, which are included in IBegroup structure in Table B-18.
Consequently, the total photon source strengthihferl9-group structure is less than that for
the 18-group structure. The omission of photortsvben 0.0 and 0.01 MeV results in no
dose impacts, because of negligible contributioosifthese weak photons.

In addition to the UUSA calculation, the neutromisxe strength for a feed cylinder from this

calculation is in excellent agreement with the Camnealculation, which gives a value of

46

www.manaraa.com



5.0x1C n/s per cylinder (Cameco 2009, §B.3.2) versusdRéGEN-S calculated quantity of

4.98x1G n/s, thus validating the neutron source intengtyength) for feed material. No

spectral data were available from Cameco for corspar

Neutron Source per Cylinder (n/s)

0.34% Tails Neutron Source Comparison

2.5E+05

2.0E+05

8 (a, n)
B SF

1.5E+05

1.0E+05 -

UNM

Neutron Source per Cylinder (n/s)

0.711% Feed Neutron Source Comparison

4.0E+05

3.5E+05

3.0E+05

2.5E+05 -

2.0E+05

1.5E+05

1.0E+05 -

UUSA

UNM

Figure 3-3 Neutron Source Term Comparison between UUSA and UNM Calculations
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Photon Source Comparison
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Figure 3-4 Photon Source Term Comparison between ORIGEN-2 (UUSA) and ORIGEN-S (UNM)
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3.12 KEY OBSERVATIONS

The UK radiation source terms were determined with thdGHN-S module in the
SCALE code system (SCALE 6.1.2), and validated wattiditional calculations and
comparison with previous similar calculations wéhdifferent methodology or code. The
results include the total source strengths andcéssal energy spectra for both neutrons and
photons as a function of U-235 concentration. €hsessults reflect the change in the
methodology and the updated nuclear decay daryilbor improved accuracy, and compare
favorably with the previous calculations. Thessutes are necessary for use in subsequent
radiation dose assessment described in Chapters 8.a

The results from this phase (Phase 1) led to thewimg key observations:

e U-234 Significance- Despite its relatively small quantity, U-234as important or

principal contributor to both neutron and photonrse terms, and must be included
in the calculation.

e In-Growth Time— The in-growth time affects the photon sourcenteas a result of

the buildup of the daughter products (progeniesinfradioactive decay of uranium
isotopes. The one-year in-growth time is appraeri@r reaching the maximum
photon source intensity. The neutron source texrmdependent of the in-growth
time.

e U-235 Effect— Both neutron and photon source strengths ineregish U-235
concentration, because of the accompanying ingrgasontribution from U-234.
The neutron source is more sensitive to U-235 aanagon than the photon source.
For the neutron source, the U-235 concentratiomipaiffects the ¢, n) reaction

contribution, but poses little impact on the spaetaus fission contribution.
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e Bremsstrahlung Contributior Bremsstrahlung radiation is a significant pdrthe

photon sources. Neglect of this contribution wogitdssly underestimate the photon
source term and resulting radiation dose.

e Filled versus Empty Cylinders Filled cylinders contain both neutron and photon

sources, whereas only the photon source is pr@semhpty cylinders. The neutron
source is time independent. On the other handphioéon source changes with time,
reaching equilibrium after one-year in-growth falefl cylinders, but decaying

rapidly for empty cylinders. Time dependence fa@or that must be considered in

storage management of empty cylinders.
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4. SINGLE CYLINDER DOSE EVALUATION

To gain an in-depth understanding of radiation gpamt associated with Fthis
research first evaluated the effects of the sogemmetry, concrete/ground scattering, dose
conversion factors, secondary photon contributiansl, photon energy spectrum for a single
cylinder. The results of this evaluation providied necessary input and results for use in the
multiple cylinder dose assessment, and for valdatf the source terms determined in
Chapter 3.

The evaluation involved the calculations of ragiatdose rates for YEontained in a
certified Model 48Y cylinder meeting the ANSI N14£001 standard [ANSI 2001],
including both neutron and photon dose rates, adeM48Y is currently in use at uranium
enrichment facilities for tails and feed materialtpining to this research. The calculations
used the neutron and photon source terms ferdéRerated from Phase 1 work as described
in Chapter 3.

The dose calculations utilized the MCNP code (MCN®¥ER60) [LANL 2010] for
neutron and photon transport contained in the cdenpcode package CCC-810 [RSICC
2013]. The code was obtained from Radiation Safetgrmation Computational Center
(RSICC) at Oak Ridge National Laboratory (ORNL) eandn export-controlled license for a
single user (Computer Code Request Number 1418%58), successfully installed on a
Toshiba laptop computer (Model: Satellite C855-FbNotebook PC). The nuclear data
associated with MCNP5, v1.60 are based mainly enBNDF/B-VII.0 library. Although a

newer version of MCNP (MCNP6.1) is also availablethe same code package, the test
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results for Uk doses from MCNP5, v1.60 and MCNPG6.1 are practicadlentical.
Accordingly, the choice of MCNP5, v1.60 was appraier for this research.

The neutron and photon dose rates were separakylated with the MCNP code,
using the ANSI/ANS-6.1.1-1977 dose conversion fixcto obtain the reference results. The
calculations included a case study on the effedthefnewer ANSI/ANS-6.1.1-1991 dose
conversion factors.

The reference calculations covered the radial awdhl adose rates for both
homogenized and slumped source geometry at thespaofinnterest (at contact, 1, 5, 10, 20,
50, 100 m, etc). The F5 tallies (for point detes}avere used to score the fluxes, which were
then converted internally in MCNP to the dose ratilts.

In addition, the homogenized geometry was treated hase case for evaluation of
the various effects including concrete pad scaitgrground soil scattering, adequacy of the
partial photon energy spectrum, and secondary phatatributions due to neutron reactions.
For the parameter evaluation, the calculations idensd the radial dose rates only for the
sake of saving computer run times as similar effeaiuld be expected in the axial direction.

Details of the single cylinder dose evaluationdwl!

4.1 PREVIOUS WORK

UUSA has performed calculations of dose rates feosingle filled 48Y cylinder,
including both photon and neutron contributions RAJ 2013, 87.1]. For a filled tails
cylinder containing 0.34% U-235 by weight, the doates calculated with MCNP, v1.40
[LANL 2005] were 1.56 mrem/h at contact (0.11 n.45Lp), and 0.48 mrem/h (0.03 n + 0.45
p) at one meter from the side surface. The cparging dose rates for a filled feed cylinder

were 1.63 mrem/h at contact (0.16 n + 1.47 p), @d® mrem/h (0.05 n + 0.44 p) at one
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meter from the side surface. Note that the neutnd photon dose components were
obtained from the associated MCNP output files.

The UUSA calculation used the ANSI/ANS-6.1.1-19Wk{to-dose rate conversion
factors [ANS 1977, pp 4 and 5] to convert the p#atilux to the dose rate in units of rem/h
or mrem/h. This version of the conversion factmrsconservative relative to the newer
ANSI/ANS-6.1.1-1991 [ANS 1991, Tables 4 and 5] stan, and compliant with 10 CFR 20
[NRCd, Table 1004(b).2] for neutrons.

The UUSA calculations neglected the scatteringcefté the concrete pad or ground
soil, which would make additional dose contributicat close-in distances but decrease the
doses at larger distances. Furthermore, the ediook focused on filled cylinders only. The
empty feed cylinder was purposely excluded withaesumption that these empty cylinders
would be strategically placed on the storage pdt sufficient shielding by the surrounding
filled cylinders to minimize its dose impact to eghigible level.

The author conducted an independent, unpublishaedysin the Summer 2013
semester at the University of New Mexico (UNM) #osingle filled feed cylinder containing
natural Uk. The study evaluated the effects of the souroemgéry, concrete/ground
scattering, secondary photon contributions, pavsalfull photon energy spectrum, and flux-
to-dose rate conversion factors. The study comdutat it would be acceptable to select the
homogenized source geometry and ANSI/ANS-6.1.1-1€968e conversion factors for
conservatism, simulate the concrete pad with graeild and use a partial energy spectrum
of importance for dose calculations.

The conclusions from this independent study ardieape to the current research.

However, for completeness and in view of the chaimgéhe energy group structures for
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neutron and photon source terms, it was deemedatiésiand necessary to repeat the single
cylinder evaluation for selection of appropriateggraeters for use in Phase 3 work on the
multiple cylinder dose assessment.

The single cylinder dose evaluation belongs to eHa®f this research, using the
source terms generated from ORIGEN-S (Phase 1)feetding the results to the multiple
cylinder dose assessment (Phase 3) and validatidnse simulations for a single cylinder
(Phase 4). This chapter describes the researatisefixpended in this phase.

4.2 BASES AND ASSUMPTIONS

For the reference condition, the formation ofgUf the feed or tails cylinder was
assumed to be uniform and homogeneous in the altewiume of the cylinder. During
filling, UFg tends to form an annulus on the inner surfacehefdylinder as a result of
circumferential cooling to desublime (change froams go solid) UE, and then gradually
settles in the bottom portion of the cylinder aduamped geometry. The slumped geometry
is more realistic than the assumed homogenized gepm The dose calculations for the
slumped geometry are useful for comparison with sussaments, but are less conservative
than for the homogenized geometry.

The UK cylinders were placed horizontally on a concretal pvith localized
supporting chocks or stillages, since the cylindare normally handled and stored
horizontally on their sides with the valve orientdthe 12 o’clock position which is at the
top of the end flange (see Figure 2-1, 82.2). Actete pad is typically used for storage of
cylinders on supporting chocks or stillages so thatcylinders are at approximately 6 inches

above the pad (see Figure 2-1, 82.2) to avoid tawatact with ground soil.
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For ease of modeling, both axial ends of the c@indere assumed to be flat. In
actuality, the cylinder ends are physically rounde@ihe assumption of flat ends poses
insignificant modifications to the actual geometag, the overall axial length of the cylinder
is very long (146.75 inches without skirts — seguireé 4-1, 84.4.1).

Modeling of the cylinder neglected the stiffeninggs and skirted ends (see Fig. 4-1,
84.4.1). These items are localized parts witkeltih no effect on the dose rates at the points
of interest. The absence of these items simpliffrrodeling and provides slight
conservatism.

The material for the concrete pad was taken to toinary concrete. Ordinary
concrete is the material of choice for the concredel, because of its wide commercial
availability. The exact compositions of ordinamgncrete vary from source to source and
from batch to batch. For this study, the standamhpositions from ANSI/ANS-6.4-1997
[ANS 1997, Table 5-1] were used.

Both ground soil and environmental air were assutoede dry. The dry condition
lacks moisture and represents a conservative assmfpr dose calculations (in particular
for neutrons), as moisture (containing hydrogem) tteermalize neutrons with a subsequent
softer energy spectrum and lower dose results.

4.3 EVALUATION METHODOLOGY

This evaluation involved the calculations of ramiatdose rates for Ufcontained in
a certified cylinder meeting the ANSI N14.1-200&arstard [ANSI 2001], including both
neutron and photon dose rates. The calculatioed tlee Uk source terms generated with
the ORIGEN-S module in the SCALE code package asriteed in Chapter 3 for filled tails,

filled feed and empty feed cylinders.
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The dose calculations were performed with the MGédde (MCNP5, v1.60) for
neutron and photon transport [LANL 2008 and LANL1PD MCNP is a general-purpose
Monte Carlo N-Particle code developed by Los Alariagional Laboratory (LANL) that
can be used for neutron, photon, electron, or @slpleutron/photon/electron transport,
including the capability to calculate eigenvaluesdritical or subcritical systems. The code
treats an arbitrary three-dimensional configurabbmaterials in geometric cells bounded by
first- and second-degree surfaces and fourth-degilgeical tori. The code provides the
necessary processed cross section data librariesdm@ation transport problems.

Several versions of MCNP exit. The latest productiversion is MCNP6.1
distributed by RSICC at ORNL [RSICC 2013]. The eopackage for MCNP6.1 also
contains its preceding version, MCNP5, v1.60. &os evaluation, MCNP5, v1.60 was
retained to calculate neutron, primary photon aadosdary photon dose rates, as this
version produced practically the same results adNF&1 but ran modestly faster than
MCNP6.1. The nuclear data associated with MCNPB6W are based mainly on the
ENDF/B-VII.O library. The MCNP software used wda) appropriate for this fixed source
calculations, and (b) applied only within the ramfevalidation as documented in the MCNP
manual [LANL 2008]. This manual is essentially ®euguide, and contains the necessary
instructions for preparation of inputs and exeautb the code.

A number of convenient variance reduction techrsqaee available in MCNP for
improving statistics and computational efficiencyhe techniques used for this evaluation
included: cell importance and source energy biasir@ecause of the simplicity of the

geometric model for a single cylinder, the Monte rlI@asimulations were fairly
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straightforward without the need for more advaneadance reduction schemes to achieve
satisfactory statistics within reasonable comptitees.

4.4  TECHNICAL INPUTS

This section describes the technical inputs used tli@ single cylinder dose
evaluation. The required inputs for the MCNP doakeulations include physical data such
as geometric dimensions and material data (dessitiel compositions), neutron and photon
source terms, flux-to-dose rate conversion factarg] nuclear cross section data. The
reference sources for these inputs are appropyrieiteld.

4.4.1 Model 48Y Cylinder Physical Parameters

A physical configuration of the 48Y cylinder isufitrated in Figure 4-1. Table 4-1

lists the pertinent physical parameters includmgdimensions, capacity, and materials used.

380.4 centimeters (149.75 inches) -

6.4 centimeters | 372.7 centimeters (146.75 inches)
- "1 11.27 centimeters

(2.5 inches) —_| L 298.5 centimeters (117.5 inches) |~ (5inch)

Stiffening Rings
/ |g g \

123.19 centimeters
(48.5 inches)

Nameplate

)

Stillage

Plug

VALVE END PLUGEND

073004_04.1_TB
Source: USEC-651 (Revision 7).

Figure 4-1 Schematic of a Model 48Y Cylinder
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Table 4-1 Model 48Y Cylinder Parameters

Description Value Units Reference

48Y cylinder ID 48 Inches ANSI 2001, Fig. 9
48Y cylinder outside length 146.75 Inches ANSI 2001, Fig. 9
48Y shell thickness 0.625 Inches ANSI 2001, Fig. 9
Maximum UF fill limit (i;gg% P?Eg)ds ANSI 2001, Table 1
Minimum internal volume 142.7 ft® ANSI 2001, Table 1
Shell construction material A516 Steel N/A ANSI 2001, §86.12.5
Height above pad or ground 6 Inches Cameco 2009, 83.1

4.4.2 Material Densities and Compositions
The physical model contains the following five nragks:
e Source material inside the cylinder

e Cylinder shell construction material

e Storage pad
e Ground

e Environment

JF

A516 carborebt

Ordinary concrete

Bulk soil

Dry air

Table 4-2 contains the material data used as inatthe dose rate calculations,

including the appropriate references cited. Théenma compositions used here for concrete,

soil and air are reasonably consistent with thosedcin Engineering Compendium on

Radiation ShieldingJaeger 1975]

It should be recognized that slight variations Ire tmaterial compositions are

conceivable with different references.

The differes are typically within the numerical

round-off. Shielding calculations are insensitteethese minor differences in the material

compositions, which produce insignificant effect tre results relative to the typical

calculational uncertainty.

58

www.manaraa.com



Table 4-2 Material Densities and Compositions

Material Densit%/ Wt. % Range Wt. % Used Reference
(g/lcm”™) or as Noted or as Noted
Composition input by
UFg (s%lil d) N/A atom as follows: $§§§51995’
F:6 Ul
A516 C: 0.26(max) Mn: 0.60-1.20 .
Carbon 785 |P: 0.035(max) S: 0.04(max)  |Fe: 100 ﬁgg'\g 'rT‘taeglneagO”a'
Steel Si: 0.15-0.40 Fe: balance '
H: 0.55(typical) O: 49.83(typical) |H: 0.55 0:49.83
Concrete Si: 31.57(typical) Ca: 8.26(typical) |Si: 31.57 Ca: 8.26 |ANSI/ANS-6.4-
(cured) 2.35 Na: 1.70(typical) Mg: 0.26(typical)[Na: 1.70 Mg: 0.26 (1997, Table 5-1
Al: 4.55(typical) S: 0.13(typical) |Al: 455 S:0.13 [ANS 1997]
K: 1.91(typical) Fe: 1.23(typical) |[K:1.91 Fe: 1.23
O: 44-49 Si: 22-36 O: 465 Si: 29
Bulk Soil 16 Ca:. 1-7 Na}: 24-25 Ca:. 4 Na}: 2.45 |Engineering
Mg: 0.1-3 Al: 6-10 Mg: 1.55 Al 8.0 ToolBox 2013
K:15-3 Fe: 2-10 K: 2.25 Fe: 6.0
N,: 78.084 O, 20.946 N: 75,521 ©:23.177
} X C:0.014  Ar:1.288
. . |CO2: 0.033 Ar: 0.934 ) Weast 1985,
Dry Air 0.0012 ) note: these values are
note: these values are volume % pp. F-10, F-156
) wt.% converted from
directly from the reference
volume %

*Air density rounded from 0.001204 to 0.0012 g/cm®.

4.4.3 Neutron and Photon Source Strengths and Engrdspectra

The dose rate calculations required the radiatmurce input including the source
strengths and energy spectra for both neutron &otbp sources associated withdJFThe
required sources for use in the single cylindered®agaluation were for a filled tails cylinder,
a filled feed cylinder, and an empty feed cylindeFhe filled tails and feed cylinders contain
both neutron and photon sources, while only thetgghgource is present in the empty feed
cylinder. Chapter 3 describes the generation®fthurce terms used in this evaluation.

The neutron source strength and associated enpegpream for the filled tails and
feed cylinders include the contributions from bsffontaneous fission and, (n) reactions.
The neutron source data used in this evaluatiopranéaded in Table 3-7 (83.8) for the filled
tails cylinder as a function of U-235 concentratiand for the filled feed cylinder. The full

neutron energy spectrum was modified to a partecsum of importance to the dose
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calculations, as subsequently described in Sectibr2. This modification improved the
computational efficiency by ignoring the non-cobtring groups.

Table 3-8 in Section 3.8 lists the photon sourcensfths and associated energy
spectra for the filled tails and feed cylinderssdxd on the bremsstrahlung radiation yield for
the actual UF matrix. As for the neutron source, the full photenergy spectrum was
modified to a partial spectrum of importance to thaese calculations, as subsequently
described in Section 4.5.3. The modification wasereansignificant for photons as it
eliminated a large number of non-contributing wphktons at low energies.

For the empty feed cylinder, Table 3-10 in SecBol0 provides the time-dependent
photon source data following emptying. The empéed cylinder contains residual
radioactivity from the daughter products of theniman isotopes after separation of progeny
from uranium in the enrichment process system.

4.4.4 Neutron and Gamma-Ray Dose Conversion Factors

The calculated neutron and photon fluxes in unitsparticles/cri-s need to be
converted to dose rates in mrem/h, using the apiatepdose conversion factors. There are
two sets of dose conversion factors available ftbemANSI/ANS standards, including the
ANSI/ANS-6.1.1-1977 [ANS 1977] and ANSI/ANS-6.1.991 [ANS 1991] standards. The
differences between these standards are discusseith.h

The ANSI/ANS-6.1.1-1977 standard is typically usedregulatory compliance with
10 CFR 20 [NRCd]. It provides the conversion dastfor ambient dose equivalent, which is
an operational quantity to be measured by radiasorvey instruments. This standard
considers the quality factors for biological effechut excludes the relevant stochastic risk

weighting factors for the various organs or tissue$herefore this standard is more

60

www.manaraa.com



conservative (producing higher doses) than theesponding newer ANSI/ANS-6.1.1-1991

standard. The resulting doses from this standalate closely to the response of radiation
monitors (measured doses). Table C-1 in AppendikstS the neutron and photon dose
conversion factors as converted to the units céredt from ANSI/ANS-6.1.1-1977. For

neutrons, the conversion factors are consistent whe recommendations in NCRP-38
INCRP 1971].

The ANSI/ANS-6.1.1-1991 standard is different fratre ANSI/ANS-6.1.1-1977
standard in that the 1991 standard is for the me@d determining effective dose equivalent,
taking into account the biologically relevant qugngenerally consistent with ICRP 51
[ICRP 1987]. This standard provides the dose emsiun factors in units of 18 Sv-cnf,
which can be easily converted to mrem/h per pasichi-sec with a multiplier of (1) x
(10> mrem/Sv) x (3600 s/h) = 3.6xtamrem-s/Sv-h. The conversion factors given in abl
C-2 in Appendix C include this multiplier for eaemergy group. Since the hypothetical
phantom orientation is unknown, the most consergatlose factors in anterior-posterior
(AP) exposure mode are used as provided in Tab® CFhe resulting effective dose
equivalent based on ANSI/ANS-6.1.1-1991 is lessnth@ corresponding ambient dose
equivalent based on ANSI/ANS-6.1.1-1977 (see furthésequent discussion in Sections
4.7.3.5 for neutrons and 4.7.4.5 for photons).

Other sets of dose conversion factors such as IZRRERP 1971] and ICRP-74
[ICRP 1997] exist for different applications. Asajed from the MCNP report [LANL 2008,
Appendix H], “Although the various conversion facsets differ from one another, it seems
to be the consensus of the health physics commtiratythey do not differ significantly from

most health physics applications where accuradi@®% are generally acceptable. Some of
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the differences in the various sets are attribetabl different assumptions about source
directionality, phantom geometry, and depth of pext®n. The neutron quality factors,
derived primarily from animal experiments, are atsmewhat different.” Moreover, the
conversion factor sets are subject to change basé#loe actions by authoritative entities.
4.4.5 Nuclear Cross Section Data

This evaluation deals with five materials —4JR516 carbon steel, environmental air,
ordinary concrete, and ground bulk soil identifeximaterials 1, 2, 3, 4, and 5 respectively.
They are specified on the Mn card in the MCNP inmtere n is the material number. For
example, m1l is the WFsource material. The material property can beredton the cell
card in terms of atom density (atoms/b-cm) or ptslsilensity (g/cr). In this evaluation,
the physical density was used for each material emered in g/cthwith a preceding
negative sign as required by the code.

The Mn card also specifies the isotopic compositdrthe materials in the cells,
which in turn, determines the cross-section dats ebe used for the problem. For each
constituent in the material, (ZAID, fraction) istered as a pair. ZAID identifies the nuclear
data library, and fraction is the atomic fractiar (veight fraction if negative). In this
evaluation, all of the neutron cross sections viaken from the library ended with .70c for
continuous-energy neutron interaction data base&NMDF/B-VII.0 at 293.6 K. Fractions
can be un-normalized or normalized, provided thiatikee fractions are correct. This
temperature is appropriate to use, as it correspoludely to an ambient condition.

In photon (MODE P) problems, one photoatomic intBom table is required for each
element as the photoatomic data is atomic in natufée photoatomic data need to be

identified by element only. For example, ZAID eesr of 92235 and 92238 are treated as
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92000. The absence of the library identifier egien in ZAID implies that MCPLIB0O4
photon library based on ENDF/B-VI, Release 8 (lapd®ton data library in MCNPS5, v1.60)
is used for photon transport.

In coupled neutron-photon problems (MODE N P), fpexg a particular isotope on
a material card will invoke the neutron set forttisatope and the corresponding photon set
for that element. For example, an entry of “92286”7on a material card will cause MCNP
to use ZAID=92235.70c (U-235) for neutron data &#0D00.04p (uranium element) for
photon data. An entry of “92235” without an extens (library identifier) will still use
ZAID=92235.70c for neutron data and 92000.04p fawtpn data, as the first match found in
the MCNP cross section directory fiksdir is used. However, it is usually preferable to
include the library identifier extension in ZAIDrfproper identification and future reference.
4.5 EVALUATION DETAILS

This section provides the calculation details idahg the necessary calculations for
obtaining the inputs into MCNP such asdufaterial densities, and partial energy spectra of
importance. In addition, the physical models aosedrate calculation details are described.
4.5.1 UK Material Density Calculation

For the filled tails and feed cylinders, this ewalan considered two distinct cases of
the source geometry, namely, homogenized and sldm@emetry. The Ufsource material
densities are different for these geometry typesas=ulated below:

Homogenized Geometry

Cylinder inner radius = 24 in. = 60.96 cm (Tabl&,alf of ID)
Cylinder inside length = 145.55 in. = 369.57 cmi{léad4-1 less wall thickness)

Cylinder internal volume #*(60.96Y*372.75 cni = 4.3146x18 cm®
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Cylinder fill limit = 12,501 kg = 1.2501 xI@y (Table 4-1)
Homogenized Ugdensity = (1.2501x10g)/(4.3146x18 cm®) = 2.897 g/cm

Slumped Geometry

Certified minimum volume = 142.7%& 4.0408 x1Bcm’ (Table 4-1)

Solid density = 5.1 g/ci(Table 4-2)

Maximum possible fill = (5.1 g/ci*(4.0408 x16 cn®) = 2.0608x10g = 20,608 kg

Fill volume fraction = (12,501 kg)/(20,608 kg) 6066

Arc height for 60.66% fill volume = 71.215 cm (framatomated calculator)

UFs density = (2.897 g/ciy(0.6066) = 4.776 g/ci
4.5.2 Neutron Source Energy Spectrum of Importance

The neutron source term presented in Table 3-2ati& 3.8 is for the full 27 energy
group structure. For radiation dose calculationss time-consuming and unnecessary to
include the non-contributing energy groups. Thsedcontributors arise predominantly from
high-energy neutrons. Consideration of neutronrggas greater than 0.015 MeV (group 20
and higher) is sufficient for dose calculationshe3e groups already represent 99.96% of the
total neutron source strength. The remaining gsoamounting to merely 0.04% are
inconsequential to the resulting neutron dose, gwm lower energies with smaller dose
conversion factors.

Based on the neutron source data in Table 3-7,eTai8 lists the partial neutron
energy spectrum for a filled 48Y feed cylinder ugethe MCNP calculation, along with the
full spectrum for reference. Consideration of nentenergies greater than 0.015 MeV is

also acceptable for filled tails cylinders.
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Table 4-3 Full and Partial Neutron Energy Spectra for Filled 48Y Feed Cylinder

Full Energy Spectrum Partial Energy Spectrum
Group Neutron Energy Source Intgnsity Norma!ized Source Intgnsity Norma!ized
(MeV) (n/s per cylinder) Fraction (n/s per cylinder) Fraction

1 1.00E-11 - 1.00E-08 1.086E-12 2.182E-18

2 1.00E-08 - 3.00E-08 3.074E-12 6.175E-18

3 3.00E-08 - 5.00E-08 2.166E-07 4.351E-13

4 5.00E-08 - 1.00E-07 9.144E-07 1.837E-12

5 1.00E-07 - 2.25E-07 3.758E-06 7.549E-12

6 2.25E-07 - 3.25E-07 5.802E-06 1.166E-11

7 3.25E-07 - 4.14E-07 2.555E-06 5.133E-12

8 4.14E-07 - 8.00E-07 2.400E-05 4.821E-11

9 8.00E-07 - 1.00E-06 1.833E-05 3.682E-11

10 1.00E-06 - 1.13E-06 7.439E-06 1.494E-11

11 1.13E-06 - 1.30E-06 1.559E-05 3.132E-11

12 1.30E-06 - 1.86E-06 6.074E-05 1.220E-10

13 1.86E-06 - 3.06E-06 2.293E-04 4.606E-10

14 3.06E-06 - 1.07E-05 2.180E-03 4.379E-09

15 1.07E-05 - 2.90E-05 1.430E-02 2.873E-08

16 2.90E-05 - 1.01E-04 9.541E-02 1.917E-07

17 1.01E-04 - 5.83E-04 1.451E+00 2.915E-06

18 5.83E-04 - 3.04E-03 1.603E+01 3.220E-05

19 3.04E-03 - 1.50E-02 1.644E+02 3.303E-04

20 1.50E-02 - 1.11E-01 3.905E+03 7.845E-03 3.905E+03 7.848E-03

21 1.11E-01 - 4.08E-01 3.869E+04 7.772E-02 3.869E+04 7.775E-02

22 4.08E-01 - 9.07E-01 1.523E+05 3.059E-01 1.523E+05 3.061E-01

23 9.07E-01 - 1.42E+00 1.620E+05 3.254E-01 1.620E+05 3.256E-01

24 1.42E+00 - 1.83E+00 7.314E+04 1.469E-01 7.314E+04 1.470E-01

25 1.83E+00 - 3.01E+00 5.174E+04 1.039E-01 5.174E+04 1.040E-01

26 3.01E+00 - 6.38E+00 1.524E+04 3.061E-02 1.524E+04 3.063E-02

27 6.38E+00 - 2.00E+01 5.789E+02 1.163E-03 5.789E+02 1.163E-03
Total 1.00E-11 - 2.00E+01 4.978E+05 1.000E+00 4.976E+05 1.000E+00

4.5.3 Photon Source Energy Spectrum of Importance

The photon source term presented in Table 3-8 ati®@e3.8 is for the full 19 energy
group structure. As for neutron dose calculatiohis time-consuming and unnecessary to
include the non-contributing energy groups. Theotph dose contributors arise

predominantly from the energy groups between 0&4% 2.0 MeV (groups 2 through 11)
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(see validation in Section 4.7.4.4). These impdrgaoups represent only 48.5% of the total
photon source strength. However, the remaininguiggoamounting to 51.5% contribute
insignificantly to the resulting photon dose, a®toins of lower energies (<0.045 MeV) are
too weak to be penetrating and photons of higherges (>2.0 MeV) are too low in
intensity to significantly contribute.

Based on the photon source data in Table 3-8, TéMlelists the partial photon
energy spectrum for a filled 48Y feed cylinder ugethe MCNP calculation, along with the
full spectrum for reference. Again, consideratofrihese important photon energy groups is

also applicable to filled tails cylinders.

Table 4-4 Full and Partial Photon Energy Spectra for 48Y Feed Cylinder

www.manaraa.com

Full Energy Spectrum Partial Energy Spectrum
Group Photon Energy Source Intgnsity Norma!ized Source Intgnsity Norma_lized
(MeV) (p/s per cylinder) Fraction (p/s per cylinder) Fraction
1 1.00E-02 - 4.50E-02 4.408E+10 5.148E-01
2 4.50E-02 - 1.00E-01 2.174E+10 2.539E-01 2.174E+10 5.233E-01
3 1.00E-01 - 2.00E-01 1.161E+10 1.356E-01 1.161E+10 2.794E-01
4 2.00E-01 - 3.00E-01 2.635E+09 3.077E-02 2.635E+09 6.342E-02
5 3.00E-01 - 4.00E-01 1.685E+09 1.968E-02 1.685E+09 4.056E-02
6 4.00E-01 - 6.00E-01 1.157E+09 1.351E-02 1.157E+09 2.785E-02
7 6.00E-01 - 8.00E-01 1.141E+09 1.332E-02 1.141E+09 2.746E-02
8 8.00E-01 - 1.00E+00 8.808E+08 1.029E-02 8.808E+08 2.120E-02
9 1.00E+00 - 1.33E+00 5.262E+08 6.145E-03 5.262E+08 1.266E-02
10 1.33E+00 - 1.66E+00 7.831E+07 9.145E-04 7.831E+07 1.885E-03
11 1.66E+00 - 2.00E+00 9.451E+07 1.104E-03 9.451E+07 2.275E-03
12 2.00E+00 - 2.50E+00 1.579E+05 1.844E-06
13 2.50E+00 - 3.00E+00 1.816E+04 2.121E-07
14 3.00E+00 - 4.00E+00 1.631E+04 1.905E-07
15 4.00E+00 - 5.00E+00 5.507E+03 6.431E-08
16 5.00E+00 - 6.50E+00 2.209E+03 2.580E-08
17 6.50E+00 - 8.00E+00 4.333E+02 5.060E-09
18 8.00E+00 - 1.00E+01 9.488E+01 1.108E-09
19 1.00E+01 - 2.00E+01 1.744E+00 2.037E-11
Total | 1.00E-02 - 2.00E+01 8.563E+10 1.000E+00 4.155E+10 1.000E+00
66




4.6 MCNP CALCULATIONS

The UK radiation dose rates from a single feed cylinderenvdetermined with
MCNP5, version 1.60. The calculations producedrdsailts of radial and axial dose rate
profiles as a function of distance from the outarface of the cylinder. This section covers
the physical models considered and dose rate egicnldetails.

4.6.1 Physical Models

Homogenized and slumped source geometries were uséglire 4-2 depicts the
geometry models of the homogenized source geometg for the MCNP calculation in the
Y-Z and X-Z planes, respectively. Figure 4-3 diysl the corresponding models of the
slumped source geometry. The models include thgsipdl dimensions and material
densities for use as input into MCNP. The diffeesnbetween the two geometry types are in
the spatial source distribution and dfensity as indicated.

For consistency with the Cameco calculation [Cam2@09, 83.1], the dose points
were located at contact (0.02 m) and at 1, 5, 0052 and 100 m from the outer surface of
the cylinder. Additional points at 0.305 m (1 f2),m and 200 m were included for use in
comparison with other calculations or measuremeriibe points for the radial dose rate
profile were placed at the mid-height of the cyéndwhile those for the axial dose rate

profile were located along the cylinder centerline.
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Air

Y Axis Y Axis
(Y-Z Plane) (Y-Z Plane)
Homogenized Geometry Slumped Geometry
Z -
X Axis X Axis
(X-Z Plane) (X-Z Plane)
Figure 4-2 Homogenized Source Geometry Figure 4-3 Slumped Source Geometry
Physical Dimensions Material Densities
Cylinder ID = 48 in. = 121.92 cm UFs (homogenized) = 2.897 g/cm3
Cylinder shell thickness = % in. = 1.5875 cm UFs (slumped) = 4.775 g/cm
Cylinder inner length =145.5 in. = 369.57 cm Air = 0.0012 g/cm®
Concrete pad thickness = 12 in. = 30.48 cm Ordinary concrete = 2.35 g/cm®
Cylinder height above pad = 6 in. = 15.24 cm Bulk soil = 1.6 g/cm®

Void = 0.0 g/cm®
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4.6.2 Dose Rate Calculations

The neutron and photon dose rates were separakylated with the MCNP code,
using the ANSI/ANS-6.1.1-1977 dose conversion fixcto obtain the reference results. The
calculations included a case study on the effecttrld ANSI/ANS-6.1.1-1991 dose
conversion factors.

For filled tails and feed cylinders, the calculasowere first performed to determine
the effect of the U-235 concentration (wt %) on #werage contact dose rates on the inner
and outer surfaces of the cylinder. The calcufestiosed the one-year in-growth time for the
maximum source terms, and were carried out on apgby-group basis. For each energy
group, the dose calculation with MCNP5, v1.60 deteed an energy response factor in
units of mrem/h per n/s or p/s of the source fag group. These MCNP calculations were
simple and identical to other single cylinder c#tons with the exception of a single
energy group used with a unit source to obtairethergy response factor. The MCNP input
and output files for these runs are listed in Tdblé in Appendix E. The energy response
factors for the groups of importance were then usethlculate the dose rate with the Excel
spreadsheet for each source of concern. In saydomy a set of energy response factors
was necessary for dose calculations from any somitbethe same energy group structure.

The above calculations provided the results foeteln of the filled cylinder type for
the single cylinder dose evaluation to study tHeat$ of the parameters of interest. Based
on these results, the bounding filled feed cylindess chosen for the dose evaluation (see
discussion in Section 4.7.1). The results alsweskrto devise a source energy biasing
scheme to increase the importance of more conindpuénergy groups for use in the

subsequent dose calculations to improve computatifficiency.
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The time-dependent dose rates were also calcutateal single filled feed cylinder
and a single empty feed cylinder to compare thexghan the average surface dose rate with
time between these cylinder types. The calculatware accomplished in the same manner
as for the average contact dose rate versus U-@3&eatration (wt %), using the appropriate
energy response factors developed from the MCNR®BOvrun for each important energy
group. For the empty cylinder, the interior of ttyinder could be treated as air or void with
no appreciable difference in the dose results. fline-dependent dose results would be
useful in effective management of empty cylindaerstee outdoor storage pad.

For the selected filled feed cylinder, the refeeenalculations covered the radial and
axial dose rates for both homogenized and slumpatte geometry at the points of interest
(at contact, 0.305, 1, 2, 5, 10, 20, 50, 100 arai r2). The F5 tallies (for point detectors)
were used to score the fluxes, which were then fisadinternally in MCNP by the dose
response function to produce the dose rates.

In addition, the homogenized geometry was treated hase case for evaluation of
the various effects including concrete pad scaitgrground soil scattering, adequacy of the
partial photon energy spectrum, and secondary phatatributions due to neutron reactions.
For this evaluation, the calculations consideredl ribdial dose rates only for the sake of
saving computer run times, as similar effects apeeted in the axial direction.

For an empty filled cylinder, the reference caltiolas covered the radial and axial
dose rates for the homogenized source geometry dgkdyfor the filled cylinder, the detector
points were located at contact, 0.305, 1, 2, 520050, 100 and 200 m from the side or end

surface of the cylinder. The dose rate profilasth® empty feed cylinder corresponded to
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the time immediately after emptying (separation pobgeny from natural uranium) for
comparison with those for the filled feed cylinder.

The MCNP calculations for the selected filled festinder consisted of a total of 6
cases for neutrons and a total of 6 cases for psotdhe computer input and output files for
each case are listed in Table D-1 in Appendix bnglwith the case description and Central
Processing Unit (CPU) time for each case. Appemd&iso lists the sample input files for
the neutron and photon cases. Only one MCNP risymade for the empty feed cylinder.
Its associated input and output files are incluthed@able D-1 in Appendix D with listing of
the input file.

4.7 EVALUATION RESULTS

This section presents the results of the singlendgl dose evaluation including the
following items of interest:

e Energy response factors for filled and empty cydirsd

e Average radial surface dose rate as a function-a88assay from 0.2 to 0.711%

e Average surface dose rate as a function of timm @do 2 years

e Neutron dose rate results for a single filled fegkihder

e Photon dose rate results for a single filled feddahder

e Photon-to-neutron dose ratios for a single filledd cylinder

e Radial and axial photon dose rate profiles fomaglsi empty feed cylinder
4.7.1 Energy Response Factors

Table E-1 in Appendix E provides the neutron ahdtpn energy response factors for

a filled cylinder in units of mrem/h per n/s or gtg the important energy groups. The
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photon energy response factors for an empty feéddey are presented in Table E-2. Note
that the empty feed cylinder contains no neutran@®because of the absence ot UF

The energy response factors were obtained fromMREINP output files for the
reference case with the homogeneous source geqruetigrete pad, ground scattering and
ANSI/ANS-6.1.1-1977 dose conversion factors. ThéNW calculations produced two sets
of the energy response factors for the inside antbide surfaces of the cylinder,
respectively.

The factors in Tables E-1 and E-2 became the reduinputs into the Excel
spreadsheet for calculations of the average sudase rates presented in Sections 4.7.2 and
4.7.3. The dose contribution from each group nspéy the product of the energy response
factor and the corresponding source intensity.

4.7.2 Average Radial Contact Dose Rate versus U-2@%ncentration

Using the energy response factors in Table E-ltHerfilled cylinder together with
the source data in Tables 3-7 for neutrons andf@&hotons in Chapter 3, Table 4-5
provides the resulting average radial contact dates on the inside and outside surfaces of
the cylinder as a function of U-235 wt% in uranifishfor neutrons, P for photons and T for
total). Figure 4-4 plots the corresponding results

As expected, the neutron dose rate for the fidglihder increases with the U-235
concentration but represents a small fraction ef thtal dose rate. The photon dose rate
remains fairly constant with the U-235 concentmatioThe increase in the total dose rate
from 0.2% to 0.711% U-235 is minor. The use ofileed feed cylinder would be

conservative and bounding for all tails cylinderghe dose evaluation.
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Another observation of the results is that theboar steel shell of the cylinder

attenuates photons more significantly than neutrombe dose reduction factors from the

inside surface to the outside surface are aboubt eutrons, and 3.2 to 3.5 for photons.

Table 4-5 Average Radial Surface Dose Rates for Filled Cylinder versus U-235 Concentration

Dose Rate (mrem/h)

U-235 (wt %) Inside - N Inside - P Inside -T Outside - N Outside - P Outside - T
0.2 0.195 4.961 5.156 0.116 1.533 1.649
0.3 0.222 4.965 5.187 0.132 1.532 1.664
0.4 0.250 4.968 5.218 0.148 1.531 1.679
0.5 0.279 4971 5.250 0.165 1.530 1.695

0.711 0.340 4.977 5.317 0.202 1.537 1.739
Average Contact Dose Rate vs. U-235 Concentration
6
5 /m——= = = =
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Figure 4-4 Average Radial Surface Dose Rates for Filled Cylinder versus U-235 Concentration

73

www.manaraa.com




4.7.2 Average Radial Contact Photon Dose Rate versidiime

Using the photon energy response factors in Table for the filled cylinder and
Table E-2 for the empty cylinder together with gfeton source data in Tables 3-9 and 3-10
in Chapter 3, Table 4-6 provides the resulting agerradial contact dose rate on the outside
surface of the filled feed cylinder as a functidntime after filling (N for neutrons, P for
photons and T for total). Table 4-6 includes tame results for the empty feed cylinder on
both inside and outside surfaces after emptyingurg 4-5 plots the corresponding results.

For the filled feed cylinder, the photon dose natxeases with time after filling as a
result of the buildup of the daughter products froranium decay. On the other hand, the
photon dose rate decreases with time after emptyngng to the decay of the daughter
products following separation from uranium.

As observed from Table 4-6, the freshly emptieetifeylinder (at t = 0) has a much
higher dose rate than the filled feed cylinder lbseaof the absence of WRvhich self
shields. However, the emptied cylinder dose raerehses rapidly with time. After three
months from emptying (called cooling period), these rate from an empty feed cylinder is
comparable to that from a filled feed cylinder. fdefive management of Fcylinder

storage must take the dose impact of the emptypdsgis into account.
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Table 4-6 Time-dependent Average Contact Dose Rates for Filled and Empty Feed Cylinders

Contact Dose Rate (mrem/h)

Filled - Filled - Filled - Empty — Empty —
Time (V) Outside - N Qutside - P Outside - T Inside — P Outside — P
0.0 0.202 0.003 0.205 9.862E+01 2.072E+01
0.1 0.202 0.995 1.196 3.375E+01 7.246E+00
0.2 0.202 1.341 1.543 1.180E+01 2.534E+00
0.3 0.202 1.462 1.664 4.128E+00 8.862E-01
0.5 0.202 1.520 1.722 5.051E-01 1.084E-01
0.7 0.202 1.526 1.728 6.194E-02 1.329E-02
1.0 0.202 1.527 1.729 2.850E-03 6.049E-04
2.0 0.202 1.527 1.729 2.746E-04 5.171E-05

Single 48Y Feed Cylinder Dose Rates

1.E+02 I

== Empty - Outside - P
—&— Filled - Outside - T

K —&— Filled - Outside - P
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£ —o *
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Figure 4-5 Time-dependent Average Contact Dose Rates for Filled and Empty Feed Cylinders
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4.7.3 Neutron Results for a Single Filled Feed Cylder

Based on the results in Section 4.7.1, the conseevand bounding filled feed
cylinder was selected for the dose evaluation terdene the pertinent parameters for use in
the multiple cylinder dose assessment in Phasehdpi@rs 5 and 6). This section presents
the neutron results for a single filled feed cyénd
4.7.3.1 Radial and Axial Neutron Dose Rate Profiles

The results of the radial and axial neutron dosesrare presented in Table E-3 in
Appendix E based on the ANS/ANSI-6.1.1-1977 dosevecsion factors. The associated
statistical relative errors are indicated in paneses. The results include the cases for the
homogenized and slumped geometry with concreteapddyround scattering.

The relative statistical error (fractional standateviation) associated with each
calculated dose rate is less than the acceptaitegiamm of 0.05 as specified in the MCNP
manual [LANL 2008, Table 2.5] except at the axiairpp of 200 m. Additional run time with
more particle histories is deemed necessary atpdiscular point to achieve statistically
satisfactory results.

The homogenized geometry produces higher dose tizesthe slumped geometry,
thus validating the conservatism stated in Secti@ However, the results for the slumped
geometry (a more realistic YFformation) should be used for comparison with
measurements. The homogenized geometry may be fosetbnservative calculations,
which are preferable in demonstrating regulatompgiance.

Another observation of interest is that the radiade rate profile is generally higher
than the corresponding axial dose rate profilexpeeted, because the solid angle subtended

by the source is larger radially than axially.
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4.7.3.2 Effect of Concrete Pad

The effect of the concrete pad on neutron dosesewalsiated by replacing concrete
with bulk soil on the MCNP cell card. The evaloaticonsidered the radial dose rates only,
as the effect on the axial dose rates was expéated similar at the same elevation. Further,
the conservative homogenized source geometry weaksfos the evaluation.

Table E-4 in Appendix E lists the neutron dose lteswith and without the concrete
pad for comparison. The neutron dose rates arerlovith the concrete pad, and the dose
ratio varies with distance. The dose decrease @atitrete is attributable to the presence of
hydrogen in concrete which softens the energy sp@ctwith lower resulting doses.
4.7.3.3Effect of Ground Scattering

The effect of ground scattering on neutron doses evaluated by replacing bulk soll
with air on the MCNP cell card. The evaluation sidered the radial dose rates only, as the
effect on the axial dose rates was expected tarbias at the same elevation. Further, the
conservative homogenized source geometry was aséldd evaluation.

Table E-5 in Appendix E lists the neutron dose lteswith and without ground
scattering for comparison. The ground scatterifigce generally increases the doses and
varies with distance. Peaking is observed at lb&eein distances (<5 m distance), followed
by a diminishing effect to a dose ratio of almo$t (ho effect) at 50 m. Beyond 50 m, it is
conceivable that ground scattering may reduce dases result of softening of the energy
spectrum at large distances due to attenuatioir and ground soil.
4.7.3.4 Secondary Photon Contributions

Neutron interactions with the materials in the mopeduce secondary photons,

which may or may not contribute to the overall etidin doses. To evaluate this
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contribution, the MCNP code was run in a coupledtroen and photon transport mode
(MODE N P) to tally the photon dose rates. Fos #waluation, the homogenized geometry
as used for Case nl was selected.

Table E-6 in Appendix E lists the neutron and seeoy photon dose rate results for
comparison. The secondary photon dose is on tther af 1% of the neutron dose. This
contribution is practically insignificant relativ® uncertainties. Further its contribution to
the total dose (neutron plus primary photon) doseld not be appreciable, as the neutron
dose component is relatively small. Therefore, gheondary photon contributions can be
ignored in future calculations.
4.7.3.5 Effect of ANSI/ANS-6.1.1-1991 Neutron Dog&onversion Factors

The effect of the ANSI/ANS-6.1.1-1991 standard waaluated by using the neutron
dose conversions from this standard for Case nighnis for the homogenized geometry.
Again, the evaluation considered the radial dotesranly.

Table E-7 in Appendix E lists the neutron dose rageilts with the ANSI/ANS-6.1.1-
1977 and ANSI/ANS-6.1.1-1991 standards. The dasie is generally 0.41, meaning that
the effective dose equivalent for neutrons from ANSI/ANS-6.1.1-1991 standard is about
41% of the ambient dose equivalent from the ANSIGABI1.1-1977 standard. It should be
noted that the effective dose equivalent includedobically relevant quantities such as
tissue/organ weighting factors, whereas the ambigrse equivalent corresponds to the
response of radiation monitoring.

4.7.4 Photon Results for a Single Filled Feed Cyliler
This section presents the photon results frometreduation of a single filled feed

cylinder, which is a bounding type for the dosesasment.
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4.7.4.1 Radial and Axial Photon Dose Rate Profiles

The results of the radial and axial photon dosesratre presented in Table E-8 in
Appendix E, based on the ANS/ANSI-6.1.1-1977 phottmse conversion factors. The
associated statistical relative errors are indetateparentheses. The calculated photon dose
rates have a relative statistical error of lesst@®5 at all points, meeting the acceptance
criterion for point detector tallies as specifiedihe MCNP manual [LANL 2008, Table 2.5].
The results include the cases for the homogeninddslumped geometry with the concrete
pad and ground scattering.

As for the neutron doses, the homogenized geonpetgiuces higher photon dose
rates than the slumped geometry, thus again valgléte conservatism stated in Section 4.2.
The dose ratio of the homogenized geometry to linamed geometry is greater for photons
than for neutrons, because of the large self-simglthctor of Uk for photons. Further, like
the neutron doses, the radial photon dose rateilgpred generally higher than the
corresponding axial dose rate profile as expedtedause the solid angle subtended by the
source is larger radially than axially.

The results for the slumped geometry (more realidts formation) should be used
for comparison with measurements. The conservagigselts for the homogenized geometry
are preferable for demonstrating regulatory conmgka
4.7.4.2 Effect of Concrete Pad

The effect of the concrete pad on photon dosesewakiated by replacing concrete
with bulk soil on the MCNP cell card. The evaloaticonsidered the radial dose rates only,
as the effect on the axial dose rates was expéated similar at the same elevation. Further,

the conservative homogenized source geometry wasfos the evaluation.
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Table E-9 in Appendix E lists the photon dose rsswith and without the concrete
pad for comparison. The photon dose rates ardigaflg the same with and without the
concrete pad. These results are not surprisingpfmtons, since both concrete and soll
contain mainly silicon and oxygen and there is Higant thickness of material used for
scattering off concrete or soil.
4.7.4.3Effect of Ground Scattering

The effect of ground scattering on photon doseseavatuated by replacing bulk soil
with air on the MCNP cell card. The evaluation sidered the radial dose rates only, as the
effect on the axial dose rates was expected tarbias at the same elevation. Further, the
conservative homogenized source geometry was aselded evaluation.

Table E-10 in Appendix E lists the photon dose ltsswith and without ground
scattering for comparison. The ground scatteriifigce varies with distance, and generally
increases the doses at close-in distances. Pemskoigserved at the close-in distances (<10
m distance), followed by a diminishing effect td@se ratio of less than 1 (negative effect) at
50 m. Beyond 50 m, it is conceivable that groucattering may reduce doses as a result of
softening of the energy spectrum at large distadoesto attenuation through the media.
4.7.4.4 Effect of Full Photon Energy Spectrum

To verify the acceptability of using a partial pbiwtenergy spectrum of importance as
given in Section 4.5.3, a calculation was performethg the full energy spectrum for the
case of the homogenized geometry (same as Casecpfitdor the energy spectrum). This
case required two principal changes to the MCNRitinipcluding the energy spectrum and
tally multiplier. The full energy spectrum covetse entire energy range of the 19-group

structure from 0.01 to 20.0 MeV. The tally muligylfor each dose point is the associated
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total photon source strength of 8.563¥1photons/s per cylinder (see Table 4-4) for all 19
groups versus 4.155x1photons/s for the partial spectrum (see Table. 4-4)

Table E-11 in Appendix E lists the radial photorseloate results for both partial and
full energy spectra for comparison. The dose chfiees between these two spectra are
within statistical uncertainties, implying that these of the partial energy spectrum of
importance is acceptable and appropriate for tlmeqrhdose calculations.
4.7.4.5 Effect of ANSI/ANS-6.1.1-1991 Photon Dose@version Factors

The effect of the ANSI/ANS-6.1.1-1991 standard waaluated by using the photon
dose conversions from this standard for Case pighnis for the homogenized geometry.
Again, the evaluation considered the radial dotesranly.

Table E-12 in Appendix E lists the photon dose ragults with the ANSI/ANS-
6.1.1-1977 and ANSI/ANS-6.1.1-1991 standards. pheton dose ratio is generally 0.85,
meaning that the effective dose equivalent for phetfrom the ANSI/ANS-6.1.1-1991
standard is about 85% of the ambient dose equivdlem the ANSI/ANS-6.1.1-1977
standard. It should be noted that the effectiveedequivalent includes biologically relevant
guantities such as tissue/organ weighting factorsereas the ambient dose equivalent
corresponds to the response of radiation monitoring
4.7.5 Photon-to-Neutron Dose Ratio for a Single Fdd Feed Cylinder

Using the conservative neutron and photon dose fatethe homogenized geometry
in Sections 4.7.4.1 and 4.7.4.2, respectively pth@on-to-neutron dose ratio as a function of
distance is plotted in Figure 4-6 for the radiakdtion and Figure 4-7 for the axial direction.

In general, the photon/neutron dose ratio decreaghdistance, except for locations

near the cylinder surface where skyshine effeces still insignificant. As the distance
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increases, skyshine becomes relatively more impbrfar neutrons than for photons,
increasing the relative contribution from neutromsghich in turn, decreases the

photon/neutron dose ratio.
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4.7.6 Photon Results for a Single Empty Feed Cylired

Table E-13 in Appendix E provides the photon dage profiles for a freshly emptied
feed cylinder (at t = 0), using the ANSI/ASN-6.11977 dose conversion factors, concrete
pad and ground scattering with the assumption gpatially uniform source distribution in
the internal volume of the cylinder. It needs ®recognized that localized dose peaking
could occur at or near the cylinder because of ipesson-uniformity of the daughter
product deposits on the inside surface of an eroygigpder. For large distances, the peaking
effect becomes gradually diminished to no impactnvthe distance is relatively large so that
the source in the cylinder could be viewed as atmnurce.

As for the filled feed cylinder, the calculatedopdn dose rates for the empty feed
cylinder have a relative statistical error of Iésan 0.05 at all points, meeting the acceptance
criterion for point detector tallies as specifiedihe MCNP manual [LANL 2008, Table 2.5].
The radial dose rates are also generally highem tha corresponding axial dose rates.
However, the radial-to-axial dose ratio at 1 m beglond is less for the empty cylinder than
for the filled cylinder, because of the lack offssfielding by Uk as present in the filled
cylinder.

Figure 4-8 plots the radial and axial dose prefiler a single freshly emptied feed
cylinder. For comparison purposes, the plot inetuthe same profiles for the filled feed
cylinder. The larger radial-to-axial dose ratio floe filled feed cylinder is apparent from the

plot.
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Photon Dose Rate Profiles for A Single Feed Cylinde r
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Figure 4-8 Photon Dose Rate Profiles for a Single 48Y Feed Cylinder
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4.8 KEY OBSERVATIONS AND PARAMETER SELECTION
In summary, the Ufradiation dose rates from a single 48Y feed c@mdere

determined with the MCNP code (MCNP5, v1.60), asddufor the selection of the pertinent
parameters for the subsequent multiple cylindeedssessment described in Chapter 5. The
calculations considered the conservative homogdrspeirce geometry and nearly realistic
slumped source geometry. The results includedtmkand axial dose rate profiles for both
neutrons and photons. For an in-depth understgnofimadiation transport associated with
the neutron and photon sources fromgUke study also evaluated the effects of congate
scattering, ground soil scattering, secondary phatontributions, partial photon energy
spectrum and flux-to-dose rate conversion factors.

As deduced from the results in this evaluation fttlewing key observations are noted:

e Feed Cylinder Dose RatesThe filled feed cylinder gives a slightly hightetal dose

rate than any tails cylinder, thus representinganiing type suitable for the multiple
cylinder dose assessment to demonstrate regulatampliance. The empty feed
cylinder when freshly emptied is associated withigher dose rate than the filled
feed cylinder by about one order of magnitude, o special attention in storage
management to address dose impacts.

e Source Geometry- The assumed homogenized source geometry proohare

conservative (higher) dose rates than the neadiste slumped source geometry.
The former is appropriate for conservative calgatet, while the latter aligns closely
with the field measurements. Hence, the homogdnigeurce geometry is

appropriate for the multiple cylinder dose assesgntepreserve conservatism.
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Radial vs. Axial Dose Rate Profite The radial dose rates are generally greater than

the corresponding axial dose rates. Orientatiothefcylinders will affect the site
boundary doses when multiple cylinders are incluishethe dose calculations. The
case study in Phase 3 for multiple cylinders udes radial direction for dose
assessment.

Effect of Concrete Pad The presence of the concrete pad has a tendémegucing

the neutron dose rates because of the moistureem@oit concrete softening the
neutron energy spectrum. However, the effect oa fhoton dose rates is
insignificant or inconsequential. Replacement ohaete with ground soil would

lead to some conservatism in the neutron dose lpateits impact on the total dose
rate is minor because of a relatively small neutdose component. To save the
computer time by eliminating the concrete body, toacrete pad was treated as
ground solil in the multiple cylinder dose assesdmen

Effect of Ground Soil Scatteringe The ground soil scattering effect is more

significant for neutrons than for photons, as th®a@do coefficients are greater for
neutrons. The effect varies with distance, peaking distance of 1 to 5 m and then
dropping to no or reducing effect at 50 m and beyorinclusion of the ground
scattering may increase or decrease the dose, diegean the distance from the
source. The multiple cylinder dose assessmentldhnciude the ground scattering
to accurately calculate the dose rates at vari@iartces.

Secondary Photon Contributionrs The secondary photon dose rate from neutron

interactions is on the order of 1% of the corresfyog neutron dose rate, and can be

ignored in future calculations as its contributionthe overall dose rate will be even
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lower. The multiple cylinder dose assessment desgrin Chapter 5 disregards the
secondary photon contributions.

Partial vs. Full Photon Energy SpectrumThe partial photon energy spectrum for

energies between 0.045 and 2.0 MeV is adequatehioion dose calculations, as the
dose results for the partial and full spectra aactcally identical within statistical
uncertainties. Therefore, the multiple cylindese@ssessment only needs to use the
partial energy spectrum to eliminate unnecessadhsuming computer time to track
non-contributing histories from unimportant enegggups.

Effect of Flux-to-Dose Rate Conversion Facterdhe use of the ANSI/ANS-6.1.1-

1977 standard results in ambient dose equivalevitgereas the ANSI/ANS-6.1.1-

1991 standard yields effective dose equivalentse ifective dose equivalent is 41%
of the ambient dose equivalent for neutrons, arfib 8 photons. For compliance
with 10 CFR 20, the ANSI/ANS-6.1.1-1977 standardstnioe used in the multiple

cylinder dose assessment.

Photon-to-Neutron Dose Ratio At each point, the neutron dose is relativelydo

than the photon dose. Except for points near ytinder surface, the photon/neutron
dose ratio decreases with distance, indicatingtshgsradiation contributions become
increasingly more important for neutrons than fdrofons. For environmental
considerations, it is necessary to include thermeutontribution in the overall dose

assessment besides the principal photon component.
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5. MULTIPLE CYLINDER DOSE ASSESSMENT METHODOLOGY

The single cylinder dose evaluation presented iap@¥r 4 shows that the contact
dose rate is on the order of 2 mrem/h for a fill@iés or feed cylinder, and 20 mrem/h for a
freshly emptied feed cylinder. These low radiatidoses are manageable on a single
cylinder basis to meet the as-low-as-reasonablyesable (ALARA) requirements in 10
CFR 20 [NRCd]. Consideration of multiple cylindewould increase the dose contributions
significantly, particularly at the far fields sues the site boundary. The multiple cylinder
dose assessment is the focus of this chapter, wmingfficient Monte Carlo simulation
method to achieve statistically acceptable resulisin reasonable computer times.

The UFK cylinder storage yard or pad accommodates thogsahdylinders that are
typically stacked two high as shown in Figure Z1Lhapter 2. At a given receptor, multiple
cylinders will make contributions to the radiati@tose. The magnitude of the dose
contribution from each cylinder varies, dependimgttoe location of the cylinder. The close-
in cylinders are expected to contribute more sigaiftly than the distant cylinders.
Additionally, the cylinders on the top stack are thrincipal dose contributors, as the top
stack provides some shielding for the bottom stack.

Dose calculations for multiple cylinders are chadjmg by virtue of the large
quantity of cylinders, U§ self-shielding effect, skyshine radiation conttibos and site
boundary distance factor, representing a deep-faitet shielding problem. The storage of
different types of cylinders including filled tail§lled feed and empty feed cylinders also

adds a certain degree of complexity, because oftaobal dose contributions from a
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relatively small quantity of empty feed cylinder$he weak photon radiation sources from
UFs introduce an additional complication to the profle

At the UUSA Enrichment Facility, several dose cétons are available for arrays
of cylinders on the UBC Storage Pad to demonstegelatory compliance. The cylinder
stacking configurations considered in the calcateti included single, double and triple
stacks. The calculations used the MCNP code (MCNP30) [LANL 2005] without
specific importance sampling or biasing for therseudistributions (position, energy and
direction). The standard, unbiased approach (éxte@ convenient built-in variance
reduction features such as cell importance) wasna-tonsuming process, requiring over
100 hours CPU time for a typical case (Table 8-Chapter 8). Other shortcomings with
this approach included limited results only foreavfdetector points, lengthy input, and poor
statistics at large distances.

To improve the computational efficiency with the ME code, it is essential to
develop an optimized approach with importance sargdbr reducing the CPU time by an
order of magnitude or better as compared to thecjiunbiased method. The approach
taken in this research involved assignment of apontance to different particles based on
how much they would contribute to the final answkr.so doing, more time can be spent on
important particles with less time wasted on uningo@t particles. The degree of
optimization depends on the accuracy of the impegasampling. A more accurate
importance sampling scheme will certainly lead tbedter degree of optimization. The
intent of this research is to reach a good estimBparticle importance parameters, but not a
perfectly optimized scheme which is practically tai@aable or probably theoretically

unsolvable.
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5.1 OVERVIEW

The work in Phase 1 (Chapter 3) and Phase 2 (Ohdpteas a prerequisite for this
phase (Phase 3), as it provided the necessary amplitdata for use in dose analysis for
multiple cylinders. Phase 3 was the heart of thisearch project to provide an efficient
Monte Carlo approach to dose simulations for arraiyscylinders in different stacking
configurations.

The dose calculations for multiple cylinders uskd same Monte Carlo method as
for a single cylinder, namely MCNP5, v1.60. Forsiagle cylinder, the Monte Carlo
calculations are fairly straightforward without v#ng sophisticated variance reduction
techniques, because of the absence of geometriplerity. The situation is distinctly
different for multiple cylinders, especially forahsands of cylinder in a storage yard. The
direct standard Monte Carlo calculations for these would be very time-consuming, as
indicated earlier. Fortunately, a number of vaceneduction techniques are available in the
MCNP code, provided the user enters appropriatghtieig factors or biasing schemes as
inputs for importance sampling. Therefore, thg teean efficient Monte Carlo calculation
for deep penetration problems requires developmkan importance sampling scheme.

The MAVRIC sequence [ORNL 2011a] in the SCALE cgidekage is available to
generate a space and energy-dependent importanrénaight windows) for biasing during
radiation transport and a mesh-based biased sadlistédboution. MAVRIC is based on the
CADIS (Consistent Adjoint Driven Importance Sampglnmethodology. MAVRIC
automatically performs a quick three-dimensionakcikte ordinates calculation using
DENOVO [ORNL 2011a, 8S6.B] to find the adjoint fluus a function of position and

energy, which forms the basis for the importance mad biased source distribution. The
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adjoint flux or function is a measure of the “imfasrce” of a particle (neutron or photon) in
contributing to the response of the detector [BEJI70, 86.1d]. In this research, the
importance and biasing data from the output of MAWRvere processed, analyzed and
converted into a form suitable for input into MCN® perform a forward Monte Carlo

calculation. The joint application of discrete ioates and Monte Carlo radiation transport
offers an efficient solution to deep penetration tbick shielding problems to achieve
satisfactory statistics in reasonable computergime

The improved approach was used to study the enwiental doses from multiple
filled cylinders in the storage yard or on the UR@d. The study considered different
variations of stacking configurations including gie double and triple stacks. For each
stacking configuration, the dose calculations cstesi of the following three co-planar
arrays: 10 x 10, 30 x 30, and 100 x 100 for apprately an order of magnitude increase in
cylinder quantity from case to case. These caséstdl of 9 for neutrons and 9 for photons)
would provide sufficient data points for determupithe dose effects of cylinder quantity and
stacking configuration to establish a reasonaldedrof the dose with respect to the storage
capacity.

For completeness, the multiple cylinder dose assesswas extended to address the
effect of storage of empty feed cylinders on the palight of significant dose contributions
from these cylinders. Since the empty cylindenstam no UE for self shielding, the dose
calculations could be accomplished without usirgggburce importance data with respect to

position.
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5.2 PREVIOUS WORK

The past and existing WIEylinder storage yards at the U.S. gaseous ddfupiants
including East Tennessee Technology Park in Temeesrtsmouth in Ohio and Paducah in
Kentucky [DOE 2001] typically relied on radiatioromitoring as part of regular surveillance
and maintenance activities to meet the ALARA dosguirements and comply with the
regulations. Radiation measurements are usefubanéficial, as they provide actual field
data and eliminate the need for detailed dose lzdions. This approach is viable for the
existing storage yards with cylinder inventory atnear the capacity, as external radiation
levels around the yards are not expected to chaatigeably with time.

For new uranium enrichment facilities, the storggeds or pads must be designed
and licensed for an allocated capacity. The degigoess requires detailed dose assessment
for demonstration of regulatory compliance and igc®f regulatory approval in the
licensing process. The external dose requiremiestade onsite doses to facility workers
and offsite doses to the general public at thelsitendary. The latter requirement (offsite
doses) is the concern for environmental dose cangdi, and therefore constitutes the main
thrust for this research.

The UUSA Enrichment Facility in Eunice, New Meximocurrently the only newer
commercial facility in the U.S. In support of timtial licensing application to the NRC,
UUSA calculated the annual dose equivalent from W&C Storage Pad, based on an
occupancy factor of 2000 hours per year at thelsitendary where no full-time residents are
present [AREVA 2003d]. The calculation assumedoaage capacity of 15,727 filled tails
(DUFs) 48Y cylinders, and 354 empty feed cylinders [AREY003d, Table 3]. Double

stacking was used. The dose calculations weréedaout with an old version of the MCNP
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code, namely MCNP4C [RSICC 2000] in a direct apphoaithout specific biasing schemes
to speed up the calculations.

The lack of validation in the initial calculationsecessitated incorporation of
conservative calculational uncertainties to accdansuch factors as Monte Carlo sampling
error, photon skyshine uncertainties at large dsta [NSE 1993], neutron dose conversion
factors and potential uncharacterized source vi@sapAREVA 2003c]. As such, these
calculations applied an upper limit multiplier oath dose equivalent and source uncertainty
to normalization of nominal MCNP results. The fgag multipliers were about a factor of
2 for photon doses and 10 for neutron doses. Thasépliers were conservative for
regulatory compliance but unduly excessive (paldity for neutrons), imposing an
economic penalty on the storage pad footprint reguents.

In 2010, UUSA performed a sensitivity study with ME5, v1.40 to evaluate the
dose impacts of the variations of the UBC Storage ¢y/linder arrangements in one, two and
three stacks high [UUSA 2010]. The study took r@ditime-consuming approach without
additional variance reduction techniques beyondctiverenient features offered by the code.
The radiation source terms from the initial doskwdation were used without updating in
this study. Thus, the afore-mentioned conservatintipliers were applied to the MCNP
dose results, resulting in overestimates of dosgvatgnts to both workers and the general
public as previously calculated.

To support the planned UBC Storage Pad expansidsdSAJ prepared a new
calculation in 2012 [UUSA 2012c], which retaine@ ttame source terms as used in the two
previous calculations [AREVA 2003d and 2010] buhowed the unnecessarily conservative

dose multipliers. The calculational approach Wit&NP5, v1.40 remained intact, using the
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direct time-consuming simulation method. For baoggurposes, the calculations assumed
storage of all 48Y filled feed cylinders (slightlyigher dose rates than the filled tails
cylinders), but neglected consideration of empgdfeylinders. This calculation concluded
that an expansion of the capacity of the UBC Stwfgd to host 25,000 48Y filled cylinders
(tails and feed) in a triple stacked arrangemenild/be feasible, and would not require any
additional mitigations provided that adequate disés were maintained from the pad edge to
the site boundary.

At the request of the NRC for additional information the UUSA planned facility
expansion, another calculation was completed i3JQUUSA 2013c] to evaluate the direct
radiation dose equivalent contribution from thesdtorage on the UUSA site to the workers
involved in the construction activities due to teepansion to 10-million SWU capacity.
This calculation reflected the updated source tdtsSA 2013b] generated with ORIGEN-
S and omitted the unnecessary conservative dosiphiaus. However, the dose calculation
with MCNP5, v1.40 employed the same time-consunapgroach as before, encountering
difficulties in attaining statistically satisfactoresults at large distances.

All of the previous MCNP dose calculations for nqplk cylinders with a direct
approach suffered the common drawbacks of a tinmstaming process, possible lengthy
input, limited output of results, and unsatisfagtetatistics at large distances. Development
of an efficient approach would be vital and benefito perform the dose assessment for
multiple cylinders for management of pJIEylinder storage in a cost-effective manner.
Towards this goal, this chapter provides the detafilthe development and application of an

indirect Monte Carlo simulation approach to the tiplé cylinder dose problems.
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5.3 SOURCE IMPORTANCE DATA GENERATION

As commonly known, the dose contribution variegshwtihe position, energy and
direction of the source particle. More contribugcare expected from the closer and higher-
energy source particles traveling in the directmnards the detector points of interest. The
importance of each source particle is thus a fonatif its dose contribution. Weighting can
then be applied to the source particles based ein tnportance to the resulting dose,
forming a biased source distribution for random giamg.

For each particle type (photon or neutron), sdpasats of source importance are
normally necessary because of different radiatiangport characteristics. However, for the
case of UF cylinders, equal position weighting was appliedthe neutron source in each
cylinder without biasing, as the aterial is a poor neutron attenuator. A testusimg
the neutron source importance data generated wAlVRIC in the MCNP neutron dose
calculation failed to improve the computationali@éncy (discussed in Section 7.1).
Consequently, source position biasing was applethé photon source only for which the
importance data were generated and used in the MldBlations.

This section discusses the generation of photonceamportance data with respect
to position, and covers energy and direction bgasom neutrons and photons for application
to the MCNP dose calculations.

5.3.1 Photon Source Position Biasing

The photon source position importance data weneergeéed with the MAVRIC
module in the SCALE 6.1.2 code package. The dateemtion included the 10x10 and
30x30 cylinder arrays in double stacking only. Tihgortance data for the top layer of

double stacking was applicable to the single stsckvell as the top layer of triple stacking,
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in view of similar relative importance charactadst In addition, the importance data for the
bottom layer of double stacking were used for botiddle and bottom layers of triple
stacking, as source sampling from these layers advbelsmall, relative to the top layer. For
the 100x100 array, extrapolations and approximatiamere used for extension beyond 30
cylinders. Any normalized importance value of l&@san 0.001 was taken as 0.001 without
appreciable loss of computation efficiency.

For a square array size (in terms of cylinder gt@nas used for the case study in
this research, the importance data generation deresi the radial direction to focus on the
higher radial dose rate profile as evaluated intiSea.7.4.1 for a single cylinder. For the
axial direction, a separate set of importance demald need to be generated. Alternatively,
the radial importance data could be applied toakial direction without significant loss of
computational efficiency, since the use of radiaklmg would avoid over-biasing in the axial
direction and accommodate large variations in soungportance with detector positions
(additional discussion in Section 8.4.2).

As selected from the single cylinder dose evatumgtihe photon source term was
taken for the bounding 48Y filled feed cylinder. o Bimplify the geometric model for
MAVRIC, each cylinder was approximated by a squamss section with the cylinder wall
neglected. This approximation facilitated the MANRcalculations to provide a clear
graphical importance map for all cylinders model&the omission of the cylinder wall in the
model was justified by the rationale that the intapnce data were on a relative rather than
absolute basis and the small wall thickness redatos the Uk physical dimension would

pose only minor effects on the relative importadata.
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The source importance model assumed a centemte+cd@TC) cylinder spacing of 5
ft (152.4 cm) radially and 16 ft (~488 cm) axiallgpnsistent with typical spacing for
cylinder storage [OEPA 2004, Attachment A, p. 1The same spacing was also used in the
subsequent dose calculations with the MCNP codeti(®e5.4.1) for consistency. Based on
the results from the single cylinder dose evalumtibe model simulated the concrete pad
with ground soil, and included the effects of grduscattering and air skyshine. The
ANS/ANSI-6.1.1-1977 dose conversion factors werterd as input for the photon dose
response function required by the MAVRIC module.

As a matter of fact, the source importance depamdghe detector location. Each
detector location is associated with a specificade@mportance data. It would be a tedious
process to generate and apply detector-dependgatrtamce data. Instead, a single set of
data was generated at a representative detectirdodor use in the multiple cylinder dose
assessment.

Since MARVIC performed the adjoint flux calculat®orio determine the source
importance, it was necessary to select an apptepadjoint source location (detector
location in the forward transport mode) to be reprgative of the majority of environmental
locations. A series of test runs were made withRWAC by placing the adjoint source at
various distances from the edge of the cylinderagt® array. The resulting importance data
were fed into the MCNP calculations to determine figure of merit (the speed-up). The
test results showed that an adjoint source locattéd to 50 m from the edge of the cylinder
array would be appropriate for environmental dases@lerations.

The MAVRIC runs included the cases for 10x10 and3®0arrays in double stacking.

The adjoint source was represented by a box wilarge volume to cover the full axial
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length of the cylinder array and a personnel hegji ft (~244 cm) located at the selected
radial distance of 40 to 50 m from the edge of dyfinder array. The 8-ft height
approximates the height of the cylinder array inlgle stacking. It is tall for an average
person, but acceptable for increasing the mesheazlerolume for tally purposes because of
insignificant vertical dose variations over thisigig. All the cylinders were modeled
without considering geometric symmetry, as MAVRIQuId not treat reflective boundaries.
With the standard 19 energy group structure forpiheton source (Table 3-8), the MAVRIC
runs took advantage of the built-in cross sectibraty for radiation transport calculations.
Appendix F lists the associated input and outpgesfin Table F-1, and provides the input file
listing. Again, these cases are for the photorrcgownly. No neutron source position
biasing is necessary as indicated in Section 5.3.

The MAVRIC-produced photon source importance mapsdésplayed in Figure 5-1
for the 10x10 array and Figure 5-2 for the 30x3@wrincluding the importance for both top
and bottom stacks. For orientation purposes, thexiX represents the west-east direction,
and the Y axis refers to the south-north directidrhne cylinder locations are identified by
row in the south-north direction starting from 1the south. In each row, the cylinders are
numbered from the west with the first cylinder be tvest boundary and last cylinder on the
east boundary.

The corresponding relative importance data for gheton source by cylinder are
provided in Table 5-1 for the 10x10 array and Taki2 for the 30x30 array. These data
were in turn normalized to 1.0 for the last cylinda the top stack as shown in Tables 5-1

and 5-2 and plotted in Figures 5-3 and 5-4.
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It is apparent that the top stack is more importaan the bottom stack which is
shielded by the top stack, and the front cylindeesmore important than the back cylinders,
again due to shielding. The important data amdyfaymmetric about the middle row (row
#5 or 6 in the 10x10 array, and row #15 or16 in30g30 array) in the south-north direction.
For minimizing the input to the MCNP dose calcwdatithe importance data for the middle
row were selected to be representative of all rowis approach was approximate and
reasonable, because of small variations in impogdrom one row to another. The use of
single-row data saved efforts in entering differdata on a cylinder-by-cylinder basis for
little gain in computational efficiency.

The results for the 30x30 array were applicabl#h&o100x100 array without the need
for another MARIC run, since the dose contributidream the front 30 cylinders were
predominant, and the importance data for the bd&ckylinders could be approximated by
extrapolation from the 30x30 array data or samglgdally with minor impact on computer
times. The application of the photon source imguoee data with respect to position biasing

for different storage configurations is discussed able 5-6 in Section 5.4.3.
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Zampled Photons
Total Sampled Photons
Values

B : 77c04 - 532604
B - 73c04 - 477E04
I 1.55E04 - 2.73E04
' B.095E03-1.58E04

5.13E03 - 8.96E03
2.894E03 - 5.13E03

P 1.69£03 - 294603
B o.55E02 - 1.69E03
B s coc02 - GEsE02
B : 7c0z-ssaE02
B 1 :oc0z-a7E02
B 1 0:c02- 182602

Air

1SaM\

d10x10p — Photon Source Importance — Top Stack

Zampled Photons
Total Sampled Photons
Yalues

B ;77504 - 532804
B - 73504 - 4.77E04
I 158E04 - 2.73E04
. B.9SE03- 1.58E04

5.13E03 - 8.96E03
2.84E03 - 5.13E03

U 1.59E03 - 2.94E03
I os8E02 - 1.69E03
B - cccoz - ossE0z
[ EREE R
B 1 :ce02- 347802
B 0450z - 1.82E02

d10x10p — Photon Source Importance — Bottom Stack

Figure 5-1 Source Sampling Importance Data — 10x10 Double Stacking (48Y Filled Feed Cylinders)
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1S9

Figure 5-2 Source Sampling Importance Data — 30x30 Double Stacking (48Y Filled Feed Cylinders)
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d30x30p — Photon Source Importance — Top Stack
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d30x30p — Photon Source Importance — Bottom Stack
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Table 5-1 MAVRIC Photon Source Importance for 10x10 Array (48Y Filled Feed Cylinders)

Cylinder # Relative Importance Normalized Importance *
Top Stack Bottom Stack Top Stack Bottom Stack
1 (West) 0.156 0.016 1.93E-02 1.97E-03
2 0.189 0.019 2.34E-02 2.29E-03
3 0.226 0.023 2.80E-02 2.83E-03
4 0.270 0.029 3.34E-02 3.63E-03
5 0.325 0.040 4.02E-02 4.93E-03
6 0.396 0.059 4.90E-02 7.29E-03
7 0.493 0.096 6.10E-02 1.19E-02
8 0.643 0.178 7.96E-02 2.20E-02
9 1.170 0.630 1.45E-01 7.80E-02
10 (East) 8.080 7.450 1.00E+00 9.22E-01

*Normalized to 1 for Cylinder #10 on the top stack

Table 5-2 MAVRIC Photon Source Importance for 30x30 Array (48Y Filled Feed Cylinders)

Cylinder # Relative Importance Normalized Importance *
Top Stack Bottom Stack Top Stack Bottom Stack
1 (West) 3.99E-02 3.99E-03 2.38E-03 2.38E-04
2 4.66E-02 4.51E-03 2.78E-03 2.69E-04
3 5.41E-02 5.23E-03 3.22E-03 3.12E-04
4 6.27E-02 6.05E-03 3.74E-03 3.61E-04
5 7.25E-02 6.98E-03 4.32E-03 4.16E-04
6 8.38E-02 8.05E-03 4.99E-03 4.80E-04
7 9.68E-02 9.29E-03 5.77E-03 5.54E-04
8 1.12E-01 1.07E-02 6.67E-03 6.38E-04
9 1.29E-01 1.23E-02 7.69E-03 7.33E-04
10 1.49E-01 1.42E-02 8.88E-03 8.46E-04
11 1.72E-01 1.64E-02 1.03E-02 9.77E-04
12 1.99E-01 1.89E-02 1.19E-02 1.13E-03
13 2.30E-01 2.18E-02 1.37E-02 1.30E-03
14 2.66E-01 2.51E-02 1.59E-02 1.50E-03
15 3.07E-01 2.90E-02 1.83E-02 1.73E-03
16 3.54E-01 3.34E-02 2.11E-02 1.99E-03
17 4.09E-01 3.86E-02 2.44E-02 2.30E-03
18 4.73E-01 4.45E-02 2.82E-02 2.65E-03
19 5.46E-01 5.13E-02 3.25E-02 3.06E-03
20 6.30E-01 5.93E-02 3.75E-02 3.53E-03
21 7.28E-01 6.87E-02 4.34E-02 4.09E-03
22 8.41E-01 8.01E-02 5.01E-02 4.77E-03
23 9.72E-01 9.45E-02 5.79E-02 5.63E-03
24 1.13E+00 1.14E-01 6.72E-02 6.79E-03
25 1.31E+00 1.44E-01 7.81E-02 8.58E-03
26 1.53E+00 1.94E-01 9.14E-02 1.16E-02
27 1.82E+00 2.84E-01 1.08E-01 1.69E-02
28 2.22E+00 4.72E-01 1.32E-01 2.81E-02
29 3.32E+00 1.44E+00 1.98E-01 8.55E-02
30 (East) 1.68E+01 1.67E+01 1.00E+00 9.93E-01

*Normalized to 1 for Cylinder #30 on the top stack
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Photon Source Importance for 10x10 Arrary
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Figure 5-3 Normalized Relative Photon Source Importance for 10x10 Array

Photon Source Importance for 30x30 Array
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Figure 5-4 Normalized Relative Photon Source Importance for 30x30 Array
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5.3.2 Source Energy Biasing

The source energy biasing was determined for, aylied to, both neutron and
photon sources for the 48Y filled feed cylindersé@ on the contribution from each energy
group to the average contact dose rate on thedeussirface of the cylinder. In other words,
biasing was used to favor more contributing enegggups with higher weighting or
importance. Although this biasing was construaadhe basis of the surface dose rate, its
application to the entire problem with various mgoes would be still beneficial, as non-
penetrating photons from each cylinder were scrkeoet or sampled with reduced
frequency before reaching the external surface.

The biased source energy distributions for newstramd photons were derived from
the results of single cylinder dose calculationscdbed in Sections 4.7.1 and 4.7.2 in
Chapter 4 for a filled feed cylinder. The disttilon included the important or contributing
energy groups only as given in Tables 4-3 for ren#rand 4-4 for photons.

Table 5-3 presents the unbiased and biased nestiumee energy distributions. The
former is based on the energy spectrum of the bstuarce, while the latter represents a
biasing scheme to favor the higher-energy neutrons.

Likewise, Table 5-4 provides the unbiased and daaphoton source energy
distributions, derived in the same manner as fartmoes. The energy biasing is more
powerful for photons than for neutrons to filtert tlie low-energy photons, which contribute
substantially to the total source intensity, bulyaslightly to the resulting dose outside the
cylinder. On the other hand, the number of lowrgpeneutrons is relatively small with less

profound biasing effects.
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Table 5-3 Unbiased and Biased Neutron Source Energy Distributions (48Y Filled Feed Cylinder)

Unbiased Energy Spectrum Biased Energy Spectrum
Group Neutron Energy Source Intgnsity Norma!ized Extg:)nsael CR:gPetact Norma_lized
(MeV) (n/s per cylinder) Fraction (mrem/h) Fraction
20 1.50E-02 - 1.11E-01 3.905E+03 7.845E-03 3.071E-04 1.521E-03
21 1.11E-01 - 4.08E-01 3.869E+04 7.772E-02 5.339E-03 2.645E-02
22 4.08E-01 - 9.07E-01 1.523E+05 3.059E-01 4.344E-02 2.152E-01
23 9.07E-01 - 1.42E+00 1.620E+05 3.254E-01 7.393E-02 3.662E-01
24 1.42E+00 - 1.83E+00 7.314E+04 1.469E-01 3.808E-02 1.886E-01
25 1.83E+00 - 3.01E+00 5.174E+04 1.039E-01 2.982E-02 1.477E-01
26 3.01E+00 - 6.38E+00 1.524E+04 3.061E-02 1.034E-02 5.125E-02
27 6.38E+00 - 2.00E+01 5.789E+02 1.163E-03 5.946E-04 2.945E-03
Total 1.50E-02 - 2.00E+01 4.976E+05 1.000E+00 2.019E-01 1.000E+00

Table 5-4 Unbiased and Biased Photon Source Energy Distributions (48Y Filled Feed Cylinder)

Unbiased Energy Spectrum Biased Energy Spectrum
Group Photon Energy Source Intgnsity Norma!ized Extggnsael CRZgPetact Norma_lized
(MeV) (p/s per cylinder) Fraction (mrem/h) Fraction
2 4.50E-02 - 1.00E-01 2.174E+10 5.233E-01 1.212E-04 7.933E-05
3 1.00E-01 - 2.00E-01 1.161E+10 2.794E-01 2.282E-03 1.494E-03
4 2.00E-01 - 3.00E-01 2.635E+09 6.342E-02 2.104E-02 1.378E-02
5 3.00E-01 - 4.00E-01 1.685E+09 4.056E-02 5.568E-02 3.645E-02
6 4.00E-01 - 6.00E-01 1.157E+09 2.785E-02 1.250E-01 8.181E-02
7 6.00E-01 - 8.00E-01 1.141E+09 2.746E-02 2.943E-01 1.927E-01
8 8.00E-01 - 1.00E+00 8.808E+08 2.120E-02 3.983E-01 2.608E-01
9 1.00E+00 - 1.33E+00 5.262E+08 1.266E-02 3.960E-01 2.593E-01
10 1.33E+00 - 1.66E+00 7.831E+07 1.885E-03 8.990E-02 5.885E-02
11 1.66E+00 - 2.00E+00 9.451E+07 2.275E-03 1.448E-01 9.479E-02
Total | 4.50E-02 - 2.00E+01 4.155E+10 1.000E+00 1.527E+00 1.000E+00

5.3.3 Source Direction Biasing

A built-in prescription is available in the MCNBde [LANL 2008, p 2-133] for the
source direction biasing, which favors the directiowards the detector by sampling from a
continuous exponential function with the followipgpbability density function:

p(u) = C&*
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where C is a normalization constant equal to 'K4(€*), andu = co$ (6 is an angle relative
to the biasing direction). In this study, the mags(or favored) direction was the radial
direction traveling from the west to the east, tss énvironmental receptors were located on
the east side of the model.

The choice of the K value affects the biasing absaristics, with K = 0.01 for almost
no biasing and K = 3.5 for very strong biasing [LLAROO08, Table 2.6]. K is typically about
1 per LANL 2008. This typical value was fond sbitafor this study after experimentation
and confirmation with the test runs for different yalues. The same direction biasing
applied to both neutron and photon sources whiehsatropic in nature.

5.4 INDIRECT MONTE CARLO SIMULATIONS

Section 5.2 describes the previous work whichqreréd the dose assessment with a
direct, time-consuming Monte Carlo simulation agmo. The direct approach was a single-
step once-through calculation, producing the resaflinterest in a single computer run.

This research took a different approach with iectirMonte Carlo simulations,
involving a two-step process with the objectivarmaproving computational efficiency. The
first step used the Monte Carlo code to recordstiréace sources on the pertinent surfaces of
a box enclosing all the cylinders on the storage. pdhis step modeled all the cylinders
explicitly, using the lattice or repeated structdeature. All the necessary parameters
associated with the surface sources were writtenfile, including (X, y, z) position, energy,
direction cosines and weight. The resulting swfsaurces then became a set of new sources
for the second step of the Monte Carlo simulatitmthe second step, the box containing all
the cylinders as used in the first step was treated black box (modeled as void with zero

importance). Besides the black box, the modehénsecond step included environmental air
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and ground soil only, greatly simplifying the gedrmgefor Monte Carlo simulations. The
results in the form of mesh tallies and associatddtive errors were produced from the
second step.
5.4.1 Key Parameters

As recapped from the single dose evaluation inp@had, the key parameters selected
for use in the multiple cylinder dose assessmensammarized below:

e Cylinder type — bounding 48Y filled feed cylinder

e UFs source geometry — homogenized and uniform withia tylinder internal

volume for conservatism

e Receptors — located in the radial direction tod/i@lgher doses

e Concrete pad — simulated by ground soll

e Ground soil scattering — included

e Skyshine radiation due to air scattering — included

e Secondary photon contributions — negligible andewtgd

e Source energy spectra — important and contribigmeygy groups only

e Flux-to-dose rate conversion factors — use of threservative and NRC-compliant

ANSI/ANS-6.1.1-1977 standard

In addition, the center-to-center cylinder spaciwgs the same as used in the
MAVRIC calculations of the photon source importarfoe consistency (Section 5.3.1),
namely 5 ft (152.4 cm) radially and 16 ft (~488 caxXjially. The bottom cylinders had a
ground clearance of 6 in. (15.24 cm) as assumeitheénsingle cylinder evaluation. One
difference from the MAVRIC model was that the MCNRodel used the cylindrical

geometry and included the cylinder wall.
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Each cylinder in the storage array was modeledénsame manner as in the single
cylinder evaluation for the reference case (Chagjedisregarding physical end rounding,
skirted ends and local stiffening rings. To fdeie the use of a lattice for the repeated
structures (cylinders), a slight modification toetltylinder stacking configuration was
necessary with the assumption that the bottom efugper cylinders was flush with the top
of the lower cylinders. In reality, an upper cder sits and fits between two adjacent lower
cylinders with about 5 in. (12.7 cm) overlap, baseda field measurement at the UUSA
Enrichment Facility. However, the flush model wauallow slightly more radiation
streaming between cylinders with a larger gap tharactual arrangement, thus adding some
conservatism in the dose assessment.

5.4.2 Case Study

To study the sensitivity of dose to the changéha storage capacity with respect to
the array size and stacking arrangement, this relseansidered a number of cases as listed
in Table 5-5 ranging from 100 to 30,000 cylinderstbe storage pad. The cases included
three storage arrays: 10x10, 30x30 and 100x100. ekoh array size, the cylinders were
stacked one, two and three high. Neutron and phdtses were separately calculated with

the MCNP code for each array size and stackingigoration.

Table 5-5 Cylinder Storage Arrangements for Case Study

) Number of Cylinders
Stacking
10x10 Array 30x30 Array 100x100 Array
Single 100 900 10,000
210 1,830 20,100
Double (10x10 top) (30x30 top) (100x100 top)
(11x10 bottom) (31x30 bottom) (101x100 bottom)
300 2700 30,000
Triple (9x10 top) (29x30 top) (99x100 top)
(10x10 middle) (30x30 middle) (100x100 middle)
(11x10 bottom) (31x30 bottom) (101x100 bottom)

www.manaraa.com



The square arrays (in terms of the number of dglin) were used here for the
sensitivity study. The actual storage array wdaddmost likely to deviate from the square
arrangement. For example, the UUSA Enrichmentlidadeatures a rectangular storage
array as shown in Figure 2-3 in Chapter 2. Thes cdady with the square arrays would
provide the sensitivity results and quantify thenpaitational efficiency of the indirect Monte
Carlo simulation approach used in this research.

5.4.3 First-Step Process

The first-step process modeled all the cylindeglieitly with the surrounding air
and ground soil. A box was constructed to closmigtain all the cylinders and form the
boundaries for writing the surface source file. s&h on the orientation convention as
indicated earlier in Figures 5-1 and 5-2, the pert surfaces were the top, east and north
boundaries of the containing box. The sourcesherother three surfaces (bottom, west and
south) would be irrelevant, as scattering off thesefaces through the cylinders was
accounted for on the scoring surfaces (top, eakharth boundaries).

Figures 5-5, 5-6 and 5-7 depict the geometric rsofie the storage arrays of 10x10,
30x30, and 100x100 in one, two and three high,eesgely. These plots were produced
from the MCNP Plot Geometry Plotter [LANL 2008, Applix B, 8ll] with the aid of the
free Xming displayer server for the Microsoft Windo Operating Systems [Mair 2006] for
MCNP plotting to function. The plots were genedaéad saved as postscript files viewable
and printable with the free GSview graphical iraed utility program [Lang 2012] under
Microsoft Windows.

In the models, a unit cell was set up for eachncldr to build a lattice configuration,

based on the radial and axial cylinder spacing rgiwe Section 5.4.1. Each stack was

110

www.manaraa.com



represented by a separate lattice of cylinders usecaf the offset between the upper and
lower cylinders. It needs to be pointed out the todels took advantage of geometric
symmetry about the X axis, requiring modeling ofyoone half of the rows of cylinders in
the Y direction. With a reflective boundary on wmuth side for symmetry, the number of
cylinders modeled in each case was one half ofatteal number of cylinder considered.
The multiplier used for the MCNP tally reflectecethumber of cylinders modeled in each
respective case.

The material densities and compositions for thdtiple cylinder dose assessment
remained unchanged from the single cylinder dosguation (Section 4.4.2 in Chapter 4).

The nuclear cross section data described in Sedttb were also applicable here.
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Figure 5-5 10x10 Filled Feed Cylinder Array — Single, Double and Triple Stacks
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(See Figure 5-5 for direction, axis and material details)
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Figure 5-6 30x30 Filled Feed Cylinder Array — Single, Double and Triple Stacks
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(See Figure 5-5 for direction, axis and material details)

Figure 5-7 100x100 Filled Feed Cylinder Array — Single, Double and Triple Stacks
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The MCNP5, v1.60 code was employed to write an@ sasurface source file for the
tracks reaching the top, east and north faces efcgfinder-containing box. Theses faces
corresponded to the top, east and north edgeseo€ylinder array. The sources on these
surfaces would contribute to the doses in the tatiraction on the east side of concern to
the case study.

For the neutron calculations, the source energy dirgttion biasing schemes as
described in Sections 5.3.2 and 5.3.3, respectiwaie applied to each case. The source
position was unbiased with uniform sampling andaéqueighting for each cylinder, as the
source position biasing offered no special advanfagneutron transport.

For the photon calculations, the biased sourceiloigions covered position, energy
and direction (Sections 5.3.1, 5.3.2 and 5.3.@eively). The source importance data in

Tables 5-1 and 5-2 were applied to the MCNP photdoulations as described in Table 5-6.

Table 5-6 Application of Photon Source Importance Data to Case Study

Storage Array |Stacking Photon Source Importance Dat  a Application

Single Used the top stack data in Table 4-2 directly.

10x10 Double | Used all the data in Table 4-2 directly.

Used the top stack data in Table 4-2 for the top stack, and the bottom
stack data in Table 4-2 for middle and bottom stacks.

Triple

Single Used the top stack data in Table 4-3 directly.

Used the top stack data in Table 4-3 directly, but modified the bottom
stack data to 0.001 for all normalized values < 0.001.

Used the top stack data in Table 4-3 for the top stack and the modified
bottom stack data for the middle and bottom stacks.

30x30 Double

Triple

Used the top stack data in Table 4-3 with extrapolation until the
Single normalized importance dropped to 0.001. After that, the importance
for all the remaining cylinders was taken as 0.001.

Applied the importance data for the 100x100 single stack to the top
stack, and the modified 30x30 bottom stack data to the bottom stack.
Applied the importance data for the 100x100 single stack to the top
Triple stack, and the modified 30x30 bottom stack data to the middle and
bottom stacks.

100x100 Double
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The MCNP input and output files created from thstfstep process are listed in
Table G-1 in Appendix G along with the CPU time smmed, number of particle histories
(nps) processed, and number of tracks writtenHferpertinent surfaces on the surface source
file. The CPU time includes the input/output pregiag time andCTME entry for computer
time cutoff in MCNP. For neutron cases, BEME was set at 100 minutes for every case,
sufficient to achieve satisfactory statistics. pboton cases, theTME was set at 100, 200
and 300 minutes for single, double and triple stagkrespectively.

Appendix G provides the sample MCNP input filesated in the first step process,
including t100x100n01.txt and t100x100p01.txt fioe triple-stacked 100x100 array neutron
and photon cases for illustration purposes. Othses are similar but relatively simpler with
fewer cylinders modeled.

5.4.4 Second-Step Process

The dose results at the receptors of interest weoduced from the second-step
process. This process read the surface sourcevfitten and saved from the first-step
process as the starting source. The geometric Infiodéhe second step was fairly simple,
containing a zero-importance black box for therodirs plus the surrounding environmental
air and ground soil. The air region in the radiméction was subdivided into intervals with
100 m wide each for using the prescribed featureedif importance available in MCNP.
This feature controlled and maintained the parf@pulation to be fairly constant in each air
sub-cell for variance reduction purposes. Furtloeensufficient air space was provided to
account for air back-scattering. A reflective bdary was placed on the south boundary for
geometric symmetry as modeled in the first stegure 5-8 illustrates the geometric model

for the case of the 10x10 storage array in tripgelsng. The models for other cases are
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identical with the exception that the black cylind®x size varies, depending on the array
size and stacking configuration.

The mesh tally was used to obtain the average deen each mesh element with
the MCNP5, v1.60 code. The mesh structure wastoarted such that there were a large
and adequate number of radial intervals (X dire)tio produce the radial dose rate profile.
In light of minor axial dose variations, coarse hesswere used for the axial direction (Y
direction) to increase the scoring volumes for dryestatistics. For the vertical direction (Z
direction), average tallies were made for a persblavel of 8 ft (~244 cm), as there was no
appreciable vertical dose variation within thisdgigifrom a plane source.

The mesh tallies could be generated for each ibonitng surface source individually
or together. The breakdown by the contributingfasig source provided the results for a
quick and reasonable dose estimate from singlé&isigto double stacking or triple stacking
(see discussion in Section 7.3).

The MCNP input and output files created in theoseestep process are listed in
Table G-2 in Appendix G, together with the surfaoerce files used, CPU times consumed,
and mesh tally files generated. The mesh tallgsfilvere then used to plot the two-
dimensional dose maps and associated relative sewah the MCPLOT Tally Plotter
available in the MCNP code [LANL 2008, Appendix Blll]. As for the MCNP Plot
Geometry Plotter, the Xming Windows displayer sem@s used to generate the plots as
postscript files, which were then opened and viewdth the GSview graphical interface

utility program.
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6. MULTIPLE CYLINDER DOSE RESULTS AND IMPACTS

The application of the methodology and process ldpeel in Chapter 5 produced the
neutron and photon dose rate results for diffecamifigurations of cylinder storage arrays.
The dose assessment covered both filled and erepty ¢ylinders. The use of filled feed
cylinders bounds filled tails cylinders, as theimopon dose levels are practically the same,
and the neutron dose level is slightly higher fritva filled feed cylinders.

The multiple cylinder dose results presented asdudised in this chapter include the
following items:

¢ Neutron dose rate results for filled feed cylinders

e Photon dose rate results for filled feed cylinders

e Total dose rate results for filled feed cylinders

e Photon dose rate results for empty feed cylinders

The dose levels impact cylinder storage managerseoh as spacing, stacking,
capacity, footprint and setback distances from dite boundary. This chapter includes a
dose impact analysis to address these storagesissue
6.1 NEUTRON DOSE RATES FOR FILLED FEED CYLINDERS

Theruntpefile created from the second step of the MCNP watmon for each case
was used to plot the mesh tally results with thepfion on the MCNP execution line.
Figures H-1 through H-9 in Appendix H reproduce tteutron dose rate maps and their
associated relative errors for different arrays atatking configurations of 48Y filled feed

cylinders, as generated from the MCNP execution.
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Using the mesh tally results from the second stephe MCNP calculations, the
representative radial neutron dose rate profilehatmid-plane are presented in Tables 6-1
through 6-3 and Figures 6-1 through 6-3 for the 1)x30x30 and 100x100 arrays,
respectively. The dose sensitivity to the arrag sind stacking configuration is discussed in
Section 6.3.

Based on Figures H-1 through H-9 in Appendix H treutron dose rate results are
generally statistically acceptable in the radiakdiion out to 500 m from the edge of the
nearest cylinder on the east side, as the assdcigtgive errors meet the MCNP-prescribed
criterion of 0.1 [LANL 2008, Table 2.5] for the kalover a volume element. As expected,
the statistics are better in the radial directimantin the axial direction, as the neutron source
direction biasing favored the particle historiesving in the radial direction.

The array sizes and stacking configurations afteetrequired CPU time to reach
satisfactory statistics. In the first step of tM&€NP calculations for neutrons, the same
computer cutoff time with CTME = 100 minutes wa®ddor all cases regardless of the
array size or stacking configuration. For eaclaasrize, the resulting relative errors became
larger (but still acceptable) as more stacks wégiegnl, implying that more times would be
required for the double and triple stacking confagions to achieve the same statistics as for
the single stacking configurations.

In the MCNP mesh tally, the same number of axigrvals was used to cover the
entire axial length of the cylinder array. Thisdaeting approach increased the mesh element
volume as the array size increased. The largehnalesnent volumes enabled the 100x100
storage array to achieve very favorable statisticall three stacking configurations with the

same computer run time.
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Table 6-1 Radial Neutron Dose Rate Profile for 10x10 Array

48Y Filled Feed Cylinder Storage - 10x10 Array - N o Cell Source Biasing
Neutron Dose Rate (mrem/h)
Neutron Dose Rate (mrem/h) Relative Error
Distance Single Double Triple Single Double Triple
(m) Stack Stack Stack Stack Stack Stack
0 1.65E-01 1.83E-01 1.91E-01 0.0051 0.0064 0.0074
1 8.47E-02 1.23E-01 1.43E-01 0.0053 0.0066 0.0121
5 3.00E-02 5.08E-02 6.76E-02 0.0066 0.0088 0.0159
11 1.53E-02 2.64E-02 3.46E-02 0.0081 0.0110 0.0197
22 7.50E-03 1.27E-02 1.72E-02 0.0086 0.0135 0.0244
50 2.58E-03 4.01E-03 4.96E-03 0.0136 0.0208 0.0375
105 7.22E-04 1.08E-03 1.20E-03 0.0153 0.0278 0.0492
155 3.19E-04 4.76E-04 5.65E-04 0.0191 0.0308 0.0556
205 1.51E-04 2.13E-04 2.64E-04 0.0220 0.0313 0.0576
255 8.23E-05 1.29E-04 1.38E-04 0.0261 0.0425 0.0632
305 4.66E-05 6.58E-05 7.93E-05 0.0354 0.0417 0.0736
355 2.80E-05 3.44E-05 4.09E-05 0.0374 0.0460 0.0594
395 1.76E-05 2.17E-05 2.70E-05 0.0480 0.0459 0.0793
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Figure 6-1 Radial Neutron Dose Rate Profile for 10x10 Array
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Table 6-2 Radial Neutron Dose Rate Profile for 30x30 Array

48Y Filled Feed Cylinder Storage - 30x30 Array - No  Cell Source Biasing
Neutron Dose Rate (mrem/h)
Dose Rate (mrem/h) Relative Error
Single Double Triple Single Double Triple
Distance (m) Stack Stack Stack Stack Stack Stack
0 1.81E-01 2.00E-01 2.15E-01 0.0100 0.0103 0.0126
1 1.05E-01 1.42E-01 1.66E-01 0.0077 0.0139 0.0243
5 5.11E-02 7.37E-02 8.98E-02 0.0082 0.0187 0.0204
11 3.40E-02 4.85E-02 6.04E-02 0.0078 0.0169 0.0231
22 2.31E-02 3.24E-02 3.94E-02 0.0077 0.0177 0.0240
50 1.21E-02 1.66E-02 1.87E-02 0.0098 0.0229 0.0283
105 458E-03 6.17E-03  7.09E-03 0.0107 0.0211 0.0354
155 2.27E-03 3.04E-03 3.29E-03 0.0134 0.0337 0.0367
205 1.16E-03 1.57E-03 1.67E-03 0.0153 0.0363 0.0366
255 6.26E-04 8.46E-04 9.08E-04 0.0170 0.0376 0.0409
305 3.52E-04 4.50E-04 5.10E-04 0.0191 0.0343 0.0437
355 2.02E-04 2.70E-04 2.92E-04 0.0240 0.0545 0.0557
395 1.25E-04 1.65E-04 1.72E-04 0.0249 0.0426 0.0594
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Figure 6-2 Radial Neutron Dose Rate Profile for 30x30 Array
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Table 6-3 Radial Neutron Dose Rate Profile for 100x100 Array

48Y Filled Feed Cylinder Storage - 100x100 Array -  No Cell Source Biasing
Neutron Dose Rate (mrem/h)
Dose Rate (mrem/h) Relative Error
Single Double Single Double Triple
Distance (m) Stack Stack  Triple Stack Stack Stack Stack
0 2.09E-01 2.48E-01 2.58E-01 0.0155 0.0216 0.0205
1 1.46E-01 1.88E-01 2.24E-01 0.0130 0.0227 0.0336
5 9.72E-02 1.29E-01 1.43E-01 0.0124 0.0228 0.0280
11 7.77E-02 1.03E-01 1.15E-01 0.0114 0.0198 0.0309
22 6.12E-02 7.79E-02 8.95E-02 0.0091 0.0176 0.0288
50 4.02E-02 5.07E-02 5.56E-02 0.0102 0.0201 0.0292
105 1.98E-02 2.38E-02 2.71E-02 0.0105 0.0169 0.0315
155 1.10E-02 1.31E-02 1.42E-02 0.0117 0.0185 0.0297
205 6.23E-03 7.83E-03 8.54E-03 0.0144 0.0214 0.0355
255 3.73E-03 4.34E-03 4.67E-03 0.0147 0.0225 0.0302
305 2.19E-03 2.61E-03 2.66E-03 0.0169 0.0252 0.0322
355 1.27E-03 1.70E-03 1.70E-03 0.0181  0.0300 0.0403
395 8.13E-04 9.96E-04 1.04E-03 0.0214 0.0416 0.0413
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Figure 6-3 Radial Neutron Dose Rate Profile for 100x100 Array

123

www.manaraa.com



6.2 PHOTON DOSE RATES FOR FILLED FEED CYLINDERS

As for the neutron cases, thantpefile created from the second step of the MCNP
calculation for each photon case was used to peniesh tally results with the Z option on
the MCNP execution line. Figures H-10 through Hil&\ppendix H reproduce the photon
dose rate maps and their associated relative efarsdifferent arrays and stacking
configurations of 48Y filled feed cylinders, as ated from this MCNP execution.

Using the mesh tally results from the second stephe@ MCNP calculations, the
representative radial photon dose rate profilespaesented in Tables 6-4 through 6-6 and
Figures 6-4 through 6-6 for the 10x10, 30x30 an@x100 arrays, respectively. The dose
sensitivity to the array size and stacking confagion is discussed in Section 6.3.

The array sizes and stacking configurations afteetrequired CPU time to reach
satisfactory statistics. In the first step of MENP calculations for photons, the same cutoff
time was used for all array sizes for a given staglkconfiguration — 100 minutes for one
high, 200 minutes for two high and 300 minutes ttmree high. All the cases achieved
similar statistics with these run times.

The statistics for the photon dose rate resuksless favorable than those for the
neutron dose rate results despite more computer tiomsumed for the double and triple
stacking configurations. This outcome was not 8sify, because of the larger self-
shielding effect of Ukfor photons. In contrast to the neutron restitis,statistics for photon
results are considerably better in the radial dioecthan in the axial direction (see Figures
H-10 through H-18 in Appendix H), as the photonca#dtions included the source position

importance data besides the direction biasing worféhe particle histories moving in the

124

www.manaraa.com



radial direction and receptors located on the sai. The neutron calculations did not
consider the source position biasing, which waswshim be unnecessary.
The MCNP mesh tally used the same mesh structurbdth neutrons and photons.

Therefore, the neutron and photon results corredgubrio the same mesh elements or

detector locations.
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Table 6-4 Radial Photon Dose Rate Profile for 10x10 Array

48Y Filled Feed Cylinder Storage - 10x10 Array
Photon Dose Rate (mrem/h)
Photon Dose Rate (mrem/h) Relative Error
Distance Single Double Triple Single Double Triple
(m) Stack Stack Stack Stack Stack Stack
0 1.13E+00 1.19E+00 1.21E+00 0.0020 0.0020 0.0042
1 5.26E-01 7.23E-01 8.26E-01 0.0032 0.0036 0.0038
5 1.56E-01 2.59E-01 3.41E-01 0.0091 0.0059 0.0061
11 7.09E-02 1.24E-01 1.71E-01 0.0147 0.0078 0.0086
22 2.95E-02 5.38E-02 7.52E-02 0.0076 0.0153 0.0135
50 8.19E-03 1.39E-02 1.85E-02 0.0295 0.0274 0.0229
105 1.80E-03 2.84E-03 3.77E-03 0.0217 0.0252 0.0261
155 7.50E-04 1.13E-03 1.45E-03 0.0366 0.0374 0.0426
205 3.66E-04 5.13E-04 6.96E-04 0.0332 0.0388 0.0653
255 1.73E-04 2.53E-04 3.70E-04 0.0339 0.0393 0.0501
305 1.04E-04 1.37E-04 2.07E-04 0.0413 0.0476 0.0559
355 6.02E-05 7.97E-05 1.09E-04 0.0481 0.0515 0.0557
395 3.70E-05 5.14E-05 7.54E-05 0.0502 0.0560 0.0829
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Figure 6-4 Radial Photon Dose Rate Profile for 10x10 Array
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Table 6-5 Radial Photon Dose Rate Profile for 30x30 Array

48Y Filled Feed Cylinder Storage - 30x30 Array
Photon Dose Rate (mrem/h)

Dose Rate (mrem/h) Relative Error

Distance Single Double Triple Single Double Triple
(m) Stack Stack Stack Stack Stack Stack
0 1.13E+00 1.21E+00 1.23E+00 0.0023 0.0030 0.0024
1 5.47E-01 7.42E-01 8.47E-01 0.0037 0.0049 0.0046
5 1.81E-01 2.84E-01 3.76E-01 0.0125 0.0070 0.0085
11 9.66E-02 1.53E-01 2.03E-01 0.0098 0.0098 0.0087
22 5.30E-02 8.16E-02 1.08E-01 0.0130 0.0146 0.0124
50 2.41E-02 3.40E-02 4.35E-02 0.0194 0.0156 0.0215
105 9.04E-03 1.19E-02 1.42E-02 0.0301 0.0310 0.0236
155 4.23E-03 5.47E-03 6.15E-03 0.0314 0.0443 0.0296
205 2.01E-03 2.74E-03 2.98E-03 0.0315 0.0362 0.0245
255 1.12E-03 1.40E-03 1.68E-03 0.0412 0.0337 0.0273
305 6.77E-04 8.38E-04 9.55E-04 0.0484 0.0686 0.0308
355 3.64E-04 4.59E-04 5.30E-04 0.0416 0.0374 0.0365
395 2.51E-04 3.28E-04 3.63E-04 0.0589 0.0637 0.0510
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Figure 6-5 Radial Photon Dose Rate Profile for 30x30 Array
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Table 6-6 Radial Photon Dose Rate Profile for 100x100 Array

48Y Filled Feed Cylinder Storage - 100x100 Array
Photon Dose Rate (mrem/h)

Dose Rate (mrem/h) Relative Error
Distance Single Double Triple Single Double Triple
(m) Stack Stack Stack Stack Stack Stack
0 1.16E+00 1.25E+00 1.27E+00 0.0048 0.0092 0.0046
1 6.00E-01 7.97E-01 8.71E-01 0.0074 0.0165 0.0085
5 2.43E-01 3.43E-01 4.13E-01 0.0172 0.0228 0.0163
11 1.60E-01 2.20E-01 2.47E-01 0.0301 0.0357 0.0113
22 1.07E-01 1.40E-01 1.60E-01 0.0237 0.0394 0.0212
50 6.19E-02 7.58E-02 8.89E-02 0.0355 0.0285 0.0461
105 2.98E-02 3.54E-02 3.86E-02 0.0333 0.0368 0.0301
155 1.68E-02 1.87E-02 2.20E-02 0.0414 0.0307 0.0423
205 9.05E-03 1.16E-02 1.20E-02 0.0370 0.0419 0.0305
255 5.42E-03 6.41E-03 6.99E-03 0.0364 0.0562 0.0325
305 3.57E-03  3.83E-03 4.35E-03 0.0441 0.0425 0.0394
355 1.92E-03 2.20E-03 2.47E-03 0.0382 0.0490 0.0820
395 1.22E-03 1.45E-03 1.55E-03 0.0386 0.0472 0.0443
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Figure 6-6 Radial Photon Dose Rate Profile for 100x100 Array
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6.3 TOTAL DOSE RATES FOR FILLED FEED CYLINDERS

The neutron and photon dose rate results present&ections 6.1 and 6.2 were
combined to give the total dose rate results asemted in Tables 6-7 through 6-9 and
Figures 6-7 through 6-9. The tabulation includes associated relative errors calculated as
follows:

o, =sqrf(D, *o,)* + (D,* O'p)z] / D,
where D, D, and [ are the total, neutron and photon dose ratesecésply, andst, o, and
op are the corresponding relative errors. All thiatree errors meet the acceptance criterion
of less than 0.1 as prescribed in the MCNP marusdlL 2008, Table 2.5].

The photon dose is a principal component of thal tdose. However, its relative
importance decreases as the distance increasesisbead greater neutron skyshine
contributions. This behavior is consistent witle tbhbservation for a single cylinder as
discussed in Section 4.7.5 in Chapter 4.

The total dose rates are used in Section 6.5 tloead the dose impacts to storage

management of filled cylinders.
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Table 6-7 Radial Total Dose Rate Profile for 10x10 Array

Filled Feed Cylinder Storage - 10x10 Array
Total Dose Rate (mrem/h)
Total Dose Rate (mrem/h) Relative Error
Distance Single Double Triple Single Double Triple
(m) Stack Stack Stack Stack Stack Stack
0 1.30E+00 1.37E+00 1.40E+00 0.0019 0.0019 0.0038
1 6.11E-01 8.45E-01 9.69E-01 0.0029 0.0034 0.0037
5 1.86E-01 3.10E-01 4.09E-01 0.0077 0.0053 0.0057
11 8.62E-02 1.51E-01 2.06E-01 0.0122 0.0070 0.0079
22 3.70E-02 6.65E-02 9.24E-02 0.0063 0.0129 0.0119
50 1.08E-02 1.79E-02 2.35E-02 0.0227 0.0223 0.0197
105 2.52E-03 3.91E-03 4.97E-03 0.0161 0.0216 0.0231
155 1.07E-03 1.60E-03 2.02E-03 0.0263 0.0287 0.0344
205 5.17E-04 7.31E-04 9.60E-04 0.0244 0.0299 0.0499
255 2.55E-04 3.69E-04 5.08E-04 0.0245 0.0306 0.0403
305 151E-04 2.05E-04 2.86E-04 0.0306 0.0386 0.0453
355 8.82E-05 1.15E-04 1.50E-04 0.0349 0.0423 0.0436
395 5.46E-05 7.30E-05 1.02E-04 0.0374 0.0440 0.0645
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Figure 6-7 Radial Total Dose Rate Profile for 10x10 Array
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Table 6-8 Radial Total Dose Rate Profile for 30x30 Array

Filled Feed Cylinder Storage - 30x30 Array
Total Dose Rate (mrem/h)

Total Dose Rate (mrem/h) Relative Error

Distance Double Triple Single Double Triple
(m) Single Stack Stack Stack Stack Stack Stack
0 1.31E+00 1.41E+00 1.45E+00 0.0024 0.0030 0.0028
1 6.52E-01 8.84E-01 1.01E+00 0.0033 0.0047 0.0055
5 2.32E-01 3.58E-01 4.66E-01 0.0099 0.0068 0.0079
11 1.31E-01 2.02E-01 2.63E-01 0.0075 0.0085 0.0085
22 7.61E-02 1.14E-01 1.47E-01 0.0094 0.0116 0.0111
50 3.62E-02 5.06E-02 6.22E-02 0.0133 0.0129 0.0173
105 1.36E-02 1.81E-02 2.13E-02 0.0203 0.0216 0.0197
155 6.50E-03 8.51E-03 9.44E-03 0.0210 0.0309 0.0231
205 3.17E-03 4.31E-03 4.65E-03 0.0207 0.0265 0.0205
255 1.75E-03 2.25E-03 2.59E-03 0.0271 0.0253 0.0228
305 1.03E-03 1.29E-03 1.47E-03 0.0325 0.0462 0.0252
355 5.66E-04 7.29E-04 8.22E-04 0.0281 0.0310 0.0307
395 3.76E-04 4.93E-04 5.35E-04 0.0402 0.0447 0.0395
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Figure 6-8 Radial Total Dose Rate Profile for 30x30 Array
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Table 6-9 Radial Total Dose Rate Profile for 100x100 Array

Filled Feed Cylinder Storage - 100x100 Array
Total Dose Rate (mrem/h)
Total Dose Rate (mrem/h) Relative Error
Distance Double Triple Single Double Triple
(m) Single Stack Stack Stack Stack Stack Stack
0 1.37E+00 1.50E+00 1.53E+00 0.0047 0.0085 0.0052
1 7.46E-01 9.85E-01 1.10E+00 0.0065 0.0140 0.0096
5 3.40E-01 4,72E-01 5.56E-01 0.0128 0.0177 0.0141
11 2.38E-01 3.23E-01 3.62E-01 0.0206 0.0251 0.0125
22 1.68E-01 2.18E-01 2.50E-01 0.0154 0.0261 0.0171
50 1.02E-01 1.27E-01 1.45E-01 0.0219 0.0189 0.0305
105 4.96E-02 5.92E-02 6.57E-02 0.0204 0.0230 0.0219
155 2.78E-02 3.18E-02 3.62E-02 0.0254 0.0196 0.0282
205 1.53E-02 1.94E-02 2.05E-02 0.0227 0.0265 0.0231
255 9.15E-03 1.08E-02 1.17E-02 0.0224 0.0347 0.0229
305 5.76E-03 6.44E-03 7.01E-03 0.0281 0.0273 0.0273
355 3.19E-03 3.90E-03 4,17E-03 0.0241 0.0306 0.0513
395 2.03E-03 2.45E-03 2.59E-03 0.0247 0.0327 0.0313
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Figure 6-9 Radial Total Dose Rate Profile for 100x100 Array
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6.4 DOSE SENSITIVITY TO ARRAY SIZE AND STACKING

Both neutron and photon doses are sensitive to aiiay size and stacking
configuration. Higher doses are apparent as tbeage capacity increases with more
cylinders placed on the storage pad. To illustthte dose sensitivity, two representative
environmental locations at 105 m and 205 m radifathyn the nearest cylinder edge were
selected for plotting the dose change with theyasize and stacking.

For the filled feed cylinders, Figures 6-10 andLl6-display the neutron dose
sensitivity to the array size and stacking at 105and 205 m, respectively. The
corresponding plots for the photon dose sensitiarty given in Figures 6-12 and 6-13 at 105
m and 205 m, respectively. The dose sensitivityilats a similar trend at 105 and 205 m for
both neutrons and photons.

The array size affects the neutron dose more ttephoton dose, as more cylinders
make contributions to the neutron dose becausessf $elf-shielding by WHor neutrons.
With respect to stacking, the neutron and photorsisieity characteristics exhibit similar
behavior. The dose increase factor from doublekstg to triple stacking is less significant
than that from single stacking to double stackidgmonstrating that triple stacking is

beneficial to save the storage pad footprint.
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Neutron Dose Sensitivity to Stacking at 105 m
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Figure 6-10 Neutron Dose Sensitivity to Array Size and Stacking at 105 m
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Neutron Dose Sensitivity to Stacking at 205 m
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Figure 6-11 Neutron Dose Sensitivity to Array Size and Stacking at 205 m
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Photon Dose Sensitivity to Stacking at 105 m
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Figure 6-12 Photon Dose Sensitivity to Array Size and Stacking at 105 m
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Photon Dose Sensitivity to Stacking at 205 m
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Figure 6-13 Photon Dose Sensitivity to Array Size and Stacking at 205 m
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6.5 DOSE IMPACTS FOR FILLED FEED CYLINDERS

To maximize the cylinder storage capacity or miaenthe required footprint, the
dose impacts need to be considered in storage reargay. Beneficial considerations
include:

e Minimal cylinder spacing in both radial and axialegtions

e Maximum stacking up to three high

¢ Minimal setback distances from the site boundary

The case study described in Chapter 5 for the dglirarrays used typical cylinder
spacing to allow for personnel and equipment accestveen adjacent cylinders.
Undoubtedly the closely packed arrangements woatdnly use less space and reduce the
footprint requirement, but lessen radiation stremraround cylinders with somewhat lower
dose consequences. Since cylinder spacing mudttime@ersonnel and equipment access
requirements, there may be little or no flexibility changing the cylinder spacing without
equipment redesign or modification at the existiagility. For new facilities, it will be
worthwhile to incorporate minimal cylinder spacimgequipment design specifications.

As discussed in Section 6.4, stacking was provebetdoeneficial to increase the
storage capacity within a given footprint withopipaeciable dose impacts, because stacking
would not cause the dose to double or triple frosingle stack. The use of Model 48Y
cylinders with a thicker wall than Model 48G proe&d stronger structural support for
cylinder stacking and permits the triple-stacke@dm@gement to increase the storage capacity.
Triple stacking is a unique storage configuratiooppsed for use at the UUSA Enrichment

Facility [UUSA 2010, UUSA 2012c, and UUSA 2013c].
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The setback distances from the site boundary depenthe dose levels. A lower
dose would result in a shorter distance and leathdoe footprint available for cylinder
storage use. A reasonably accurate dose assessittenit undue conservatism plays a vital
role in the setback distance and footprint requaeimto avoid unnecessary economic
penalty.

The total dose rates presented in Section 6.3 se&uluin determining the setback
distance for the storage pad from the site bound&gr an annual dose limit of 25 mrem
based on 2,000 hours occupancy, the allowable duseis 12.5urem/h. To account for
additional dose contributions from the cylindersu$ed inside the building, the dose rate
limit for the contributions from the outdoor cylies was reduced to 1orem/h or 20
mrem/year [AREVA 2003d, 84]. Using the limit of l@em/h, the required setback
distances in the radial direction are provided @&bl€ 6-10 for the nine configurations

(10x10, 30x30 and 100x100 in one, two and threb)hégnsidered in the case study.

Table 6-10 Storage Pad Setback Distance Requirements

) Setback Distance from Site Boundary (m)
Array Size 5 - ; ; X
Single Stacking Double Stacking Triple Stacking
10x10 52 70 80
30x30 120 140 150
100x100 240 260 270

The results prove that stacking provides an effiicistorage management of §JF
cylinders with only a small increase in the setbddtance required — about 20 m from
single to double stacking and another 10 m to driglacking. These increments due to
stacking are fairly insensitive to the array sia¥ith this observation, the additional setback
distances due to stacking may be applicable toaaray size or shape (square or rectangular)

as a first order of approximations.
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It is also interesting to note that the increaséhm array size from 10x10 to 30x30
requires an additional 70 m of setback, regardigfsshe stacking configuration. The
additional setback requirement from the 30x30 tOX1@O array is 120 m for all stacking
configurations. These results are useful for campgawith, and checking against, future
calculations for a rectangular storage array uséldeaJUSA Enrichment Facility.

The setback distance of 270 m required for thdetgpacked 100x100 storage array
(30,000 cylinders total) is less than 366 m toehst site boundary and 488 m to the north
boundary from the UBC Storage Pad at the UUSA Bmment Facility (Section 2.3).
Although the UUSA Storage Pad was designed to aocumhate a rectangular rather than
square storage array, the case study in this @sshows that there is a sufficient margin in
the setback distance for facilitating a differetdrage array design and expansion of the
storage capacity.

Mitigative measures such as a concrete shield avdderm, if feasible and beneficial,
may be considered to reduce the setback requiremekdditional dose assessment will be
required for the shielded case. The indirect Mdd#&lo simulation approach developed
from this research is applicable and beneficidhtoshielded case.

6.6 MANAGEMENT OF EMPTY FEED CYLINDER STORAGE

The number of empty cylinders stored on the pad is small in comparison to the
total pad inventory, but their dose contribution is large because all the radioactivity of a
full cylinder is present (the “heel”), but the UFs is not present to provide shielding
[AREVA 2003d, §7). Storage of the empty feed cylinders warrants igpedttention and
management, especially for freshly emptied cylisdehich are associated with much higher

dose rates than those for filled feed cylindersabgut one order of magnitude (see Section
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4.7.2). Random placement on the storage pad witbounsideration of the dose impacts
could potentially cause non-compliance with theutations or violation of the ALARA
principal. This section specifically addressesttkeatment of empty feed cylinders and their
dose impacts.

6.6.1 Equivalent Number of Freshly Emptied Cylindes

Unlike a filled feed cylinder, the dose rate fran empty feed cylinder decreases
with time after emptying (see Section 4.7.2). Tose calculations for filled cylinders could
conservatively assume the same maximum sourceftaravery cylinder, making the doses
time-independent. However, the condition is défdr for empty cylinders, as the source
term changes with time. Instead of tracking theetdependent source term for each
individual cylinder, an alternative approach wasetaby determining an equivalent number
of the freshly emptied cylinders based on the cg@mproduction rate and source-term decay
rate. For a 3-million SWU capacity, the productiaite is 627 cylinders per yepAREVA
2003d, §7) or 1.72 cylinders per day, which can be linearlglsd to 5.72 cylinders per day
for a 10-millin SWU capacity.

The equivalent number of fresh empty cylinders was determined by
accumulating the average surface dose rate from the decayed empty cylinders and
relating the sum to the dose rate from a single fresh cylinder. The average contact dose
rate on the external surface of an empty feed cylinder is given in Table 4-6 and plotted
in Figure 4-5 in Chapter 4 as a function of time. With the contact dose rate normalized
to 1.0 mrem/h, the relative time-dependent dose rate profile from the time of emptying
to one year is shown in Figure 6-14 with the following Excel-generated trend-line:

y = 0.9898e-10454x
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where y is the relative dose rate and x is the decay time in years.

The cumulative dose rate increases with time as more empty cylinders are
produced and stored. For a base production rate of one cylinder per day, the
calculation of the cumulative relative dose is provided in Table I-1 with the results
displayed in Figure 6-15. From Figure 6-15, the cumulative relative dose rate from the
decayed empty cylinders reaches an equivalent number of 35 freshly emptied feed
cylinders at a production rate of one cylinder per day. For the 3-millon SWU capacity
with 1.72 cylinders per day, the equivalent number is 35 x 1.72 = 60 freshly emptied
cylinders. The corresponding equivalent number for the 10-million SWU capacity is 35

x 5.72 = 200 freshly emptied cylinders.
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Figure 6-14 Time-dependent Photon Dose Rate Profile for an Empty Feed Cylinder
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6.6.2 Dose Assessment for Empty Feed Cylinders

To carry out the dose assessment for the empty dgkbnders, the 10x10 storage
array was used in single, double and triple stagkihhese arrangements provided sufficient
storage space in double stacking for 200 freshlgtesd feed cylinders discussed in Section
6.6.1 for the 10-million SWU capacity. The inclusiof single and triple stacking in the
dose assessment would provide the results for cosgmawith the cases for filled feed
cylinders from the case study described in Se@&idi2.

As for the filled feed cylinders, the indirect MerCarlo simulation approach with the
two-step process was utilized for the empty fedihdgrs. One difference in the approach
between the filled and empty cylinders was thatphoton source position biasing was
applied to the empty cylinder cases because ofrdetively small quantity of empty
cylinders and absence of bJih empty cylinders. The empty case was modeldtiensame
manner as the corresponding filled case minug loBide the cylinders. Table I-2 in
Appendix 1 lists the MCNP input and output fileorn the first and second steps of the
simulation. The sample input listing is also pd®d in Appendix | for the selected triple-
stacked cases @i0x10el.txtin the first-step process, amtlOx10e2.txtin the second-step
process.

The MCNP-calculated photon dose rates are presentédble 6-11 and plotted in
Figure 6-16 with comparison against the correspundesults for the filled feed cylinders.
In the table and figure, E denotes “Empty” cylirmland F means “Filled” cylinders.

Similar to the dose rates for a single cylindesecahe dose rates from the 10x10
array of empty feed cylinders are considerably éighan those from the same array of filled

feed cylinders. Management of empty feed cylindediscussed in Section 6.6.3.
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Table 6-11 Radial Photon Dose Rates for Empty Feed Cylinders

Filled and Empty Feed Cylinder Storage - 10x10 Arra y
Photon Dose Rate (mrem/h) Comparison
Filled Photon Dose Rate (mrem/h) Empty Photon Dose Rate (mrem/h)
Distance Single Double Triple Single Double Triple
(m) Stack-F Stack-F Stack-F Stack-E Stack-E Stack-E
0 1.13E+00 1.19E+00 1.21E+00 1.71E+01 1.88E+01 1.95E+01
1 5.26E-01 7.23E-01 8.26E-01 8.18E+00 1.16E+01 1.36E+01
5 1.56E-01 2.59E-01 3.41E-01 2.44E+00  4.28E+00 5.83E+00
11 7.09E-02 1.24E-01 1.71E-01 1.11E+00  2.05E+00 2.90E+00
22 2.95E-02 5.38E-02 7.52E-02 4.68E-01 8.63E-01 1.24E+00
50 8.19E-03 1.39E-02 1.85E-02 1.25E-01 2.19E-01 3.10E-01
105 1.80E-03 2.84E-03 3.77E-03 2.94E-02 4.98E-02 6.53E-02
155 7.50E-04 1.13E-03 1.45E-03 1.14E-02 1.88E-02 2.58E-02
205 3.66E-04 5.13E-04 6.96E-04 5.76E-03 8.48E-03 1.19E-02
255 1.73E-04 2.53E-04 3.70E-04 2.91E-03 4.46E-03 6.09E-03
305 1.04E-04 1.37E-04 2.07E-04 1.61E-03 2.40E-03 3.26E-03
355 6.02E-05 7.97E-05 1.09E-04 9.14E-04 1.30E-03 1.87E-03
395 3.70E-05 5.14E-05 7.54E-05 6.01E-04 8.34E-04 1.22E-03
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Figure 6-16 Photon Dose Rate Profile Comparison for Empty and Filled Cylinders
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6.6.3 Storage Management Considerations

The higher doses from empty feed cylinders regspecial attention in their storage

management. Viable options are available to maeag®y feed cylinders at the enrichment

facilities, including:

Washing — An empty feed cylinder can be cleanedwashing down and
removing the residual radioactivity inside the ongier. Washing would certainly
eliminate its dose impact. However, this optiord®an onsite or offsite washing
facility which would conceivably generate liquidfleénts, requiring additional
radwaste treatment measures.

Return to customers — After three-month cooling éecay of the residual
radioactivity to an acceptable level, the emptydfeglinders can be sent back to
the utility customers for future use at the conmmrdacilities to fill natural Uk.
This option would reduce the long-term storage reguent for empties but still
require consideration of onsite storage for threatins after emptying.

Reuse for tails — Since both feed and tails mdseuse the same model of
cylinder (48Y), the empty feed cylinders can besegliat the enrichment facilities
for tails withdrawal. In any event, short-termrsige is still required for three
months after emptying, and the cylinders need tprepared to meet the vacuum
and contamination requirements for connection &ehrichment process system.
This option would reuse about 90% of empty cylisdeischarged from the
enrichment process, as one filled feed cylindeddgieabout 0.9 filled tails
cylinders after enrichment. Onsite storage id sticessary for the remaining

10% of empty cylinders, if not washed or returnedhie customers.
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Regardless of the management option chosen, tisemwiays a need for onsite
storage of empty feed cylinders. The empties carstored indoor or outdoor. Storage
inside a building will occupy premium space thatyrba reserved for other purposes such as
storage of product cylinders. Therefore, indoorage of empties is generally undesirable.
For outdoor storage, empties can be co-locatedherstorage pad with filled feed and tails
cylinders, or segregated in a separate storageveneege environmental dose impacts are
minimal or inconsequential. If co-located, the @aspacts from empties must be evaluated,
as a small quantity of empties would contributensigantly to the overall dose.

To illustrate the significance of the dose conttidwa from a small number of empties,
the radial photon dose rate profiles for the 10alf@y of freshly emptied feed cylinders in
single, double and triple stacking are comparec wite corresponding profiles for the
100x100 array of filled feed cylinders in Table B-and Figure 6-17. In comparison, the
10x10 array of empties constitutes merely 1% of106x100 array of filled cylinders, but
gives higher dose rates at close-in distances {tess100 m). Its contribution becomes less
beyond 100 m, but is still significant and cannetigmored. Hence, placement of empty feed
cylinders will affect doses to onsite workers aheé general public. For environmental
considerations, additional setback distance willréguired to account for additional dose
contributions from empties to meet the regulataygallimit at the site boundary.

Dose impacts from empties can be minimized by mednstrategic placement of
empties on the storage pad with sufficient shigjdig the surrounding filled cylinders. In so
doing, the dose contributions from empties woulddmee negligible. A site-specific dose
assessment (outside the scope of this researchyl westill required to determine the proper

locations of empties and confirm the negligibleeloensequences due to empties.
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Table 6-12 Dose Rate Comparison for Empty and Filled Feed Cylinder Storage Arrays

Filled Feed Cylinder Storage - 100x100 Array (Triple)
Empty Feed Cylinder Storage - 10x10 Array (Triple)
Filled Total Dose Rate (mrem/h) Empty Photon Dose R ate (mrem/h)
Distance Single Double Triple Single Double Triple
(m) Stack-F Stack-F Stack-F Stack-E Stack-E Stack-E
0 1.37E+00 1.50E+00 1.53E+00 | 1.71E+01 1.88E+01  1.95E+01
1 7.46E-01 9.85E-01 1.10E+00 | 8.18E+00 1.16E+01  1.36E+01
5 3.40E-01 4.72E-01 5.56E-01 | 2.44E+00 4.28E+00 5.83E+00
11 2.38E-01 3.23E-01 3.62E-01 1.11E+00 2.05E+00  2.90E+00
22 1.68E-01 2.18E-01 2.50E-01 4.68E-01 8.63E-01 1.24E+00
50 1.02E-01 1.27E-01 1.45E-01 1.25E-01 2.19E-01 3.10E-01
105 4.96E-02 5.92E-02 6.57E-02 2.94E-02 4.98E-02 6.53E-02
155 2.78E-02 3.18E-02 3.62E-02 1.14E-02 1.88E-02 2.58E-02
205 1.53E-02 1.94E-02 2.05E-02 5.76E-03 8.48E-03 1.19E-02
255 9.15E-03 1.08E-02 1.17E-02 2.91E-03 4.46E-03 6.09E-03
305 5.76E-03 6.44E-03 7.01E-03 1.61E-03 2.40E-03 3.26E-03
355 3.19E-03 3.90E-03 4.17E-03 9.14E-04 1.30E-03 1.87E-03
395 2.03E-03 2.45E-03 2.59E-03 6.01E-04 8.34E-04 1.22E-03
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Figure 6-17 Dose Rate Comparison for Empty and Filled Feed Cylinder Storage Arrays
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7. VALIDATION OF COMPUTATIONAL EFFICIENCY

This chapter presents the validation of the contmrtal efficiency of the indirect
Monte Carlo simulation approach developed and afdph this research. The computational
efficiency is expressed in terms of the figure @rin(FOM) for comparison purposes. The
most challenging case of the 100x100 storage amatriple stacking was selected for
comparing the computational efficiency between theect and indirect Monte Carlo
methods. This comparison covers both neutron &otbp calculations.

7.1 NEUTRON CALCULATIONS

The neutron calculations for the triple-stacked®Xi®O storage array included the
following cases:

e Unbiased two-step case — indirect approach

e Biased two-step case — indirect approach

e Unbiased one-step case — direct approach

The context of “unbiased” as used in this researeAns no source position or energy
biasing and “biased” is with source position andrgy biasing. For neutrons, the unbiased
two-step case actually included energy biasing wiinor effects on computational
efficiency. The simple and convenient built-inegition biasing as described in Section 5.3.3
was included in all three cases.

The calculation for the unbiased two-step caseoiered in Section 5.4 with the
results presented in Table 6-3. For the biasedstep case, source position biasing was
applied to the cylinder locations, using the impode data generated with MAVRIC in a

manner similar to the photon case (see Sectio)5.3he unbiased one-step case carried out
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the calculation similar to the unbiased two-stepechut in a single once-through process
without generating a surface source file. All tweculations used the same mesh tally
structure for consistent comparison.

Table 7-1 presents the comparison of the neutree date results and the associated
FOMs for the three cases of interest. The FOM detsrmined as follows [LANL 2008, Eq.
2.21a]:

FOM = 1/(RT)
where R is the relative error or one fractionahd&d deviation, and T is the CPU time.

As can be seen from Table 7-1, the unbiased twop-cise exhibits the best FOM,
showing a significant improvement in computatioeéliciency over the unbiased one-step
case by over one order of magnitude at environrhegtances of greater than 150 m. The
biased two-step case is better than the unbiasedtep case, but is worse than the unbiased
two-step case, because of poor over-biasing forwhak neutron attenuator of band
detector-dependent adjoint calculations for sourgeortance. The comparison demonstrates
that poor biasing is worse than no biasing, asdadd do more harm than good to the random

walk process in the Monte Carlo simulation.
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Table 7-1 Neutron Computational Efficiency for Triple-stacked 100x100 Array

Neutron Dose Rate (mrem/h)

, Dose Rate (mrem/h) Relative Error
D|s(t|z1;1qr)1ce Biased Unbiased Unbiased Biased Unbiased Unbiased
Two-Step Two-Step One-Step Two-Step Two-Step One-Step
1 2.08E-01 2.24E-01 2.31E-01 0.0085 0.0336 0.0542
5 1.37E-01 1.43E-01 1.42E+00 0.0178 0.028 0.0508
11 1.11E-01 1.15E-01 1.08E-01 0.0231 0.0309 0.0550
22 8.51E-02 8.95E-02 8.06E-02 0.0217 0.0288 0.0619
50 5.38E-02 5.56E-02 5.02E-02 0.0356 0.0292 0.0609
105 2.58E-02 2.71E-02 2.56E-02 0.0284 0.0315 0.0821
155 1.45E-02 1.42E-02 1.30E-02 0.0335 0.0297 0.1058
205 8.43E-03 8.54E-03 6.88E-03 0.0470 0.0355 0.1328
255 5.11E-03 4.67E-03 4.45E-03 0.0592 0.0302 0.1804
305 2.87E-03 2.66E-03 2.20E-03 0.0549 0.0322 0.1606
355 1.61E-03 1.70E-03 2.19E-03 0.0639 0.0403 0.2852
395 1.26E-03 1.04E-03 8.64E-04 0.0789 0.0413 0.2802

CPU Time Consumed (min)

Code Biased Unbiased Unbiased
Two-Step Two-Step One-Step
MAVRIC 54.27 N/A N/A
MCNP 307.34 102.00 100.20
1" step
MCNP
ond step 98.03 16.47 N/A
Total 459.64 118.47 100.20

Figure of Merit (FOM)

. Biased Unbiased Unbiased . .
D|s(t|z1;1qr)1ce Two-Step Two-Step One-Step FO('\2/|) Ela)'to FO('\ZA) /T:S'to
FOM (1) FOM (2) FOM (3)

1 30.42 7.48 3.39 0.25 2.20

5 6.83 10.77 3.87 1.58 2.78
11 4.08 8.84 3.30 2.17 2.68
22 4.61 10.18 2.61 2.21 3.91
50 1.71 9.90 2.69 5.78 3.68
105 2.70 8.51 1.48 3.15 5.75
155 1.93 9.57 0.89 4.95 10.74
205 0.99 6.70 0.57 6.79 11.83
255 0.62 9.26 0.31 14.89 30.17
305 0.72 8.14 0.39 11.29 21.05
355 0.53 5.20 0.12 9.74 42.36
395 0.35 4.95 0.13 14.15 38.92
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7.2 PHOTON CALCULATIONS

The Photon calculations for the triple-stackedxil@D storage array also included the
same cases as the neutron calculations. Tablprésznts the corresponding results of the
dose rates, relative errors, CPU times consumed-@s.

Unlike the neutron calculations which did not negqusource position biasing, the
photon calculations benefited from source biasm@addition to the advantage of the two-
step process. For photons, the FOM is most favera the biased two-step process. The
application of both source biasing and two-stepcudations resulted in substantial
improvement in the computational efficiency by tawalers of magnitude at some locations.
This observation shows that the indirect Monte €aimulation approach with source
biasing is efficient and beneficial for applicatiom the UF cylinder array photon dose
calculations.

The biased two-step process for the photon cdlonk in the case study primarily
dealt with the radial direction. Separate photaltuations would be required for the axial
direction, obviously consuming additional computiares similar to the radial calculations.
Despite the additional axial calculations for pmstothe improvement in the computational
efficiency with the indirect Monte Carlo simulatios still substantial over the direct,

unbiased approach.
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Table 7-2 Photon Computational Efficiency for Triple-stacked 100x100 Array

Photon Dose Rate (mrem/h)

i Dose Rate (mrem/h Relative Error
DIS(t;I’)\CG Biased Unbiased Unbiased Biased Unbiased Unbiased
Two-Step Two-Step One-Step Two-Step Two-Step One-Step
1 8.71E-01 9.32E-01 9.09E-01 0.0085 0.0263 0.0612
5 4.13E-01 4.47E-01 4.55E-01 0.0163 0.0540 0.1044
11 2.47E-01 2.25E-01 2.35E-01 0.0113 0.0811 0.1008
22 1.60E-01 1.48E-01 1.37E-01 0.0212 0.0710 0.1175
50 8.89E-02 7.74E-02 8.35E-02 0.0461 0.0807 0.1409
105 3.86E-02 3.75E-02 6.17E-02 0.0301 0.0667 0.2418
155 2.20E-02 2.20E-02 2.43E-02 0.0423 0.0577 0.2157
205 1.20E-02 1.28E-02 1.57E-02 0.0305 0.0571 0.2933
255 6.99E-03 6.64E-03 5.31E-03 0.0325 0.0753 0.2956
305 4.35E-03 4.40E-03 6.73E-03 0.0394 0.0911 0.5590
355 2.47E-03 3.10E-03 2.94E-03 0.0820 0.0960 0.6399
395 1.55E-03 1.87E-03 2.50E-03 0.0443 0.2375 0.5289

CPU Time Consumed (min)

Code Biased Unbiased Unbiased
Two-Step Two-Step One-Step
MAVRIC 13.97 N/A N/A
MCNP 305.35 300.57 300.57
17 step
MCNP
ond step 51.24 2.50 N/A
Total 370.56 303.07 300.57

Figure of Merit (FOM)

. Biased Unbiased Unbiased . .
DIS(t;I’)\CG Two-Step Two-Step One-Step FO('\l/l) /I(?2a)|to FO('\l/l) /I(?Sa)lto
FOM (1) FOM (2) FOM (3)
1 37.73 1.13 0.889 33.34 42.45
5 10.19 0.50 0.305 20.33 33.37
11 21.04 0.65 0.327 32.15 64.32
22 5.98 0.51 0.241 11.79 24.81
50 1.27 0.74 0.168 1.71 7.57
105 2.99 0.99 0.057 3.01 52.47
155 1.51 1.01 0.072 1.49 21.07
205 2.90 0.58 0.039 4.98 74.98
255 2.56 0.40 0.038 6.44 67.25
305 1.73 0.36 0.011 4.85 162.90
355 0.40 0.06 0.008 6.86 49.37
395 1.38 0.09 0.012 14.58 115.63
153

www.manaraa.com



7.3 DOSE ESTIMATES FROM SINGLE-STACK CALCULATIONS

An alternative approach may be used to save catipoal efforts by estimating the
dose rates from the single-stack calculationgrdiven acceptable, the calculations just need
to be performed for the single-stack case. Noil@etaalculations would be necessary for
the double- and triple-stack cases. Such derivaisoa cost-effective approach, as no
additional computer run or time is consumed to M@NP for the double- and triple-stack
cases, further enhancing the efficiency by savaspurces (labor and computer).

As stated in Section 5.4, the dose contributioomfthe surface sources recorded in
the first step of the MCNP calculation are separaldt would be curious and interesting to
find out if the individual contribution from eachirface for the single stacking configuration
could be used to estimate the doses for the darddriple stacking configurations without
further calculations.

For proof of concept, additional MCNP runs weredman the second step of the
calculation to separate the contribution due tottipesurface source from that due to the east
and north surface sources (see Figure 5-8 in ChajpteOnce separated, the dose at a given
radial receptor for double and triple stacking wasmated as follows:

Double Stacking D =P+ 2(Dz + Dy)

Triple Stacking D=Dp+3(D:+ Dy)
where x is the dose contribution from the top surface seyand [ and O are the dose
contributions from the east and north surface ssifar single stacking, respectively. In this
estimate, the dose contribution from the top s@faas assumed to be the same regardless of

stacking (discussed later for validity). The fastof 2 and 3 in the estimate were simply
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applied to account for double and triple stackimegpectively, as the dose contribution from
the east and north surfaces would be approximdtaipled or tripled.

Table 7-3 provides the estimated neutron dosdtsefr double and triple stacking,
based on the separable dose contributions for esisghcking. Table 7-4 gives the
corresponding estimates for photon doses.

At the locations near the storage array edge,athgroximation method tends to
overestimate the dose, as the dose effect fronredbeand north surface sources is not linear
with the number of stacks. At the environmentalakions away from the storage pad, the
use of the results from the single-stack calcutaippears to underestimate the doses, owing
to the increase in the dose rates from the coninguop surface as the array size becomes
larger. The top surface source is a principal dasdributor for the larger arrays such as
30x30 and 100x100, because of the associationanliinger surface area (see Tables 7-5 and
7-6). The underestimate is more noticeable fortmoes than for photons, being in the
neighborhood of 20% and 10%, respectively. Thiedince is attributable to the fact that
the skyshine radiation contribution is more sigraht for neutrons than for photons andsUF
provides less shielding for neutrons than for phsto

For a quick estimate without detailed calculatiémrsdouble and triple stacking, one
could perform a calculation for single stacking ars# the results to predict the doses for
other stacking configurations (double and tripl&ince this approach would underestimate
the doses at the environmental locations, a coatieevmultiplier of 1.2 for neutrons and 1.1
for photons could be applied to correct the eswmatoses to be in line with the detailed
calculations. These multipliers would accounttfoe increase in the average dose rates on

the top surface of the cylinder box with more stagisee Tables 7-5 and 7-6).
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The above process demonstrates that the resoftstfre single-stack case are useful
for making quick estimates of the doses for the biwu and triple-stack cases with
appropriate multipliers. Such a process also setveheck the detailed calculations for the

double- and triple-stack cases.
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Table 7-3 Neutron Dose Estimates from Single-stack Calculations

Single -stack Dose Rate Estimated Dose Rate Estimate/Calculation
Distance Contribution (mrem/h) (mrem/h)
(m) Top East & North Double Triple Double Triple
Surface Surfaces Stacking Stacking Stacking | Stacking
10x10 Array
1 2.24E-02 6.23E-02 1.47E-01 2.09E-01 1.20 1.46
5 1.01E-02 1.99E-02 4.99E-02 6.97E-02 0.98 1.03
11 6.82E-03 8.48E-03 2.38E-02 3.23E-02 0.89 0.93
22 4.16E-03 3.34E-03 1.08E-02 1.42E-02 0.85 0.82
50 1.76E-03 8.21E-04 3.40E-03 4.22E-03 0.86 0.85
105 5.56E-04 1.66E-04 8.88E-04 1.05E-03 0.83 0.88
155 2.57E-04 6.25E-05 3.81E-04 4.44E-04 0.81 0.79
205 1.21E-04 3.03E-05 1.81E-04 2.12E-04 0.83 0.80
255 6.72E-05 1.51E-05 9.74E-05 1.12E-04 0.84 0.81
305 3.84E-05 8.15E-06 5.48E-05 6.29E-05 0.80 0.79
355 2.31E-05 4.86E-06 3.29E-05 3.77E-05 0.92 0.92
395 1.44E-05 3.17E-06 2.08E-05 2.39E-05 0.96 0.89
30x30 Array
1 3.97E-02 6.53E-02 1.70E-01 2.36E-01 1.20 1.42
5 2.96E-02 2.15E-02 7.26E-02 9.41E-02 0.99 1.05
11 2.43E-02 9.71E-03 4.37E-02 5.34E-02 0.90 0.88
22 1.85E-02 4.56E-03 2.77E-02 3.22E-02 0.85 0.82
50 1.06E-02 1.55E-03 1.36E-02 1.52E-02 0.82 0.81
105 4.14E-03 4.40E-04 5.02E-03 5.46E-03 0.81 0.77
155 2.09E-03 1.81E-04 2.45E-03 2.63E-03 0.81 0.80
205 1.07E-03 9.13E-05 1.25E-03 1.34E-03 0.80 0.80
255 5.83E-04 4.35E-05 6.69E-04 7.13E-04 0.79 0.79
305 3.27E-04 2.47E-05 3.77E-04 4.01E-04 0.84 0.79
355 1.87E-04 1.46E-05 2.17E-04 2.31E-04 0.80 0.79
395 1.17E-04 8.44E-06 1.33E-04 1.42E-04 0.81 0.82
100x100 Arra
1 7.34E-02 7.26E-02 2.19E-01 2.91E-01 1.16 1.30
5 7.32E-02 2.40E-02 1.21E-01 1.45E-01 0.94 1.02
11 6.73E-02 1.04E-02 8.81E-02 9.85E-02 0.86 0.86
22 5.61E-02 5.06E-03 6.63E-02 7.13E-02 0.85 0.80
50 3.82E-02 1.97E-03 4.22E-02 4.41E-02 0.83 0.79
105 1.91E-02 6.74E-04 2.05E-02 2.11E-02 0.86 0.78
155 1.07E-02 3.29E-04 1.13E-02 1.17E-02 0.86 0.82
205 6.05E-03 1.76E-04 6.41E-03 6.58E-03 0.82 0.77
255 3.63E-03 1.04E-04 3.83E-03 3.94E-03 0.88 0.84
305 2.13E-03 6.03E-05 2.25E-03 2.31E-03 0.86 0.87
355 1.25E-03 2.01E-05 1.29E-03 1.31E-03 0.76 0.77
395 7.91E-04 2.21E-05 8.35E-04 8.57E-04 0.84 0.82
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Table 7-4 Photon Dose Estimates from Single-stack Calculations

Single -stack Dose Rate Estimated Dose Rate Estimate/Calculation
Distance Contribution (mrem/h) (mrem/h)
(m) Top East & North Double Triple Double Triple
Surface Surfaces Stacking Stacking Stacking | Stacking
10x10 Array
1 1.22E-01 4.04E-01 9.30E-01 1.33E+00 1.29 1.62
5 1.99E-02 1.36E-01 2.92E-01 4.28E-01 1.13 1.25
11 1.06E-02 6.03E-02 1.31E-01 1.92E-01 1.06 1.12
22 6.12E-03 2.34E-02 5.29E-02 7.64E-02 0.98 1.01
50 2.83E-03 5.37E-03 1.36E-02 1.89E-02 0.98 1.02
105 8.52E-04 9.48E-04 2.75E-03 3.70E-03 0.97 0.98
155 4.17E-04 3.33E-04 1.08E-03 1.42E-03 0.96 0.98
205 2.24E-04 1.42E-04 5.07E-04 6.49E-04 0.99 0.93
255 1.02E-04 7.10E-05 2.44E-04 3.15E-04 0.96 0.85
305 6.86E-05 3.54E-05 1.39E-04 1.75E-04 1.02 0.85
355 4.07E-05 1.95E-05 7.96E-05 9.91E-05 1.00 0.91
395 2.53E-05 1.17E-05 4.87E-05 6.04E-05 0.95 0.80
30x30 Array
1 1.45E-01 4.02E-01 9.49E-01 1.35E+00 1.28 1.59
5 4.61E-02 1.35E-01 3.16E-01 4.50E-01 111 1.20
11 3.34E-02 6.32E-02 1.60E-01 2.23E-01 1.04 1.10
22 2.49E-02 2.81E-02 8.11E-02 1.09E-01 0.99 1.02
50 1.51E-02 9.03E-03 3.32E-02 4.22E-02 0.98 0.97
105 6.80E-03 2.24E-03 1.13E-02 1.35E-02 0.95 0.95
155 3.36E-03 8.63E-04 5.09E-03 5.95E-03 0.93 0.97
205 1.60E-03 4.05E-04 2.42E-03 2.82E-03 0.88 0.95
255 9.23E-04 1.96E-04 1.31E-03 1.51E-03 0.94 0.90
305 5.72E-04 1.05E-04 7.82E-04 8.87E-04 0.93 0.93
355 3.08E-04 5.68E-05 4.21E-04 4.78E-04 0.92 0.90
395 2.17E-04 3.40E-05 2.85E-04 3.19E-04 0.87 0.88
100x100 Arra
1 1.94E-01 4.06E-01 1.01E+00 1.41E+00 1.26 1.62
5 1.05E-01 1.38E-01 3.81E-01 5.18E-01 111 1.26
11 9.56E-02 6.46E-02 2.25E-01 2.89E-01 1.02 1.17
22 7.74E-02 3.00E-02 1.38E-01 1.68E-01 0.98 1.05
50 5.14E-02 1.05E-02 7.24E-02 8.29E-02 0.95 0.93
105 2.65E-02 3.36E-03 3.32E-02 3.65E-02 0.94 0.95
155 1.52E-02 1.56E-03 1.84E-02 1.99E-02 0.98 0.91
205 8.26E-03 7.93E-04 9.85E-03 1.06E-02 0.85 0.89
255 4.98E-03 4.39E-04 5.86E-03 6.30E-03 0.91 0.90
305 3.32E-03 2.51E-04 3.82E-03 4.07E-03 1.00 0.93
355 1.77E-03 1.46E-04 2.06E-03 2.21E-03 0.94 0.89
395 1.14E-03 8.37E-05 1.30E-03 1.39E-03 0.90 0.90
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Table 7-5 Average Surface Neutron Dose Rates from First-Step MCNP Calculations

Array Stacking Surface Dose Rate Relative Surface
Size (MCNP File) Source (mrem/h) Error Area (m 2)
Single East 0.165 0.0051 3.38E+01
(s10x10n01) North 0.174 0.0065 2.12E+01
Top 0.215 0.0010 3.60E+01
Double East 0.183 0.0064 6.33E+01
10x10 (d10x10n01) North 0.209 0.0061 4.42E+01
Top 0.240 0.0014 3.96E+02
Triple East 0.181 0.0074 9.30E+01
(t10x10n01) North 0.216 0.0062 6.50E+01
Top 0.240 0.0020 3.96E+02
Single East 0.181 0.0100 1.02E+02
(s30x30n01) North 0.189 0.0111 6.40E+01
Top 0.249 0.0010 3.31E+03
Double East 0.200 0.0103 1.93E+02
30x30 (d30x30n01) North 0.229 0.0118 1.25E+02
Top 0.291 0.0015 3.42E+02
Triple East 0.215 0.0126 2.84E+03
(d30x30n01) North 0.240 0.0102 1.84E+02
Top 0.301 0.0020 3.42E+03
Single East 0.209 0.0155 3.42E+02
North 0.212 0.0198 2.14E+02
(s100x100n01) = 0.314 0.0012 3.70E+04
Doubl East 0.248 0.0216 6.46E+02
100x100 | d%%0§100n01) North 0.245 0.0193 4.10E+02
Top 0.371 0.0017 3.74E+04
Triple East 0.258 0.0205 9.50E+02
North 0.271 0.0195 6.01E+02
(t100x100n01) - = 0.389 0.0021 3.74E+04
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Table 7-6 Average Surface Photon Dose Rates from First-Step MCNP Calculations

Array Stacking Surface Dose Rate Relative Surface
Size (MCNP File) Source (mrem/h) Error Area (m 2)
Single East 1.128 0.0020 3.38E+01
(s10x10p01) North 1.187 0.0100 2.12E+01
Top 1.554 0.0019 3.60E+01
Double East 1.191 0.0020 6.33E+01
10x10 (d10x10p01) North 1.321 0.0109 4.42E+01
Top 1.617 0.0025 3.96E+02
Triple East 1.212. 0.0042 9.30E+01
(t10x10p01) North 1.350 0.0096 6.50E+01
Top 1.581 0.0037 3.96E+02
Single East 1.130 0.0023 1.02E+02
(s30x30p01) North 1.240 0.0234 6.40E+01
Top 1.620 0.0040 3.31E+03
Double East 1.209 0.0130 1.93E+02
30x30 (d30x30p01) North 1.370 0.0191 1.25E+02
Top 1.730 0.0027 3.42E+02
Triple East 1.234 0.0024 2.84E+03
(d30x30p01) North 1.462 0.0189 1.84E+02
Top 1.737 0.0027 3.42E+03
Single East 1.155 0.0048 3.42E+02
North 1.446 0.1372 2.14E+02
(s100x100p01) = 1.694 0.0037 3.70E+04
Doubl East 1.252 0.0092 6.46E+02
100x100 ( d%%0§100p01) North 1.389 0.0397 4.10E+02
Top 1.847 0.0036 3.74E+04
Triple East 1.269 0.0046 9.50E+02
North 1.464 0.0234 6.01E+02
(t100x100p01) = 1.871 0.0037 3.74E+04
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7.4 COMPARISON WITH UUSA CALCULATION

A comparable MCNP case was selected from the Ud&2aulation [UUSA 2012c]
for comparison with this research (designated astiRM calculation). The UUSA case is a
triple-stacked configuration with a total of 25,389linders. The UNM case is a triple-
stacked configuration with a total of 30,000 cyknsl Table 7-7 compares the differences
between the UUSA and UNM cases.

Although different computers were used for the UMND UUSA calculations, the
computer speeds appeared to be comparable bagkd processors used and the capacity of
random access memory (RAM). It is apparent fraexdomparison that the UNM case with
the indirect simulation approach saves the numbdemput lines and computer times
significantly. The UNM case is superior to the Sl&Jcase with respect to the relative figure
of merit or computational efficiency by a factor about 500 or better at the selected
environmental locations. These favorable resuffsnma that the indirect Monte Carlo
approach as developed and used in this resear@h vialuable tool for future similar

calculations.
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Table 7-7 Comparison of Computational Efficiency between UNM and UUSA Cases

Description UNM UUSA
Toshiba Dell
Computer Satellite C855 PowerEdge 2900 I
Intel Core Intel Xeon
CPU i3-3120 @2.5 GHz E5410 @2.33 GHz
Usable RAM 3.24 GB 3.89 GB
Operating System Windows 8.1 Windows XP Pro
Array Shape Square Rectangular
Array Size 100x100 846x10
Stacking Triple Triple
No. of Cylinders 30,000 25,380
Monte Carlo Simulation Indirect Direct
Input Lines
Neutron 118/83* 13,097
Photon 885/97* 13,061
Output Mesh Tally Limited Detectors
CPU (min)
Neutron 118** 8431
Photon 371** 8503
Relative Error @~100 m
Neutron 0.0315 0.0863
Photon 0.0301 0.1569
Relative Error @~200 m
Neutron 0.0355 0.0860
Photon 0.0305 0.2180
FOM @~100 m
Neutron 8.54 0.0159
Photon 2.97 0.0048
FOM @~200 m
Neutron 6.72 0.0160
Photon 2.89 0.0025
Relative FOM @~100 m
Neutron 536 1
Photon 621 1
Relative FOM @~200 m
Neutron 419 1
Photon 1168 1

*First step/second step
**Total time for two steps
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8. VALIDATION OF DOSE SIMULATIONS

This chapter presents the validation of the catedladose rates from this research at the
University of New Mexico (called the UNM calculatis). The dose rate validation includes
the comparisons with the field measurements andratalculations available for single and
multiple cylinders. The validation focuses on #&Y tails and feed cylinders, including
filled tails, filled feed and empty feed cylinders.
8.1 MEASURED DOSE RATE DATA FOR SINGLE CYLINDERS

The measured dose rate data consist of the measut for filled tails, filled feed
and empty feed cylinders. The following subsedidescribe these field measurement data
for use in the validation process.
8.1.1 Single Cylinder Measurements at UUSA

UUSA conducted radiation measurements for singlglinders using
thermoluminescent dosimeters (TLDgnd electronic alarming dosimeters (EAD) in
September 2011. According to the presentatioklentronic vs. Passive Dosimetoy Neil
Stanford [Stanford 2009], the TLD is a passive oheter, measuring the total dose (neutron
and photon) and providing the dose of legal recofthe EAD with its immediate readout
and alarming capabilities is normally used as aieary dosimeter for the purposes of
radiation control and backup. Only the photon deseeasurable with the EAD.

For the legal doses, Tables 8-1 and 8-2 providd thi2 neutron and photon dose rate
measurements at contact with the filled feed aild tglinders on the UUSA UBC Storage
Pad, respectively [Parish 2012a]. These tablekidecthe EAD photon measurements

[Parish 2012a] for comparison with the correspogdiliD measurements. The TLD and
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EAD were placed at about 1.5 in. (3.81 cm) below llottom surface of each cylinder at 6
o’clock position and approximately 2 ft (61 cm)frahe end flange [Parish 2012b]. This
placement hid the dosimeters from the adjacenndglis, and minimized interference due to
additional dose contributions. However, radiatsgattering off the concrete pad contributes
to the readings. Typical measurement uncertaintiese quoted at around 10% [Parish
2012b], but could be higher to account for systésreatd statistical errors.

For comparison, the calculated dose rates for@esiilled feed cylinder and a single
filled tails (0.3% U-235 used) cylinder were takieom the MCNP runs with the slumped
source geometry and concrete pad/ground scatteénintyis research. The case for the
slumped geometry is more appropriate than the éase¢he homogenized geometry for
comparison with the measurements, because it i® mepresentative of the actual source
geometry. Detailed calculations were performedtlar filled feed cylinder only (Sections
4.7.3 and 4.7.4), as the dose for the filled alsnder is scalable from that for the filled feed
cylinder using the ratio of the average contactedcstes on the external cylinder dose
derived from Table 4-5 in Chapter 4. The corresioag calculated results are included in
Tables 8-1 and 8-2 as UNM Calculated in red.

The UUSA TLD measurement shows a higher photonimgadbut a lower neutron
reading than the UNM-calculated results for botdf@nd tails cylinders. Better agreement
within 20% is shown for the total dose rate, intiog possible uncertainties in the TLD-
based photon/neutron dose ratio. Since the cylndere not isolated for measurements,
minor contributions from the adjacent cylinderstbe storage pad were conceivable. The

difference is generally acceptable in the healtysmts community per discussion in Section
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4.4.4 in Chapter 4. The use of the conservativedgenized source geometry in the dose

assessment would adequately compensate for tiiésette.

Table 8-1 Comparison with TLD and EAD Measurements at UUSA for Filled 48Y Feed Cylinders

Description Feed 1 Feed 2 Feed 3 Mean
Location on UBC Pad UBC D90 UBC D90 UBC D90 N/A
TLD Total Dose Rate (mrem/d) 43.4 457 46.6 45.23
TLD Photon/Neutron Dose Ratio 15.56 9.97 11.64 12.39
Neutron Dose Rate (mrem/h)
TLD Measured 0.11 0.17 0.15 0.14
UNM Calculated N/A N/A N/A 0.26
Photon Dose Rate (mrem/h)
TLD Measured 1.70 1.73 1.79 1.74
EAD Measured 1.57 1.57 N/A 1.57
UNM Calculated N/A N/A N/A 1.39
Total Dose Rate (mrem/h)
TLD Measured O 0 0 1.84
UNM Calculated O 0 1.65

Table 8-2 Comparison with TLD and EAD Measurements at UUSA for Filled 48Y Tails Cylinders

Description Tails 1 Tails 2 Tails 3 Mean
Location on UBC Pad UBC C5 UBC C5 UBC C5 N/A
TLD Total Dose Rate (mrem/d) 44 a7 46.6 45.87
TLD Photon /Neutron Dose Ratio 24.93 16.93 15.35 19.07
Neutron Dose Rate (mrem/h)
TLD Measured 0.07 0.11 0.12 0.10
UNM Calculated N/A N/A N/A 0.17
Photon Dose Rate (mrem/h)
TLD Measured 1.76 1.85 1.82 1.82
EAD Measured 1.60 1.63 N/A 1.62
UNM Calculated N/A N/A N/A 1.39
Total Dose Rate (mrem/h)
TLD Measured 0 O O 1.92
UNM Calculated O 0 1.56
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8.1.2 Single Cylinder Radiation Surveys at UUSA

UUSA performed radiation surveys at their facilityr the filled feed and tails
cylinders and empty feed cylinders using the TheBui@ntific MicroRem Dose Rate Meter
[TFSI 2007] to measure the photon dose rates. eT8d provides the typical observed
results from the UUSA radiation surveys, which esgnt photon dose rates at contact, 1 ft
(30.48 cm) and 3 ft (91.44 cm) from the cylinderface [Parish 2013b]. Measurement
uncertainties were unavailable. It was uncleanrdtnown whether the contributions from
the adjacent cylinders in storage were includethereadings. Comparison with the TLD
and EAD measurements shows higher readings at actofiam the radiation surveys,
implying possible additional contributions from adgnt cylinders. Accordingly, these
readings might not be characteristic of the dosesréor a single cylinder, and should be used
with caution.

The UUSA radiation survey exhibits much higher pimoteadings as compared to the
UNM calculation (included in Table 8-3 in red inrpatheses) and other more reliable
measurements. Without the knowledge of the exarstey conditions and reliability of the
measurements, no conclusion could be drawn fronsuheey data.

In addition, there is a large discrepancy in theSAradiation survey for the filled
tails cylinders. The photon dose rate is highantthat for a filled feed cylinder by a factor
of about 2. This difference is possible only ietm-growth time for the feed cylinder is
relatively short. As the radiation survey data aot the dose of legal record and its
discrepancy from the calculation and other measen¢sncannot be quantified, they are

included in Table 8-3 for information purposes only
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Table 8-3 Comparison with Photon Radiation Surveys at UUSA

(Black numbers — UUSA Surveys and Red Numbers in Parentheses — UNM Calculations*)

Description Filled Feed Filled Tails Empty Feed
Dose Rate at Contact (mrem/h) (13_503) (1203) (23196)
Dose Rate at 1 ft (mrem/h) (01_659) (02_609) (112§S)
Dose Rate at 3 ft (mrem/h) (0%53) (01_5303) (6?1)

*UNM calculated dose rates (in red) from this research for the slumped source geometry

8.1.3 Single Tails Cylinder Measurements at Capeninst
The URENCO Capenhurst site in the United KingdonK)performed radiation

measurements for an isolated single 48Y tails dginin 2003 [AREVA 2003c, 89]. The
measured data were used in the derivation of theNRI@Qormalization factors for both
neutrons and photons to account for uncertainhd8EVA 2003c]. For comparison, the

measurement data for a single tails cylinder ao@igded in Table 8-4 at contact, 1 mand 2 m
from the side of the cylinder and compared with thiéM calculated dose rates (in red) for
the slumped source geometry. The tails assay sssreed to be the typical value of 0.3%
U-235. The readings included ground scatteringeutfdbn measurement uncertainties with

the NE Technology NM2B neutron dose rate meter viiga — as much as £100%. The

photon measurement detector and uncertainties wereailable.

Table 8-4 Comparison with Single Tails Cylinder Measurements at Capenhurst

(Black numbers — UK Measurements and Red Numbers in Parentheses — UNM Calculations)

Description Neutron* Photon**
Dose Rate at Contact (mrem/h) (8(138) (11.é23)
Dose Rate at 1 m (mrem/h) (883) (822)
Dose Rate at 2 m (mrem/h) (0%0114) N/A

*UNM calculated neutron dose rate (in red) adjusted from the feed results in Table E-3 for Tails

*UNM calculated photon dose rate (in red) based on the feed results in Table E-8
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The UNM calculated neutron dose rates are in esgellagreement with the
Capenhurst measurements at contact and 1 m. Theunmeel and calculated neutron dose
rates at 2 m also agree to the second decimal.plRedative to a filled feed cylinder, the
filled tails cylinder exhibits a lower neutron dosge as expected, because of a lower U-235
concentration in wt %.

The Capenhurst measurements show a surface desaf rh2 mrem/h photon which
is fairly consistent with the UNM calculation. Hewer, the Capenhurst measured photon
dose rate of 0.65 mrem/h at 1 m appears to be taveds based on the expected geometric
attenuation factor from the surface to 1 m.

8.1.4 Single Feed Cylinder Measurements at Cameco

Measured neutron and photon dose rates are awaifiabh test feed cylinder at the
Cameco conversion facility. Cameco used the highsisivity He-3 Meridian Neutron
Monitor Model 5085 from Far West Technology Incr fieutron measurements [Cameco
2009, 82.2], and a Bicron microsievert meter footph measurements [Cameco 2009,
§2.2.4]. Table 8-5 provides the measured datamtiact, 1 m, 5 m and 10 m from the side
and end of the cylinder [Cameco 2009, Table 2.2{8hg with the UNM calculated dose
rates in parentheses in red. The readings inclugtedind scattering. Measurement
uncertainties were stated for the photon-to-neutlase ratios at 20% or less at contact and 1
m, but larger uncertainties at greater distancés guestionable reliability.

The UNM calculated dose rates agree reasonablywiil] or are more conservative
than, the Cameco measurements for both photonsantions at contact and 1 m. The
photon readings at 5 m appear to be anomalous eayatlues are inconsistent with the

expected dose reduction with distance when compi@rexther reliable measurements and
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calculations. The larger discrepancy at greatstadces (5 and 10 m) is attributable to the
measurement uncertainties as stated in the Carepootr

Table 8-5 Single Feed Cylinder Measurements at Cameco

(Black numbers — Cameco Measurements and Red Numbers in Parentheses — UNM Calculations)

Distance (m) Dose Rate (mrem/h)
Neutron* Photon** P/N Ratio
From Side of Cylinder
0.163 1.04 6
Contact (0.02) (0.160) (1.33) (8.3)
1 0.052 0.387 7
(0.046) (0.332) (7.2)
5 0.0048 0.0865 18
(0.0052) (0.0410) (7.9)
10 0.0007 0.0115 16
(0.0014) (0.0112) (8.0)
From End of Cylinder
0.148 1.086 7
Contact (0.02) (0.163) (1.46) (9.0)
1 0.027 0.237 9
(0.027) (0.249) (9.2)
5 0.0024 0.085 3
(0.0021) (0.0156) (7.4)
<0.001 <0.001
10 (<0.001) (0.0040) N/A

*UNM calculated neutron dose rate from Table E-3 for the slumped source geometry
*UNM calculated photon dose rate from Table E-8 for the slumped source geometry

8.2 CALCULATED DOSE RATES FOR SINGLE CYLINDERS

There are three independent MCNP calculationshefdose response for a single
cylinder performed at UUSA, Urenco Deutschland (Uf)d Cameco. The following
subsections describe the results of each calcolaind comparison with the UNM
calculation:
8.2.1 UUSA Calculation
CALC-S-142 [UUSA 2013c] documents the calculatidntloe dose rate as a function of
distance from the surface of a single filled fegtincler, including both neutron and photon

components. The calculation used the ANSI/ANS161077 flux-to-dose rate conversion
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factors to convert the particle flux to the doste fia units of mrem/h or rem/h. This version
of the conversion factors is conservative (relativéhe newer ANSI/ANS-6.1.1-1991), and
compliant with 10 CFR 20 (Section 4.4.4 in Chagter

Table 8-6 compares the nominal MCNP calculated dateresults as a function of
distance for a single filled feed cylinder betwabe UNM and UUSA calculations. The
distance is measured from the side surface of {fieder. For direct comparison, the
calculations excluded scattering from the concpad, and the source model assumed a
uniform distribution over the entire internal volanof the cylinder rather than the actual

geometry with ~61% fill volume. In addition, angnowth period of 1 year was assumed for

the uranium progeny to reach secular equilibrivomsgstent with other calculations.

Table 8-6 UNM and UUSA MCNP Calculated Dose Rates for a Single 48Y Filled Feed Cylinder

Distance Radial Dose Rate (mrem/h) UNM/UUSA Ratio
(m) UNM* UUSA
Neutron Photon Neutron Photon Neutron Photon
0 1.590E-01 1.375E+00 1.58E-01 1.47E+00 1.01 0.94
0.3 9.314E-02 8.442E-01 8.91E-02 8.89E-01 1.05 0.95
1 4.499E-02 4.308E-01 4.33E-02 451E-01 1.04 0.96
2 2.155E-02 2.140E-01 2.07E-02 2.24E-01 1.04 0.96
5 5.355E-03 5.304E-02 5.22E-03 5.59E-02 1.03 0.95
10 1.590E-03 1.498E-02 1.54E-03 1.58E-02 1.03 0.95
20 4.580E-04 3.855E-03 4.46E-04 4.18E-03 1.03 0.92
50 9.212E-05 6.101E-04 9.01E-05 6.77E-04 1.02 0.90
100 2.670E-05 1.389E-04 2.62E-05 1.59E-04 1.02 0.87
200 6.198E-06 2.594E-05 5.93E-06 3.05E-05 1.05 0.85

*From Table E-3 for neutrons and Table E-8 for photons for the homogenized geometry

The UNM calculation produced a slightly higher meatdose rate but a lower photon

dose rate than the UUSA calculation. Both UNM &HdiISA calculations used the radiation

source terms generated with ORIGEN-S in the SCALE26code package. However, the

source terms were associated with different engrgyp structures for both neutrons and
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photons, contributing to the minor differenceshe tlose rate results. These differences are
within the typical calculational uncertainty.
8.2.2 UD Calculation

The UD calculation (UD 2002) was performed in a ma&ansimilar to the UNM
calculation with the concrete scattering effecuded, which is particularly significant for
the neutron dose. Table 8-7 provides the UD catedl results on the side of the cylinder.
The UNM calculated results are included in paresglsdor comparison purposes.

The comparison shows that the UNM calculated phodase rates are more
conservative, especially for the empty feed cylisde There is a large difference in the
neutron dose rates, which could be attributable the different neutron source
strength/energy spectrum and dose conversion RGORP 34 [similar to ICRP 74]) used in
the UD calculation. Relative to the UNM calculaiso the UD calculated neutron dose rates
are more conservative but deviate from the meastaga in Table 8-4 for the tail cylinder

and Table 8-5 for the feed cylinder.

Table 8-7 UNM and UD MCNP Calculated Dose Rates for a Single 48Y Cylinder*

(Black numbers — UD Calculations and Red Numbers in Parentheses — UNM Calculations)

Distance (m) Filled Feed (mrem/h) Filled Tails (mrem/h) Empty Feed (mrem/h)

Neutron Photon Neutron Photon Photon

05 0.143 0.461 0.087 0.453 5.63

) (0.084) (0.76) (0.055) (0.76) (11.0)

1 0.094 0.290 0.057 0.286 3.41
(0.059) (0.46) (0.039) (0.46) (6.11)

4 0.016 0.051 0.010 0.055 0.73
(0.012) (0.094) (0.008) (0.094) (1.20)

*Source: [UD 2002, 8§8] for UD calculation.

Note — Values in parentheses are from the UNM calculation
interpolated from Table E-3 for filled feed neutron, Table E-8 for filled feed photon and Table E-13 for empty

photon. Tails doses were scaled from feed doses.
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8.2.3 Cameco Calculation

The Cameco calculation (Cameco 2009) was perforimesd manner similar to the
UUSA calculation without concrete or ground scatigr but just for the neutron dose rates
from a test feed cylinder. Table 8-8 provides @@meco calculated neutron dose rates on
the side of the cylinder, along with the corresppgdUNM calculated results for
comparison.

The UNM calculation is consistently more consematfhigher dose rates) than the
Cameco calculation at all distances. The Camectrare source strength is 5.0X1(lso
used by UD) vs. 4.98 x2@/s in the UNM calculation for a filled feed cydier, a difference
of only 0.4%, but the neutron source energy spettisiunavailable for comparison. The
lower Cameco neutron dose rates could be due tibeaetht neutron source energy spectrum
and the use of the ICRP 74 dose conversion. Tdmgparison validates the conservatism that

exists in the UNM neutron dose rate calculations.

Table 8-8 Comparison with Single Filled Feed Cylinder Neutron Dose Rates at Cameco*

Distance Neutron Dose Rate (mrem/h) Dose Ratio

(m) UNM* Cameco** UNM/Cameco
0 1.59E-01 1.42E-01 1.12
1 4.50E-02 4.01E-02 1.12

5 5.36E-03 4.77E-03 1.12

10 1.59E-03 1.42E-03 1.12

20 4.58E-04 4.05E-04 1.13

50 9.21E-05 7.81E-05 1.18

100 2.67E-05 1.98E-05 1.35

*From Table E-5 in Appendix E without ground scattering
**Source: Cameco 2009, Table 4.2-1

8.3 SUMMARY OF SINGLE CYLINDER COMPARISON
For a filled feed cylinder, the UNM calculated doates agree reasonably well with

the Cameco measurements for both photons and neusitocontact and 1 m. The UUSA
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TLD measurement shows a higher photon reading tthetJNM calculated result possibly
due to minor contributions from the adjacent cyéirs] but within the uncertainties of 20%
acceptable to the health physics community. Itlmanleduced from the comparison that the
calculated and measured dose rates for a singd fiéed cylinder are in good agreement for
both photons and neutrons.

The filled tails cylinders should have approximgtitle same photon dose rates as the
filled feed cylinders for a given in-growth timerfthe uranium progeny, as confirmed by the
UNM calculation and UUSA TLD measurements. The €dqurst measurements show a
surface dose rate of 1.2 mrem/h photon which ityfabnsistent with the UNM calculation.
The UNM calculated neutron dose rates are in escelagreement with the Capenhurst
measurements, but more conservative than the UUSAmeasurements. The dose rate of
0.46 mrem/h at 1 m from a single tails cylinderregorted in ANL/EAD/TM-112 [ANL
2001, Table 5.4] also supported the UNM calculation

For an empty feed cylinder, the UNM calculated dostes are conservative as
compared to the UD calculation and the values ami®m/h at contact and 1 mrem/h at 1 m
cited in the UUSA Safety Analysis Report [UUSA 2@l13able 4.1-2]. In addition, the
UNM calculation is in reasonable agreement with théSA radiation survey (excluding the
possible peaking effect at contact due to locabdip of the uranium progeny).

In summary, the UNM calculation for a single filléekd cylinder and a single filled
tails cylinder is in satisfactory agreement withe timneasurements and other reliable
independent calculations. This agreement valid#tes physical model (geometry and
material), neutron and photon source terms, dosgersion factors and nuclear data used.

The UNM calculation for an empty feed cylinder isneervative relative to the UD
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calculation and the UUSA SAR values, but fairly sistent with the UUSA radiation
surveys after discounting localized peaks.
8.4 UUSA UBC STORAGE PAD MEASUREMENTS AND CALCULATI ON

The comparisons addressed in Sections 8.1 througha& limited to a single
cylinder. The dose validation for a single cylind®nfirms that the cylinder geometry,
materials, radiation source terms, dose converdamiors nuclear data used in the
calculations are appropriate and acceptable.

Additional validation is necessary to demonstrdtat the indirect Monte Carlo
simulation approach developed and used in thisarebds also favorable. For this purpose,
field radiation measurements were made at the UWEC Storage Pad, and a dose
calculation was performed for comparison with theasurements. The measurements and
calculation covered photons only, as the neutroseds relatively small (see Table 4-5 in
Chapter 4), especially for filled tails cylinders.

8.4.1 UBC Storage Pad Measurements

As part of the radiation monitoring program to main ALARA doses to workers
and the general public, UUSA routinely conductsiaaon surveys within and around the
UBC Storage Pad on a monthly basis. The survegslianited to photon doses, as the
neutron dose level is relatively low at the curnenentory.

For validation purposes, the author performed @halose rate measurements at
various locations outside the radiologically coléd area south of the restricted area
boundary (RAB). The designation of the RAB is tbe convenience of identifying the
boundary and reference point for dimensional meamsants rather than for actual posting as

used at the UUSA site.
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With the support from UUSA, the author conducteiichl survey at the UUSA site
in Eunice, New Mexico on April 16 and 17, 2014,ngsthe Thermo Scientific Interceptor
[TFSI 2009] checked out from the UNM and Thermoe&tific MicroRem Dose Rate Meter
[TFSI 2007] available at UUSA. The UUSA detectasicalibrated with records, while the
UNM detector lacked the calibration data. Bothed#irs gave the photon dose rate readings
in units ofyrem/h. The background readings were negligiblepwarting to <lurem/h for
the UNM detector and 0jem/h for the UUSA detector.

Preliminary readings were taken on April 16, 2@sfhg the UUSA MicroRem Dose
Rate Meter. The measured photon dose rates were8B®0and 70urem/h at three
representative locations along the RAB.

The readings taken with the UNM and UUSA detectons April 17, 2014 are
presented in Table 8-9. Note that the UUSA detdsta meter type with readings rounded
to the nearest fives, while digital readings asdily available from the UNM detector.

The UNM and UUSA readings are generally in goodeament, considering the
reading round-off for the UUSA meter-type detectdihe peak UNM reading of 7@&em/h
near the centerline of the RAB is due to a large igathe middle of the storage pad which
causes more radiation streaming around the cylinaied a higher dose.

With the reasonable agreement between the UNM @d8A readings, only the

UNM readings are used for comparison with the dated dose rates (Section 8.4.2).
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Table 8-9 Photon Measurements at UUSA UBC Storage Pad

Detector Distance Distance from UNM Reading UUSA Reading
Point from RAB (ft) Centerline (ft) (nrem/h) (nrem/h)
A 0 -220 55 50
B 0 -165 54 60
C 0 -110 56 50
D 0 -55 56 60
E 0 0 78 70
F 0 55 58 60
G 0 110 53 50
H 0 165 54 50
I 0 220 52 50
J 50 0 42 40
K 100 0 27 30
L 100 50 26 30
M 100 100 28 25
N 150 0 21 20
O 150 100 21 20

45 ft Separation between South Cylinder Edge and RAB
Restricted Area Boundary (RAB)

A B Cc D E F G H |
55/50 54/60 56/50 56/60 78/70 58/60 53/50 54/50 52/50

42140 (50 ft from RAB)

K L M
27/30 26/30 28/25 (100 ft from RAB)

A to O - Detector Locations

UNM/UUSA Photon Dose Rate Readings (Mrem/h)
(0]
Not to Scale 21/20 21/20 (150 ft from RAB)
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8.4.2 UBC Storage Pad Dose Calculation

For comparison with the measured photon dose edtdbee UUSA UBC Storage Pad,
the indirect Monte Carlo simulation approach depetbin Chapter 5 was applied here to
calculate the corresponding dose rates. The e@dioanl simulated the actual configuration
and conditions of the UBC Storage Pad as closelpassible to make reasonable dose
estimates. Table 8-10 compares the model and péeasrused in this calculation with those
selected for the case study in Chapter 5 includinglarities and differences.

Figure 8-1 depicts the geometric model construdtedvalidation use. The total
number of cylinders considered was 1,608 in a destdcked array [101x8 (bottom) and
100x8 (top)], consistent with the approximate ineen at the time of measurements. This
model closely simulated the quantity and arrangeérmataylinders that existed at the time of
measurements. The spacing (both radial and dxéyeen the cylinders reflected the field
dimensional measurements. The ground clearandddocylinders was measured to be 3.5
in. (~9 cm) which was used for the validation modeisus 6 in. used in the case study (see
Table 8-10). A reflective boundary was placedtios west side (Y axis) to take advantage
of geometric symmetry and thus, only 804 cylindeese included in the model.

The UBC Storage Pad contains both filled feed &hed tails cylinders. For
validation, all the cylinders were assumed to lledifeed cylinders. This assumption is
reasonable, as the photon doses are practicallyséime for feed and tails material.
Moreover, each cylinder was filled to a maximumteom of 12,501 kg Ug In actuality, the
cylinder fill content is typically less than the ri@um capacity. A test MCNP run for a

single feed cylinder with 10,000 kg WBhows that there is no appreciable change in the
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average contact dose rate on the external surfabe @ylinder, as the smaller source due to
less UK is offset by the weaker self-shielding effectedgd Uk.

The indirect Monte Carlo simulation approach diésct in Section 5.4 was applied
here to calculate the photon dose rates at thetdet®cations. The source importance for
source position biasing was based on the 30x3§ data provided in Table 5-2 in Chapter 5
for the radial direction. The radial source impode data are applicable to the axial
direction after testing and experimentation. Tke of the axial importance data tended to
provide an over-biased distribution with negatingacts on statistics.

As for the case study, the MCNP5, v1.60 code wagl@yed for dose calculations in
two steps — the first step for writing a surfacarse file and the second step for producing a
mesh tally. Appendix J lists the MCNP input andpon files created plus other pertinent
information such as CPU time taken, number of hissoprocessed and tracks written. The
input listing is also included in Appendix J.

Table 8-11 provides the MCNP calculated photonedade results together with
comparison with the measurements from the UNM detezadings. At the RAB, the
calculated dose rates are consistently higher thanmeasured values by a factor in the
neighborhood of 2. The difference becomes smalles0 ft (~15 m) from the RAB and
beyond. It needs to be pointed out that the remdiat the RAB were at the cylinder
centerlines where the doses could be lower. Aimpneary measurement with the UUSA
MicroRem Dose Rate Meter on April 16, 2014 showadagerage photon dose rate of 80
urem/h at the RAB (average of 90, 80 andurém/h at three representative locations along
the RAB). This measurement was more suitable forctl comparison with the MCNP

calculation which scored an average tally over ahmadement, resulting in a calculation-to-
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measurement (C/M) ratio of approximately 1.5. sT@VM ratio is consistent with the dose
ratio between the homogenized and slumped souromefey for a single cylinder in the
axial direction (Table E-8 in Appendix E). Corriect of the calculated dose rates for the
slumped source geometry would lead to a satisfaetgreement between the calculation and
measurement for the cylinder array.

The comparison proves that the homogenized sowometry used in the validation
model is conservative and the dose ratio decregisleslistance as concluded from the single
cylinder evaluation (Table E-8 in Appendix E). tharmore, the indirect Monte Carlo
simulation approach is efficient and suitable foe tenvironmental dose assessment with

reasonable confidence.
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Table 8-10 Comparison between Case Study and UBC Storage Pad Calculation

Description Case Study UBC Calculation
Cylinder Array Square Rectangular
Array Size 10x10, 30x30 & 100x100 100x8
Stacking Single, double & triple Double
Cylinder End Orientation North - south Same

Receptor Direction

Radial (east side)

Axial (south side)

Cylinder Type

48Y filled feed cylinders

Same

Cylinder CTC* Radial Spacing

5 ft

5.5 ft (actual)

Cylinder CTC Axial Spacing 16 ft 14.5 ft (actual)
Aisle Way No Yes

Cylinder Ground Clearance 6 in. 3.5in. (actual)
Vertical Overlap between Cylinders None Same

UF¢ Source Geometry Homogenized Same
Concrete Pad Simulated by soil Same

Ground scattering Included Same

Photon Source Energy Spectrum Partial (important groups) Same
Flux-to-dose-rate Conversion Factors ANSI/ANS-6.1.1-1977 Same

Source Position Biasing

Radial importance in
Tables 5-1 & 5-2 used

Radial importance in
Table 5-2 used
(applicable to axial)

Biased distribution in Table

Source Energy Biasing 5.4 used Same
Source Direction Biasing See Section 5.3.3 Same
Monte Carlo Simulation Two-step process Same

*Center-to-Center
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Figure 8-1 UUSA UBC Storage Pad Validation Model
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Table 8-11 Comparison with Photon Measurements at UUSA UBC Storage Pad

Detector Distance Distance from UNM UNM
Point from RAB (ft) | Centerline (ft) Measured - M| Calculated — C M
(urem/h) (Mrem/h)*
A 0 -220 55 116 (0.070) 211
B 0 -165 54 123 (0.030) 2.28
C 0 -110 56 123 (0.028) 2.20
D 0 -55 56 125 (0.029) 2.23
E 0 0 78 128 (0.045) 1.64
F 0 55 58 125 (0.029) 2.16
G 0 110 53 123 (0.028) 2.32
H 0 165 54 123 (0.030) 2.28
| 0 220 52 116 (0.070) 2.23
J 50 0 42 58 (0.041) 1.38
K 100 0 27 33 (0.053) 1.22
L 100 50 26 38 (0.058) 1.46
M 100 100 28 33 (0.050) 1.18
N 150 0 21 26 (0.070) 1.24
O] 150 100 21 25 (0.098) 1.19
*Relative error in parentheses
Row A North Cylinder Edge
Row B
Row C
Row D UBC Storage Pad
Row E 100x8 Array - Approximate
Row F Double Stacking
Row G
Row H South Cylinder Edge
45 ft Separation between South Cylinder Edge and RAB
Restricted Area Boundary (RAB)
A B C D E F G H |
55/116 54/123 56/123 56/125 78/128 58/125 53/123 54/123 52/116
J
42/58 (50 ft from RAB)
K L M
27/33 26/38 28/33 (200 ft from RAB)
A to O - Detector Locations
Measured/Calculated Photon Dose Rate (Urem/h)
N O
Not to Scale 21/26 21/25 (150 ft from RAB)
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9. CONCLUSIONS AND FUTURE WORK

This research completed the full scope of workaarfsequential distinct phases as
defined Section 1.2 — UYFsource term development (Phase 1), single cylindiese
evaluation (Phase 2), multiple cylinder dose assens (Phase 3), and validation (Phase 4).
Based on the conclusions reached in this chapher, efforts met the objectives of
substantially improving the Monte Carlo computasibefficiency for dose simulations, and
supporting onsite storage management of thinders as set forth in Section 1.1. Future
related work is recommended for further developnaeat enhancement.

9.1 CONCLUSIONS ON SOURCE TERMS

UFs emits neutron and photon radiation. The neutounce arises from spontaneous
fission of uranium isotopes and,(n) reactions with fluorine, and the photon souwroees
from gamma-rays, X-rays and bremsstrahlung emfttad uranium isotopes and their decay
products. As generated with the ORIGEN-S modulS@ALE 6.1.2, theses source terms
are necessary for the single cylinder dose evalaind multiple cylinder dose assessment.
Both sources are dependent on the U-235 concemtratith more sensitivity for neutrons
than for photons because of the contributimgn) component.

The source terms are different for filled and egmptlinders. The former with both
neutron and photon sources contains filfed at or near the allowable capacity, while th
latter with the photon source only retains residwlioactivity of the progeny following
separation from uranium. The neutron source i tindependent, whereas the photon
source changes with time. For filled cylindersg Huildup of the daughter products from the

decay of uranium isotopes reaches an equilibriuatgrhsource after an in-growth time of
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one year. For empty cylinders, the photon sousssags rapidly with time after emptying.
However, the freshly emptied feed cylinders reqspecial attention because of their dose
impacts due to the absence ofgUér self-shielding.

9.2 CONCLUSIONS ON SINGLE CYLINDER DOSE EVALUATION

For a filled feed or tails cylinder, the typicalesage contact dose rate on the external
surface is about 2 mrem/h (~90% photon). The didéled feed cylinders is bounding for
dose assessment, as the feed dose is slightlyrhilghe the tails dose. A freshly emptied
feed cylinder with residual activity from the uram progeny gives a dose rate of about 20
mrem/h (100% photons) at contact. The dose éiffee by one order of magnitude between
the filled and empty cylinders affects storage ngemaent, and must be addressed in the
multiple cylinder dose assessment.

The single cylinder dose evaluation with  MCNP5, 6@l.concludes that it is
conservative to use the homogenized source georfmtrgose calculations to satisfy the
regulatory preference. The concrete pad can belaied by dry soil with an inconsequential
effect on the photon doses, but with conservatesults for the neutron doses which are
acceptable because of a relatively small neutrampoment of the total dose. Ground
scattering may increase or decrease the resulegsddepending on distances, and needs to
be considered in the model for dose calculatioi®condary photon contributions from
neutron interactions are negligible, and thus earmghored. The dose conversion factors
from the ANSI/ANS-6.1.1-1977 standard are apprdpria use for regulatory compliance

and for comparison of ambient dose equivalents miglasurements.
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9.3 CONCLUSIONS ON MULTIPLE CYLINDER DOSE ASSESSMENT

An efficient indirect Monte Carlo simulation appih using MCNP5, v1.60 was
developed for multiple cylinder dose assessmett,agplied to the case study and validation
model for proof of viability. The indirect simulah involved a two-step process with the
first step to write a surface source file for useaastarting source in the second step to
produce a mesh tally of the dose results and assaolcielative errors. The first step modeled
each individual cylinder explicitly using the repead structure feature. The model for the
second step was fairly simple, consisting of a lblaox containing all cylinders and the
surrounding air and soil.

The first-step process incorporated source impoearbiasing for better
computational efficiency. Source energy and dioecbiasing applied to both neutrons and
photons. The photon source included an additisnaéme for position biasing, which was
found unnecessary for neutrons. The photon sampertance data with respect to position
were generated with MAVRIC for the 10x10 and 30%3fays in two-high geometry. These
data are applicable to other arrays and stackimgngements by approximations and
extrapolations. The radial importance data are akeful for the axial direction to avoid
over-biasing and consideration of detector-depenidgoortance data.

The case study using the indirect Monte Carlo fatmn approach covered 10x10,
30x30 and 100x100 arrays of filled feed cylinderone-, two- and three-high geometry to
investigate the dose trend and sensitivity to gg@m@apacity and arrangements. All the cases
achieved satisfactory statistics within reasonaol@puter times. The neutron calculations

required less time than the photon calculationsitive of less UE self-shielding effect.
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The results of the case study for filled cylindsh®w that the dose is more sensitive
to the array size than stacking, and stacking ghlii beneficial for boosting the storage
capacity within a given footprint from a dose impperspective. The array size and stacking
also affects the setback distance requirements fthen site boundary for regulatory
compliance. As deduced from the case study, tlseeeesimple relation between cylinder
number and stacking and the required boundary rdista Increasing the array size from
10x10 to 30x30 and 30x30 to 100x100 moves the @&tbdose 70 m and 120 m, respectively
further away from the edge of the array, regardidshe stacking configurations. Stacking
will increase the setback distance by 20 m from tongvo high, and another 10 m from two
to three high (30 m total from one to three highdlependent of the array size.

Co-location of empty feed cylinders with filled li;yers on the storage pad must
consider their dose impacts. For dose assessare®iuivalent number of freshly emptied
cylinders may be conservatively used in lieu of heamdividual cylinder with a time-
dependent photon source to simplify the analytmablel. The equivalent number of fresh
empties is relatively small, typically representiegs than 1% of the total inventory on the
storage pad. However their dose contributiongsificant. A comparison of a 10x10 array
of fresh empties and 100x100 array of filled cyknéh triple stacking shows that the smaller
empty array gives higher photon dose rates tharfilted array at close-in distances (less
than 100 m) with diminishing but still significacbntributions beyond 100 m. Dose impacts
from empties can be minimized by means of stratptaicement of empties on the storage
pad with sufficient shielding by the surroundintiefil cylinders, or segregation in a separate

storage area where environmental doses are notivedlgampacted.
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9.4 CONCLUSIONS ON VALIDATION

Comparison of the direct (once-through) and #extir (two-step) Monte Carlo
simulation methods indicates that the two-step ggeds a powerful approach for problems
with multiple sources even without specific soubtasing. For the triple-stacked 100x100
filled cylinder array, the unbiased (no positionasing) two-step neutron calculation
improved the computational efficiency in terms loé tFOM over the once-through process
by better than one order of magnitude at envirortaldncations. Source position biasing
was unnecessary for neutrons because of poor meattenuation by U The photon
calculations required the source position biasmfutther improve computational efficiency.
The overall improvement in the FOM achieved with thased two-step process for photons
was one to two orders of magnitude, depending stanices. Comparison with the UUSA
calculation for a triple-stacked array with over,®® cylinders also shows that the indirect
Monte Carlo simulation approach improved the FOMssantially (on the order of 500) at
the selected environmental locations.

Additional efficiency in terms of resource (laband computer) utilization is
achievable by using the results from the singlekstalculation to quickly estimate the doses
for the double and triple stacks without detailedcalations. For accuracy, appropriate
correction factors must be incorporated into thereded doses to account for the increase in
the dose contribution from the top surface of tlyinder-containing box. At typical
environmental locations, the correction factor anteuto 1.2 for neutrons and 1.1 for
photons.

On validation of the dose simulations, the UNMcoddtion for a single filled feed

cylinder and a single filled tails cylinder is iatsfactory agreement with the measurements
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and other reliable independent calculations. Hgsement validates the physical model
(geometry and material), neutron and photon sotecms, dose conversion factors and
nuclear data used. The UNM calculation for an gnfiged cylinder is conservative relative
to the UD calculation and the UUSA SAR values, faitly consistent with the UUSA
radiation surveys after discounting localized peaks

The dose simulation with the indirect Monte Caalgproach for the UUSA UBC
Storage Pad that existed as of April 2014 prodummtservative (higher) photon results as
compared to the field measurements. The consemasi due mainly to the assumption of
the homogenized source geometry forgUR filled cylinders. Correction for the more
realistic slumped source geometry brought the tatied photon dose rates in line with the
measured data, validating the efficiency and aayurd the approach and data used in the
cylinder array dose assessment with reasonabledeniti.
9.5 FUTURE WORK

As a result of this research, the following futustated work is worthwhile and
recommended to complement or supplement the aceshmpgnts to date:

1. Neutron Measurements This research validated the cylinder array dfige

photons only, because of a relatively small neutomponent of the total dose
rate at the existing UUSA Enrichment facility. Asre cylinders are added onto
the storage pad, the neutron component may be letf than the photon
component, but becomes increasingly important eslhe@t the environmental

locations where skyshine radiation is of conceNeutron measurements with a
calibrated neutron detector will be beneficial tataon the data for validation of

neutron dose calculations for a cylinder array.
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2.

5.

Differential Measurements The measured data used in Sections 8.1 an®B.4 f

comparison with the calculations are from integnaglasurements of the doses for
all energy groups. Differential measurements withvide the energy spectrum
data for comparison with the calculated energy speas the dose conversion
factors are energy dependent and affect the regudbses.

Case Study for Rectangular ArrayThe case study considered in this research

used a square storage array (in terms of cylindantity) to explore the dose
sensitivity to the array size and stacking arrang@mand determine the setback
distances from the site boundary. Although thailtedor the square array are
expected to be applicable to the rectangular arssg at UUSA, confirmation by

additional calculations is desirable and useful.

Dose Trending- The dose increase with more cylinders placecerstorage pad
may not be appreciable from month to month, butukhbe noticeable from year
to year. Validation of the dose simulations owyearly basis is valuable to
establish a clear dose trend as the storage inyeimreases with time.

Areas of Applicability — The indirect Monte Carlo simulation approach is

applicable to other shielding problems with multigources such as radwaste
storage yards, spent nuclear fuel dry storage aasly and high-capacity nuclear
fuel transportation casks. Extension of the appilbim of this approach to other

related areas is worth investigating.
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APPENDICES

This document contains the following appendices:

APPENDIX A

APPENDIX B

APPENDIX C

APPENDIX D

APPENDIX E
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ORIGEN-S COMPUTER FILES AND SAMPLE INPU
NEUTRON AND PHOTON SOURCE DATA
FLUX-TO-DOSE RATE CONVERSION FACTORS

MCNP COMPUTER FILES FOR SINGLE CYLINDER
CALCULATED DOSE RATES FOR SINGLE CYLINERS
MAVRIC COMPUTER FILES AND INPUT LISTING

MCNP COMPUTER FILES FOR FILLED CYLINDERRRAY
MCNP DOSE RATE MAPS AND RELATIVE ERRORS
EMPTY FEED CYLINDER DOSE ASSESSMENT

UUSA UBC STORAGE PAD DOSE CALCULATION
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APPENDIX A

A.1  ORIGEN-S CASES AND COMPUTER FILES

ORIGEN-S COMPUTER FILES AND SAMPLE INPUT

Table A-1 lists the ORIGEN-S computer files usedyenerate the UF6 neutron and

photon source terms for filled tails and feed ayéirs. The ORIGEN-S cases for an empty

feed cylinder are listed in Table A-2.

Table A-1 ORIGEN-S Case Description and Computer Files for Filled Tails and Feed Cylinders

Case Description Input File* Output File*
1 Tails UFg (0.2% U-235) with UO, brem du2.inp du2.out
2 Tails UFg (0.2% U-235) without brem du2_n.inp du2_n.out
3 Tails UFg (0.3% U-235) with UO, brem du3.inp du3.out
4 Tails UFg (0.3% U-235) without brem du3_n.inp du3_n.out
5 Tails UFg (0.4% U-235) with UO, brem dud.inp du4.out
6 Tails UFg (0.4% U-235) without brem du4_n.inp du4_n.out
7 Tails UFg (0.5% U-235) with UO, brem du5.inp du5.out
8 Tails UFg (0.5% U-235) without brem du5_n.inp du5_n.out
9 Feed UF¢ (0.711% U-235) with UO, brem nu.inp nu.out
10 Feed UF¢ (0.711% U-235) without brem nu_n.inp nu_n.out

*du denotes the symbol for depleted U, and nu for natural U.

Table A-2 ORIGEN-S Case Description and Computer Files for Empty Feed Cylinders

Case Description Input File Output File
1 Progeny inventory calculation nul.inp nu2.out
2 Progeny photon source calculation nu2.inp nu2.out
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A.2 SAMPLE ORIGEN-S INPUT LISITNG

The representative cases selected for listing@sample ORIGEN-S input files
include the following:

e Filenu.inp— Feed UE(0.711% U-235) with U@brem (8A.2.1)

e File nu_n.inp— Feed UE(0.711% U-235) without U@brem (8A.2.2)

e File nul.inp— Progeny inventory for empty feed cylinder (88)2.

e File nu2.inp— Progeny photon source for empty feed cylindérZ&)

A.2.1 Input File nu.inp — Natural Uranium with UO , Bremsstrahlung

=origen

0%$$ all71e

1$$ 1t

NATURAL UF6 RADIATION SOURCE TERMS PER KG OF UF6

3$$ 2101-88a162a320-88et

35880t

54$$a91all2e

56$$02a52al3553021e

95$$ 0t

NATURAL UF6 (0.711% U-235 in U) RADIATION SOURCE TE RMS
PER KG OF UF6 (UO2 BREMSSTRAHLUNG)

60** 0 1

61** 2r1.0E+99 3r1.0E-40 2r1.0E+99

65$$2721000000¢e

73$$ 922340 922350 922360 922380 90 190
74** 3.6122E-02 4.8076E+00 2.2115E-02 6.7132E+02 3. 2382E+02
75%%4r21e

81%$20261e

82%%f2e

t

56$$ fO t

end

A.2.2 Input File nu.inp — Natural Uranium without UO , Bremsstrahlung

=origen

0%$$ all71e

1$$ 1t

NATURAL UF6 RADIATION SOURCE TERMS PER KG OF UF6

3$$ 2101-88al162a320-88et

35880t

54$$a91all2e

56$$02a52al3553021e

95%$ 0t

NATURAL UF6 (0.711% U-235 in U) RADIATION SOURCE TE RMS

192

www.manaraa.com



PER KG OF UF6 (NO BREMSSTRAHLUNG)

60** 0 1

61** 2r1.0E+99 3r1.0E-40 2r1.0E+99

65$$2721000000¢e

73%%$ 922340 922350 922360 922380 90 190
74** 3.6122E-02 4.8076E+00 2.2115E-02 6.7132E+02 3. 2382E+02
75%%4r2 1 e

81$%$20231e

82%$f2e

t

563%$ fO t

end

A.2.3 Input File nul.inp — Progeny Inventory for Empty Feed Cylinder

=origen

0$$ all71e

1$$ 1t

NATURAL UF6 RADIATION SOURCE TERMS PER 48Y CYLINDER (12501 KG UF6)
3$$ 2101-88a162a320-88et

35880t

54$$a91all2e

56$$02a52al3553021e

95$$ 0t

NATURAL UF6 (0.711% U-235 in U) RADIATION SOURCE TE RMS
PER 48Y CYLINDER (12501 KG UF6 - UO2 BREM)

60** 0 1

61** 1.0E+99 4r1.0E-40 2r1.0E+99

65$$24z1111110000e

73%$$ 922340 922350 922360 922380 90 190
74** 4,5156E+02 6.0100E+04 2.7646E+02 8.3921E+06 4. 0481E+06
75%%4r21e

81$$20261e

82%%f2e

t

56$$ fO t

End

A.2.4 Input File nu.inp — Progeny Photon Source for Empty Feed Cylinder

=origen

0$% all71e

1$$ 1t

NATURAL UF6 PHOTON SOURCE TERMS PER EMPTY 48Y CYLINDER
3$$ 21010a162a320-88et

35%$ 0t

54%$a91all2e

56$$011a52al134453021e

95$$ 0t

NATURAL UF6 (0.711% U-235 in U) PHOTON SOURCE TERMS
PER EMPTY 48Y CYLINDER (H20 BREMSSTRAHLUNG)
60**00.10.20.30.50.71.02.03.05.010.0

61** 2r1.0E+99 3r1.0E-40 2r1.0E+99

65$$2721000000¢e

73%$$ 812060 812070 812080 812100 822060
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822070 822080 822090 822100 822110
822120 822140 832100 832110 832120
832140 842100 842110 842120 842140
842150 842160 842180 852180 862180
862190 862200 862220 872230 882230
882240 882260 882280 892270 892280
902270 902280 902300 902310 902320
902340 912310 912341 912340

74** 3.510E-25 2.268E-16 6.923E-24 1.707E-21 1.553E -15
5.132E-12 5.807E-19 2.168E-23 7.424E-13 1.754E -15
4,105E-21 1.707E-16 4.589E-16 1.040E-16 3.894E -22
1.268E-16 4.108E-15 1.153E-21 6.865E-29 1.062E -22
1.470E-21 1.583E-26 2.011E-17 3.245E-23 7.571E -28
3.329E-18 6.183E-24 3.639E-14 1.559E-17 8.453E -13
3.581E-20 5.662E-09 1.874E-16 5.986E-10 2.287E -20
1.387E-12 6.954E-18 1.253E-03 2.444E-07 8.044E -06
1.219E-04 5.819E-05 4.070E-09 2.258E-09

75%% 44r2 e

81$%$20241e

82%$f2e

t

563$ fO t

end

194

www.manharaa.com




APPENDIX B NEUTRON AND PHOTON SOURCE DATA

This appendix compiles the neutron and photon sodata based on the calculations
with the ORIGEN-S module in the SCALE 6.1.2 codekame. The compilation includes

the following:

e Neutron yield by uranium isotope (Table B-1)

e UFs Neutron Source Term per kg k)i ables B-2 through B-6)

e Uncorrected UFPhoton Source Term per kg bJH ables B-7 through B-11)

e Corrected Uk Photon Source Term kg WFTables B-8 through B-16)

e Source Term Comparisons (Tables B-17 and B-18)

Table B-1 Neutron Yield by Isotope

) i Neutron Yield (n/s per kg of UF )
Material Contributor
U-234 U-235 U-236 U-238 U-total
(o, n) 5577E+00 | 1.486E-01 | 2.564E-02 | 8.047E+00 | 1.380E+01
o o3 | SF. 6.246E-05 | 1.408E-05 | 2.673E-05 | 9.197E+00 | 9.197E+00
Total 5.577E+00 | 1.486E-01 | 2.567E-02 | 1.724E+01 | 2.300E+01
(o, n) 8.655E+00 | 2.229E-01 | 3.846E-02 | 8.039E+00 | 1.696E+01
([())_esﬂfbegg%) S.F. 9.693E-05 | 2.113E-05 | 4.010E-05 | 9.187E+00 | 9.187E+00
Total 8.655E+00 | 2.229E-01 | 3.850E-02 | 1.723E+01 | 2.614E+01
Depleted U (o, n) 1.182E+01 | 2.973E-01 | 5.128E-02 | 8.031E+00 | 2.020E+01
(0.4% U-235) S. F. 1.324E-04 | 2.817E-05 | 5.347E-05 | 9.178E+00 | 9.178E+00
Total 1.182E+01 | 2.973E-01 | 5.133E-02 | 1.721E+01 | 2.938E+01
(o, n) 1.505E+01 | 3.716E-01 | 6.409E-02 | 8.023E+00 | 2.351E+01
oo U sy | SF. 1.686E-04 | 3.521E-05 | 6.683E-05 | 9.169E+00 | 9.169E+00
Total 1.505E+01 | 3.716E-01 | 6.416E-02 | 1.719E+01 | 3.268E+01
NaturalU (@) 2.205E+01 | 5.284E-01 | 9.114E-02 | 8.005E+00 | 3.067E+01
(0.711% S.F. 2.469E-04 | 5.007E-05 | 9.504E-05 | 9.149E+00 | 9.149E+00
U-235) Total 2 205E+01 | 5.285E-01 | 9.124E-02 | 1.715E+01 | 3.982E+01
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Table B-2 UFg Neutron Source Term at 0.2% U-235

_ DU-0.2% Neutron Source Intensity (n/s per kg of UF  ¢)
Group | Energy Boundaries (MeV) : —
(a, n) Reaction | Spontaneous Fission Total
1 1.00E-11 - 1.00E-08 0.000E+00 2.444E-17 2.444E-17
2 1.00E-08 - 3.00E-08 0.000E+00 6.917E-17 6.917E-17
3 3.00E-08 - 5.00E-08 0.000E+00 1.742E-11 1.742E-11
4 5.00E-08 - 1.00E-07 0.000E+00 7.353E-11 7.353E-11
5 1.00E-07 - 2.25E-07 0.000E+00 3.021E-10 3.021E-10
6 2.25E-07 - 3.25E-07 0.000E+00 4.665E-10 4.665E-10
7 3.25E-07 - 4.14E-07 0.000E+00 2.055E-10 2.055E-10
8 4.14E-07 - 8.00E-07 0.000E+00 1.930E-09 1.930E-09
9 8.00E-07 - 1.00E-06 0.000E+00 1.474E-09 1.474E-09
10 1.00E-06 - 1.13E-06 0.000E+00 5.982E-10 5.982E-10
11 1.13E-06 - 1.30E-06 0.000E+00 1.254E-09 1.254E-09
12 1.30E-06 - 1.86E-06 0.000E+00 4.884E-09 4.884E-09
13 1.86E-06 - 3.06E-06 1.616E-09 1.201E-08 1.362E-08
14 3.06E-06 - 1.07E-05 1.154E-08 1.295E-07 1.411E-07
15 1.07E-05 - 2.90E-05 1.591E-07 5.334E-07 6.926E-07
16 2.90E-05 - 1.01E-04 1.399E-06 3.793E-06 5.192E-06
17 1.01E-04 - 5.83E-04 2.330E-05 5.736E-05 8.066E-05
18 5.83E-04 - 3.04E-03 2.514E-04 6.725E-04 9.240E-04
19 3.04E-03 - 1.50E-02 2.650E-03 7.337E-03 9.987E-03
20 1.50E-02 - 1.11E-01 8.763E-02 1.501E-01 2.377E-01
21 1.11E-01 - 4.08E-01 1.322E+00 8.620E-01 2.184E+00
22 4.08E-01 - 9.07E-01 5.461E+00 1.844E+00 7.305E+00
23 9.07E-01 - 1.42E+00 4.687E+00 1.790E+00 6.477E+00
24 1.42E+00 - 1.83E+00 1.708E+00 1.157E+00 2.865E+00
25 1.83E+00 - 3.01E+00 5.307E-01 2.114E+00 2.644E+00
26 3.01E+00 - 6.38E+00 0.000E+00 1.226E+00 1.226E+00
27 6.38E+00 - 2.00E+01 0.000E+00 4.655E-02 4.655E-02
Total 1.00E-11 - 2.00E+01 1.380E+01 9.197E+00 2.300E+01
*Associated ORIGEN-S output file — du2.out
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Table B-3 UFg Neutron Source Term at 0.3% U-235

_ DU-0.3% Neutron Source Intensity (n/s per kg of UF  ¢)
Group | Energy Boundaries (MeV) : —
(a, n) Reaction | Spontaneous Fission Total
1 1.00E-11 - 1.00E-08 0.000E+00 3.666E-17 3.666E-17
2 1.00E-08 - 3.00E-08 0.000E+00 1.038E-16 1.038E-16
3 3.00E-08 - 5.00E-08 0.000E+00 1.740E-11 1.740E-11
4 5.00E-08 - 1.00E-07 0.000E+00 7.345E-11 7.345E-11
5 1.00E-07 - 2.25E-07 0.000E+00 3.018E-10 3.018E-10
6 2.25E-07 - 3.25E-07 0.000E+00 4.660E-10 4.660E-10
7 3.25E-07 - 4.14E-07 0.000E+00 2.053E-10 2.053E-10
8 4.14E-07 - 8.00E-07 0.000E+00 1.928E-09 1.928E-09
9 8.00E-07 - 1.00E-06 0.000E+00 1.472E-09 1.472E-09
10 1.00E-06 - 1.13E-06 0.000E+00 5.976E-10 5.976E-10
11 1.13E-06 - 1.30E-06 0.000E+00 1.253E-09 1.253E-09
12 1.30E-06 - 1.86E-06 0.000E+00 4.879E-09 4.879E-09
13 1.86E-06 - 3.06E-06 2.507E-09 1.200E-08 1.451E-08
14 3.06E-06 - 1.07E-05 1.790E-08 1.294E-07 1.473E-07
15 1.07E-05 - 2.90E-05 2.440E-07 5.329E-07 7.769E-07
16 2.90E-05 - 1.01E-04 1.859E-06 3.789E-06 5.648E-06
17 1.01E-04 - 5.83E-04 2.998E-05 5.730E-05 8.728E-05
18 5.83E-04 - 3.04E-03 3.190E-04 6.719E-04 9.909E-04
19 3.04E-03 - 1.50E-02 3.249E-03 7.329E-03 1.058E-02
20 1.50E-02 - 1.11E-01 1.018E-01 1.499E-01 2.517E-01
21 1.11E-01 - 4.08E-01 1.493E+00 8.611E-01 2.354E+00
22 4.08E-01 - 9.07E-01 6.375E+00 1.842E+00 8.217E+00
23 9.07E-01 - 1.42E+00 5.902E+00 1.788E+00 7.690E+00
24 1.42E+00 - 1.83E+00 2.267E+00 1.156E+00 3.423E+00
25 1.83E+00 - 3.01E+00 8.121E-01 2.111E+00 2.923E+00
26 3.01E+00 - 6.38E+00 0.000E+00 1.224E+00 1.224E+00
27 6.38E+00 - 2.00E+01 0.000E+00 4.650E-02 4.650E-02
Total 1.00E-11 - 2.00E+01 1.696E+01 9.188E+00 2.615E+01
*Associated ORIGEN-S output file — du3.out
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Table B-4 UFgz Neutron Source Term at 0.4% U-235

_ DU-0.4% Neutron Source Intensity (n/s per kg of UF  ¢)
Group | Energy Boundaries (MeV) : —
(a, n) Reaction | Spontaneous Fission Total
1 1.00E-11 - 1.00E-08 0.000E+00 4.888E-17 4.888E-17
2 1.00E-08 - 3.00E-08 0.000E+00 1.383E-16 1.383E-16
3 3.00E-08 - 5.00E-08 0.000E+00 1.738E-11 1.738E-11
4 5.00E-08 - 1.00E-07 0.000E+00 7.338E-11 7.338E-11
5 1.00E-07 - 2.25E-07 0.000E+00 3.015E-10 3.015E-10
6 2.25E-07 - 3.25E-07 0.000E+00 4.656E-10 4.656E-10
7 3.25E-07 - 4.14E-07 0.000E+00 2.050E-10 2.050E-10
8 4.14E-07 - 8.00E-07 0.000E+00 1.926E-09 1.926E-09
9 8.00E-07 - 1.00E-06 0.000E+00 1.471E-09 1.471E-09
10 1.00E-06 - 1.13E-06 0.000E+00 5.970E-10 5.970E-10
11 1.13E-06 - 1.30E-06 0.000E+00 1.251E-09 1.251E-09
12 1.30E-06 - 1.86E-06 0.000E+00 4.874E-09 4.874E-09
13 1.86E-06 - 3.06E-06 3.424E-09 1.198E-08 1.540E-08
14 3.06E-06 - 1.07E-05 2.443E-08 1.293E-07 1.537E-07
15 1.07E-05 - 2.90E-05 3.312E-07 5.324E-07 8.636E-07
16 2.90E-05 - 1.01E-04 2.332E-06 3.785E-06 6.117E-06
17 1.01E-04 - 5.83E-04 3.684E-05 5.725E-05 9.409E-05
18 5.83E-04 - 3.04E-03 3.884E-04 6.712E-04 1.060E-03
19 3.04E-03 - 1.50E-02 3.864E-03 7.322E-03 1.119E-02
20 1.50E-02 - 1.11E-01 1.163E-01 1.498E-01 2.661E-01
21 1.11E-01 - 4.08E-01 1.669E+00 8.602E-01 2.529E+00
22 4.08E-01 - 9.07E-01 7.315E+00 1.840E+00 9.155E+00
23 9.07E-01 - 1.42E+00 7.151E+00 1.786E+00 8.937E+00
24 1.42E+00 - 1.83E+00 2.842E+00 1.155E+00 3.997E+00
25 1.83E+00 - 3.01E+00 1.102E+00 2.109E+00 3.211E+00
26 3.01E+00 - 6.38E+00 0.000E+00 1.223E+00 1.223E+00
27 6.38E+00 - 2.00E+01 0.000E+00 4.645E-02 4.645E-02
Total 1.00E-11 - 2.00E+01 2.020E+01 9.178E+00 2.938E+01
*Associated ORIGEN-S output file — du4.out
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Table B-5 UFg Neutron Source Term at 0.5% U-235

_ DU-0.5% Neutron Source Intensity (n/s per kg of UF  ¢)
Group | Energy Boundaries (MeV) : —
(a, n) Reaction | Spontaneous Fission Total
1 1.00E-11 - 1.00E-08 0.000E+00 6.109E-17 6.109E-17
2 1.00E-08 - 3.00E-08 0.000E+00 1.729E-16 1.729E-16
3 3.00E-08 - 5.00E-08 0.000E+00 1.736E-11 1.736E-11
4 5.00E-08 - 1.00E-07 0.000E+00 7.330E-11 7.330E-11
5 1.00E-07 - 2.25E-07 0.000E+00 3.012E-10 3.012E-10
6 2.25E-07 - 3.25E-07 0.000E+00 4.651E-10 4.651E-10
7 3.25E-07 - 4.14E-07 0.000E+00 2.048E-10 2.048E-10
8 4.14E-07 - 8.00E-07 0.000E+00 1.924E-09 1.924E-09
9 8.00E-07 - 1.00E-06 0.000E+00 1.469E-09 1.469E-09
10 1.00E-06 - 1.13E-06 0.000E+00 5.964E-10 5.964E-10
11 1.13E-06 - 1.30E-06 0.000E+00 1.250E-09 1.250E-09
12 1.30E-06 - 1.86E-06 0.000E+00 4.869E-09 4.869E-09
13 1.86E-06 - 3.06E-06 4.361E-09 1.197E-08 1.633E-08
14 3.06E-06 - 1.07E-05 3.111E-08 1.291E-07 1.602E-07
15 1.07E-05 - 2.90E-05 4.203E-07 5.318E-07 9.521E-07
16 2.90E-05 - 1.01E-04 2.815E-06 3.781E-06 6.596E-06
17 1.01E-04 - 5.83E-04 4.385E-05 5.719E-05 1.010E-04
18 5.83E-04 - 3.04E-03 4.593E-04 6.705E-04 1.130E-03
19 3.04E-03 - 1.50E-02 4.492E-03 7.314E-03 1.181E-02
20 1.50E-02 - 1.11E-01 1.311E-01 1.496E-01 2.807E-01
21 1.11E-01 - 4.08E-01 1.849E+00 8.593E-01 2.708E+00
22 4.08E-01 - 9.07E-01 8.274E+00 1.838E+00 1.011E+01
23 9.07E-01 - 1.42E+00 8.426E+00 1.785E+00 1.021E+01
24 1.42E+00 - 1.83E+00 3.430E+00 1.154E+00 4.584E+00
25 1.83E+00 - 3.01E+00 1.397E+00 2.107E+00 3.504E+00
26 3.01E+00 - 6.38E+00 0.000E+00 1.222E+00 1.222E+00
27 6.38E+00 - 2.00E+01 0.000E+00 4.641E-02 4.641E-02
Total 1.00E-11 - 2.00E+01 2.351E+01 9.169E+00 3.268E+01
*Associated ORIGEN-S output file — du5.out
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Table B-6 UFg Neutron Source Term at 0.711% U-235

_ NU Neutron Source Intensity (n/s per kg of UF  ¢)
Group | Energy Boundaries (MeV) . —
(a, n) Reaction | Spontaneous Fission Total
1 1.00E-11 - 1.00E-08 0.000E+00 8.687E-17 8.687E-17
2 1.00E-08 - 3.00E-08 0.000E+00 2.459E-16 2.459E-16
3 3.00E-08 - 5.00E-08 0.000E+00 1.733E-11 1.733E-11
4 5.00E-08 - 1.00E-07 0.000E+00 7.315E-11 7.315E-11
5 1.00E-07 - 2.25E-07 0.000E+00 3.006E-10 3.006E-10
6 2.25E-07 - 3.25E-07 0.000E+00 4.641E-10 4.641E-10
7 3.25E-07 - 4.14E-07 0.000E+00 2.044E-10 2.044E-10
8 4.14E-07 - 8.00E-07 0.000E+00 1.920E-09 1.920E-09
9 8.00E-07 - 1.00E-06 0.000E+00 1.466E-09 1.466E-09
10 1.00E-06 - 1.13E-06 0.000E+00 5.951E-10 5.951E-10
11 1.13E-06 - 1.30E-06 0.000E+00 1.247E-09 1.247E-09
12 1.30E-06 - 1.86E-06 0.000E+00 4.859E-09 4.859E-09
13 1.86E-06 - 3.06E-06 6.386E-09 1.195E-08 1.834E-08
14 3.06E-06 - 1.07E-05 4.553E-08 1.289E-07 1.744E-07
15 1.07E-05 - 2.90E-05 6.130E-07 5.307E-07 1.144E-06
16 2.90E-05 - 1.01E-04 3.859E-06 3.773E-06 7.632E-06
17 1.01E-04 - 5.83E-04 5.901E-05 5.707E-05 1.161E-04
18 5.83E-04 - 3.04E-03 6.126E-04 6.691E-04 1.282E-03
19 3.04E-03 - 1.50E-02 5.850E-03 7.299E-03 1.315E-02
20 1.50E-02 - 1.11E-01 1.631E-01 1.493E-01 3.124E-01
21 1.11E-01 - 4.08E-01 2.237E+00 8.575E-01 3.095E+00
22 4.08E-01 - 9.07E-01 1.035E+01 1.834E+00 1.218E+01
23 9.07E-01 - 1.42E+00 1.118E+01 1.781E+00 1.296E+01
24 1.42E+00 - 1.83E+00 4.700E+00 1.151E+00 5.851E+00
25 1.83E+00 - 3.01E+00 2.036E+00 2.103E+00 4.139E+00
26 3.01E+00 - 6.38E+00 0.000E+00 1.219E+00 1.219E+00
27 6.38E+00 - 2.00E+01 0.000E+00 4.631E-02 4.631E-02
Total 1.00E-11 - 2.00E+01 3.067E+01 9.149E+00 3.982E+01
*Associated ORIGEN-S output file — nu.out
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Table B-7 Uncorrected UFg Photon Source Term at 0.2% U-235

) DU-0.2% Photon Source Intensity (photons/s per kg of UFg)
Group Energ¥523;darles Without Bremsstrahlung* With UO, Bremsstrahlung**
Initial (O yr) lyr Initial (O yr) lyr

1 1.00E-02 - 4.50E-02 5.129E+05 8.595E+05 5.129E+05 3.521E+06
2 4.50E-02 - 1.00E-01 1.867E+04 7.751E+05 1.867E+04 1.897E+06
3 1.00E-01 - 2.00E-01 1.011E+05 1.250E+05 1.011E+05 8.095E+05
4 2.00E-01 - 3.00E-01 5.430E+03 1.512E+04 5.430E+03 2.435E+05
5 3.00E-01 - 4.00E-01 1.027E+02 1.302E+03 1.027E+02 1.687E+05
6 4.00E-01 - 6.00E-01 5.655E+00 4.812E+03 5.655E+00 1.150E+05
7 6.00E-01 - 8.00E-01 2.286E+01 5.338E+04 2.286E+01 1.013E+05
8 8.00E-01 - 1.00E+00 0.000E+00 5.533E+04 0.000E+00 7.471E+04
9 1.00E+00 - 1.33E+00 9.726E+00 3.389E+04 9.726E+00 4.442E+04
10 1.33E+00 - 1.66E+00 0.000E+00 4.901E+03 0.000E+00 6.646E+03
11 1.66E+00 - 2.00E+00 4,153E+00 7.384E+03 4.153E+00 7.653E+03
12 | 2.00E+00 - 2.50E+00 2.517E+00 3.042E+00 2.517E+00 1.511E+01
13 2.50E+00 - 3.00E+00 1.459E+00 1.459E+00 1.459E+00 1.459E+00
14 | 3.00E+Q0 - 4.00E+00 1.311E+00 1.311E+00 1.311E+00 1.311E+00
15 4.00E+00 - 5.00E+00 4.425E-01 4.425E-01 4.425E-01 4.425E-01
16 5.00E+00 - 6.50E+00 1.776E-01 1.776E-01 1.776E-01 1.776E-01
17 6.50E+00 - 8.00E+00 3.483E-02 3.483E-02 3.483E-02 3.483E-02
18 8.00E+00 - 1.00E+01 7.628E-03 7.628E-03 7.628E-03 7.628E-03
19 1.00E+01 - 2.00E+01 1.402E-04 1.402E-04 1.402E-04 1.402E-04
Total | 1.00E-02 - 2.00E+01 6.383E+05 1.936E+06 6.383E+05 6.989E+06

*Associated ORIGEN-S output file — du2_n.out
**Associated ORIGEN-S output file — du2.out
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Table B-8 Uncorrected UFg Photon Source Term at 0.3% U-235

) DU-0.3% Photon Source Intensity (photons/s per kg of UFg)
Group Energ{l\lig\u/?darles Without Bremsstrahlung* With UO, Bremsstrahlung**
Initial (O yr) lyr Initial (O yr) lyr

1 1.00E-02 - 4.50E-02 5.920E+05 9.628E+05 5.920E+05 3.622E+06
2 4.50E-02 - 1.00E-01 2.618E+04 7.887E+05 2.618E+04 1.909E+06
3 1.00E-01 - 2.00E-01 1.513E+05 1.757E+05 1.513E+05 8.595E+05
4 2.00E-01 - 3.00E-01 8.134E+03 1.784E+04 8.134E+03 2.460E+05
5 3.00E-01 - 4.00E-01 1.541E+02 1.354E+03 1.541E+02 1.686E+05
6 4.00E-01 - 6.00E-01 8.539E+00 4.810E+03 8.539E+00 1.149E+05
7 6.00E-01 - 8.00E-01 2.290E+01 5.333E+04 2.290E+01 1.012E+05
8 8.00E-01 - 1.00E+00 0.000E+00 5.527E+04 0.000E+00 7.464E+04
9 1.00E+00 - 1.33E+00 9.719E+00 3.385E+04 9.719E+00 4.438E+04
10 1.33E+00 - 1.66E+00 0.000E+00 4.896E+03 0.000E+00 6.639E+03
11 1.66E+00 - 2.00E+00 4.150E+00 7.376E+03 4.150E+00 7.646E+03
12 2.00E+00 - 2.50E+00 2.515E+00 3.040E+00 2.515E+00 1.509E+01
13 2.50E+00 - 3.00E+00 1.458E+00 1.458E+00 1.458E+00 1.458E+00
14 3.00E+00 - 4.00E+00 1.310E+00 1.310E+00 1.310E+00 1.310E+00
15 4.00E+00 - 5.00E+00 4.421E-01 4.421E-01 4.421E-01 4.421E-01
16 5.00E+00 - 6.50E+00 1.774E-01 1.774E-01 1.774E-01 1.774E-01
17 6.50E+00 - 8.00E+00 3.480E-02 3.480E-02 3.480E-02 3.480E-02
18 8.00E+00 - 1.00E+01 7.621E-03 7.621E-03 7.621E-03 7.621E-03
19 1.00E+01 - 2.00E+01 1.400E-04 1.400E-04 1.400E-04 1.400E-04
Total | 1.00E-02 - 2.00E+01 7.778E+05 2.106E+06 7.778E+05 7.155E+06

*Associated ORIGEN-S output file — du3_n.out
**Associated ORIGEN-S output file — du3.out
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Table B-9 Uncorrected UFg Photon Source Term at 0.4% U-235

) DU-0.4% Photon Source Intensity (photons/s per kg of UFg)
Group Energ¥523;darles Without Bremsstrahlung* With UO, Bremsstrahlung**
Initial (O yr) lyr Initial (O yr) lyr
1 1.00E-02 - 4.50E-02 6.730E+05 1.068E+06 6.730E+05 3.726E+06
2 4.50E-02 - 1.00E-01 3.372E+04 8.024E+05 3.372E+04 1.922E+06
3 1.00E-01 - 2.00E-01 2.016E+05 2.264E+05 2.016E+05 9.095E+05
4 2.00E-01 - 3.00E-01 1.084E+04 2.056E+04 1.084E+04 2.485E+05
5 3.00E-01 - 4.00E-01 2.054E+02 1.406E+03 2.054E+02 1.685E+05
6 4.00E-01 - 6.00E-01 1.144E+01 4.808E+03 1.144E+01 1.148E+05
7 6.00E-01 - 8.00E-01 2.294E+01 5.327E+04 2.294E+01 1.011E+05
8 8.00E-01 - 1.00E+00 0.000E+00 5.521E+04 0.000E+00 7.456E+04
9 1.00E+00 - 1.33E+00 9.712E+00 3.382E+04 9.712E+00 4.433E+04
10 1.33E+00 - 1.66E+00 0.000E+00 4.891E+03 0.000E+00 6.632E+03
11 1.66E+00 - 2.00E+00 4.147E+00 7.368E+03 4.147E+00 7.638E+03
12 2.00E+00 - 2.50E+00 2.513E+00 3.038E+00 2.513E+00 1.508E+01
13 2.50E+00 - 3.00E+00 1.457E+00 1.457E+00 1.457E+00 1.457E+00
14 3.00E+00 - 4.00E+00 1.309E+00 1.309E+00 1.309E+00 1.309E+00
15 4.00E+00 - 5.00E+00 4.417E-01 4.417E-01 4.417E-01 4.417E-01
16 5.00E+00 - 6.50E+00 1.772E-01 1.772E-01 1.772E-01 1.772E-01
17 6.50E+00 - 8.00E+00 3.476E-02 3.476E-02 3.476E-02 3.476E-02
18 8.00E+00 - 1.00E+01 7.613E-03 7.613E-03 7.613E-03 7.613E-03
19 1.00E+01 - 2.00E+01 1.399E-04 1.399E-04 1.399E-04 1.399E-04
Total 1.00E-02 - 2.00E+01 9.194E+05 2.278E+06 9.194E+05 7.324E+06

*Associated ORIGEN-S output file — du4_n.out
**Associated ORIGEN-S output file — du4.out
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Table B-10 Uncorrected UFg Photon Source Term at 0.5% U-235

) DU-0.5% Photon Source Intensity (photons/s per kg of UFg)
Group Energ¥523;darles Without Bremsstrahlung* With UO, Bremsstrahlung**
Initial (O yr) lyr Initial (O yr) lyr
1 1.00E-02 - 4.50E-02 7.556E+05 1.175E+06 7.556E+05 3.831E+06
2 4.50E-02 - 1.00E-01 4.129E+04 8.161E+05 4.129E+04 1.935E+06
3 1.00E-01 - 2.00E-01 2.518E+05 2.771E+05 2.518E+05 9.595E+05
4 2.00E-01 - 3.00E-01 1.354E+04 2.328E+04 1.354E+04 2.509E+05
5 3.00E-01 - 4.00E-01 2.568E+02 1.458E+03 2.568E+02 1.684E+05
6 4.00E-01 - 6.00E-01 1.435E+01 4.806E+03 1.435E+01 1.147E+05
7 6.00E-01 - 8.00E-01 2.299E+01 5.322E+04 2.299E+01 1.010E+05
8 8.00E-01 - 1.00E+00 0.000E+00 5.516E+04 0.000E+00 7.448E+04
9 1.00E+00 - 1.33E+00 9.705E+00 3.378E+04 9.705E+00 4.429E+04
10 1.33E+00 - 1.66E+00 0.000E+00 4.886E+03 0.000E+00 6.626E+03
11 1.66E+00 - 2.00E+00 4.144E+00 7.361E+03 4.144E+00 7.630E+03
12 2.00E+00 - 2.50E+00 2.512E+00 3.035E+00 2.512E+00 1.506E+01
13 2.50E+00 - 3.00E+00 1.456E+00 1.456E+00 1.456E+00 1.456E+00
14 3.00E+00 - 4.00E+00 1.308E+00 1.308E+00 1.308E+00 1.308E+00
15 4.00E+00 - 5.00E+00 4.413E-01 4.413E-01 4.413E-01 4.413E-01
16 5.00E+00 - 6.50E+00 1.771E-01 1.771E-01 1.771E-01 1.771E-01
17 6.50E+00 - 8.00E+00 3.473E-02 3.473E-02 3.473E-02 3.473E-02
18 8.00E+00 - 1.00E+01 7.606E-03 7.606E-03 7.606E-03 7.606E-03
19 1.00E+01 - 2.00E+01 1.398E-04 1.398E-04 1.398E-04 1.398E-04
Total | 1.00E-02 - 2.00E+01 1.063E+06 2.452E+06 1.063E+06 7.494E+06

*Associated ORIGEN-S output file — du5_n.out
**Associated ORIGEN-S output file — du5.out
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Table B-11 Uncorrected UFg Photon Source Term at 0.711% U-235

) NU Photon Source Intensity (photons/s per kg of UFg)
Group Energ¥523;darles Without Bremsstrahlung* With UO, Bremsstrahlung**
Initial (O yr) lyr Initial (O yr) lyr
1 1.00E-02 - 4.50E-02 9.337E+05 1.404E+06 9.337E+05 4.057E+06
2 4.50E-02 - 1.00E-01 5.732E+04 8.450E+05 5.732E+04 1.962E+06
3 1.00E-01 - 2.00E-01 3.579E+05 3.841E+05 3.579E+05 1.065E+06
4 2.00E-01 - 3.00E-01 1.925E+04 2.902E+04 1.925E+04 2.562E+05
5 3.00E-01 - 4.00E-01 3.651E+02 1.568E+03 3.651E+02 1.681E+05
6 4.00E-01 - 6.00E-01 2.054E+01 4.802E+03 2.054E+01 1.145E+05
7 6.00E-01 - 8.00E-01 2.308E+01 5.310E+04 2.308E+01 1.008E+05
8 8.00E-01 - 1.00E+00 0.000E+00 5.504E+04 0.000E+00 7.432E+04
9 1.00E+00 - 1.33E+00 | 9.690E+00 3.371E+04 9.690E+00 4.419E+04
10 1.33E+00 - 1.66E+00 | 0.000E+00 4.875E+03 0.000E+00 6.611E+03
11 1.66E+00 - 2.00E+00 | 4.138E+00 7.345E+03 4.138E+00 7.614E+03
12 2.00E+00 - 2.50E+00 | 2.508E+00 3.031E+00 2.508E+00 1.503E+01
13 2.50E+00 - 3.00E+00 1.453E+00 1.453E+00 1.453E+00 1.453E+00
14 3.00E+00 - 4.00E+00 1.305E+00 1.305E+00 1.305E+00 1.305E+00
15 4.00E+00 - 5.00E+00 4.405E-01 4.405E-01 4.405E-01 4.405E-01
16 5.00E+00 - 6.50E+00 1.767E-01 1.767E-01 1.767E-01 1.767E-01
17 6.50E+00 - 8.00E+00 3.466E-02 3.466E-02 3.466E-02 3.466E-02
18 8.00E+00 - 1.00E+01 7.590E-03 7.590E-03 7.590E-03 7.590E-03
19 1.00E+01 - 2.00E+01 1.395E-04 1.395E-04 1.395E-04 1.395E-04
Total | 1.00E-02 - 2.00E+01 1.369E+06 2.823E+06 1.369E+06 7.857E+06

*Associated ORIGEN-S output file — nu_n.out
**Associated ORIGEN-S output file — nu.out
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Table B-12 Corrected UFg Photon Source Term at 0.2% U-235

(one-year in-growth with corrected bremsstrahlung for UFg)

Photons/s-kg UF ¢

Group Photon Energy with UO , No Net UO, Net UFg Adjusted
(MeV) Brem Brem Brem Brem Total
1 1.00E-02 - 4.50E-02 | 3.521E+06 | 8.595E+05 | 2.662E+06 | 2.129E+06 | 2.989E+06
2 4.50E-02 - 1.00E-01 | 1.897E+06 | 7.751E+05 | 1.122E+06 | 8.975E+05 | 1.673E+06
3 1.00E-01 - 2.00E-01 | 8.095E+05 | 1.250E+05 | 6.845E+05 | 5.476E+05 | 6.726E+05
4 2.00E-01 - 3.00E-01 | 2.435E+05 | 1.512E+04 | 2.284E+05 | 1.827E+05 | 1.978E+05
5 3.00E-01 - 4.00E-01 | 1.687E+05 | 1.302E+03 | 1.674E+05 | 1.339E+05 | 1.352E+05
6 4.00E-01 - 6.00E-01 | 1.150E+05 | 4.812E+03 | 1.102E+05 | 8.815E+04 | 9.296E+04
7 6.00E-01 - 8.00E-01 | 1.013E+05 | 5.338E+04 | 4.792E+04 | 3.834E+04 | 9.172E+04
8 8.00E-01 - 1.00E+00 | 7.471E+04 | 5.533E+04 | 1.938E+04 | 1.550E+04 | 7.083E+04
9 1.00E+00 - 1.33E+00 | 4.442E+04 | 3.389E+04 | 1.053E+04 | 8.424E+03 | 4.231E+04
10 1.33E+00 - 1.66E+00 | 6.646E+03 | 4.901E+03 | 1.745E+03 | 1.396E+03 | 6.297E+03
11 1.66E+00 - 2.00E+00 | 7.653E+03 | 7.384E+03 | 2.690E+02 | 2.152E+02 | 7.599E+03
12 2.00E+00 - 2.50E+00 | 1.511E+01 | 3.042E+00 | 1.207E+01 | 9.654E+00 | 1.270E+01
13 2.50E+00 - 3.00E+00 | 1.459E+00 | 1.459E+00 | 0.000E+00 | 0.000E+00 | 1.459E+00
14 3.00E+00 - 4.00E+00 | 1.311E+00 | 1.311E+00 | 0.000E+00 | 0.000E+00 | 1.311E+00
15 4.00E+00 - 5.00E+00 | 4.425E-01 | 4.425E-01 | 0.000E+00 | 0.000E+00 | 4.425E-01
16 5.00E+00 - 6.50E+00 | 1.776E-01 | 1.776E-01 | 0.000E+00 | 0.000E+00 | 1.776E-01
17 6.50E+00 - 8.00E+00 | 3.483E-02 | 3.483E-02 | 0.000E+00 | 0.000E+00 | 3.483E-02
18 8.00E+00 - 1.00E+01 | 7.628E-03 | 7.628E-03 | 0.000E+00 | 0.000E+00 | 7.628E-03
19 1.00E+01 - 2.00E+01 | 1.402E-04 | 1.402E-04 | 0.000E+00 | 0.000E+00 | 1.402E-04
Total | 1.00E-02 - 2.00E+01 | 6.989E+06 | 1.936E+06 | 5.053E+06 | 4.043E+06 | 5.979E+06
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Table B-13 Corrected UFg Photon Source Term at 0.3% U-235

(one-year in-growth with corrected bremsstrahlung for UFg)

Photons/s-kg UF ¢

Group Photon Energy with UO , No Net UO, Net UFg Adjusted
(MeV) Brem Brem Brem Brem Total
1 1.00E-02 - 4.50E-02 | 3.622E+06 | 9.628E+05 | 2.659E+06 | 2.127E+06 | 3.090E+06
2 4.50E-02 - 1.00E-01 | 1.909E+06 | 7.887E+05 | 1.120E+06 | 8.962E+05 | 1.685E+06
3 1.00E-01 - 2.00E-01 | 8.595E+05 | 1.757E+05 | 6.838E+05 | 5.470E+05 | 7.227E+05
4 2.00E-01 - 3.00E-01 | 2.460E+05 | 1.784E+04 | 2.282E+05 | 1.825E+05 | 2.004E+05
5 3.00E-01 - 4.00E-01 | 1.686E+05 | 1.354E+03 | 1.672E+05 | 1.338E+05 | 1.352E+05
6 4.00E-01 - 6.00E-01 | 1.149E+05 | 4.810E+03 | 1.101E+05 | 8.807E+04 | 9.288E+04
7 6.00E-01 - 8.00E-01 | 1.012E+05 | 5.333E+04 | 4.787E+04 | 3.830E+04 | 9.163E+04
8 8.00E-01 - 1.00E+00 | 7.464E+04 | 5.527E+04 | 1.937E+04 | 1.550E+04 | 7.077E+04
9 1.00E+00 - 1.33E+00 | 4.438E+04 | 3.385E+04 | 1.053E+04 | 8.424E+03 | 4.227E+04
10 1.33E+00 - 1.66E+00 | 6.639E+03 | 4.896E+03 | 1.743E+03 | 1.394E+03 | 6.290E+03
11 1.66E+00 - 2.00E+00 | 7.646E+03 | 7.376E+03 | 2.700E+02 | 2.160E+02 | 7.592E+03
12 2.00E+00 - 2.50E+00 | 1.509E+01 | 3.040E+00 | 1.205E+01 | 9.640E+00 | 1.268E+01
13 2.50E+00 - 3.00E+00 | 1.458E+00 | 1.458E+00 | 0.000E+00 | 0.000E+00 | 1.458E+00
14 3.00E+00 - 4.00E+00 | 1.310E+00 | 1.310E+00 | 0.000E+00 | 0.000E+00 | 1.310E+00
15 4.00E+00 - 5.00E+00 | 4.421E-01 | 4.421E-01 | 0.000E+00 | 0.000E+00 | 4.421E-01
16 5.00E+00 - 6.50E+00 | 1.774E-01 | 1.774E-01 | 0.000E+00 | 0.000E+00 | 1.774E-01
17 6.50E+00 - 8.00E+00 | 3.480E-02 | 3.480E-02 | 0.000E+00 | 0.000E+00 | 3.480E-02
18 8.00E+00 - 1.00E+01 | 7.621E-03 | 7.621E-03 | 0.000E+00 | 0.000E+00 | 7.621E-03
19 1.00E+01 - 2.00E+01 | 1.400E-04 | 1.400E-04 | 0.000E+00 | 0.000E+00 | 1.400E-04
Total | 1.00E-02 - 2.00E+01 | 7.155E+06 | 2.106E+06 | 5.049E+06 | 4.039E+06 | 6.145E+06
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Table B-14 Corrected UFg Photon Source Term at 0.4% U-235

(one-year in-growth with corrected bremsstrahlung for UFg)

Photons/s-kg UF ¢

Group Photon Energy with UO , No Net UO, Net UFg Adjusted
(MeV) Brem Brem Brem Brem Total
1 1.00E-02 - 4.50E-02 | 3.726E+06 | 1.068E+06 | 2.658E+06 | 2.126E+06 | 3.194E+06
2 4.50E-02 - 1.00E-01 | 1.922E+06 | 8.024E+05 | 1.120E+06 | 8.957E+05 | 1.698E+06
3 1.00E-01 - 2.00E-01 | 9.095E+05 | 2.264E+05 | 6.831E+05 | 5.465E+05 | 7.729E+05
4 2.00E-01 - 3.00E-01 | 2.485E+05 | 2.056E+04 | 2.279E+05 | 1.824E+05 | 2.029E+05
5 3.00E-01 - 4.00E-01 | 1.685E+05 | 1.406E+03 | 1.671E+05 | 1.337E+05 | 1.351E+05
6 4.00E-01 - 6.00E-01 | 1.148E+05 | 4.808E+03 | 1.100E+05 | 8.799E+04 | 9.280E+04
7 6.00E-01 - 8.00E-01 | 1.011E+05 | 5.327E+04 | 4.783E+04 | 3.826E+04 | 9.153E+04
8 8.00E-01 - 1.00E+00 | 7.456E+04 | 5.521E+04 | 1.935E+04 | 1.548E+04 | 7.069E+04
9 1.00E+00 - 1.33E+00 | 4.433E+04 | 3.382E+04 | 1.051E+04 | 8.408E+03 | 4.223E+04
10 1.33E+00 - 1.66E+00 | 6.632E+03 | 4.891E+03 | 1.741E+03 | 1.393E+03 | 6.284E+03
11 1.66E+00 - 2.00E+00 | 7.638E+03 | 7.368E+03 | 2.700E+02 | 2.160E+02 | 7.584E+03
12 2.00E+00 - 2.50E+00 | 1.508E+01 | 3.038E+00 | 1.204E+01 | 9.634E+00 | 1.267E+01
13 2.50E+00 - 3.00E+00 | 1.457E+00 | 1.457E+00 | 0.000E+00 | 0.000E+00 | 1.457E+00
14 3.00E+00 - 4.00E+00 | 1.309E+00 | 1.309E+00 | 0.000E+00 | 0.000E+00 | 1.309E+00
15 4.00E+00 - 5.00E+00 | 4.417E-01 | 4.417E-01 | 0.000E+00 | 0.000E+00 | 4.417E-01
16 5.00E+00 - 6.50E+00 | 1.772E-01 | 1.772E-01 | 0.000E+00 | 0.000E+00 | 1.772E-01
17 6.50E+00 - 8.00E+00 | 3.476E-02 | 3.476E-02 | 0.000E+00 | 0.000E+00 | 3.476E-02
18 8.00E+00 - 1.00E+01 | 7.613E-03 | 7.613E-03 | 0.000E+00 | 0.000E+00 | 7.613E-03
19 1.00E+01 - 2.00E+01 | 1.399E-04 | 1.399E-04 | 0.000E+00 | 0.000E+00 | 1.399E-04
Total | 1.00E-02 - 2.00E+01 | 7.324E+06 | 2.278E+06 | 5.046E+06 | 4.036E+06 | 6.314E+06
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Table B-15 Corrected UFg Photon Source Term at 0.5% U-235

(one-year in-growth with corrected bremsstrahlung for UFg)

Photons/s-kg UF ¢

Group Photon Energy with UO , No Net UO, Net UFg Adjusted
(MeV) Brem Brem Brem Brem Total
1 1.00E-02 - 4.50E-02 | 3.831E+06 | 1.175E+06 | 2.656E+06 | 2.125E+06 | 3.300E+06
2 4.50E-02 - 1.00E-01 | 1.935E+06 | 8.161E+05 | 1.119E+06 | 8.951E+05 | 1.711E+06
3 1.00E-01 - 2.00E-01 | 9.595E+05 | 2.771E+05 | 6.824E+05 | 5.459E+05 | 8.230E+05
4 2.00E-01 - 3.00E-01 | 2.509E+05 | 2.328E+04 | 2.276E+05 | 1.821E+05 | 2.054E+05
5 3.00E-01 - 4.00E-01 | 1.684E+05 | 1.458E+03 | 1.669E+05 | 1.336E+05 | 1.350E+05
6 4.00E-01 - 6.00E-01 | 1.147E+05 | 4.806E+03 | 1.099E+05 | 8.792E+04 | 9.272E+04
7 6.00E-01 - 8.00E-01 | 1.010E+05 | 5.322E+04 | 4.778E+04 | 3.822E+04 | 9.144E+04
8 8.00E-01 - 1.00E+00 | 7.448E+04 | 5.516E+04 | 1.932E+04 | 1.546E+04 | 7.062E+04
9 1.00E+00 - 1.33E+00 | 4.429E+04 | 3.378E+04 | 1.051E+04 | 8.408E+03 | 4.219E+04
10 1.33E+00 - 1.66E+00 | 6.626E+03 | 4.886E+03 | 1.740E+03 | 1.392E+03 | 6.278E+03
11 1.66E+00 - 2.00E+00 | 7.630E+03 | 7.361E+03 | 2.690E+02 | 2.152E+02 | 7.576E+03
12 2.00E+00 - 2.50E+00 | 1.506E+01 | 3.035E+00 | 1.203E+01 | 9.620E+00 | 1.266E+01
13 2.50E+00 - 3.00E+00 | 1.456E+00 | 1.456E+00 | 0.000E+00 | 0.000E+00 | 1.456E+00
14 3.00E+00 - 4.00E+00 | 1.308E+00 | 1.308E+00 | 0.000E+00 | 0.000E+00 | 1.308E+00
15 4.00E+00 - 5.00E+00 | 4.413E-01 | 4.413E-01 | 0.000E+00 | 0.000E+00 | 4.413E-01
16 5.00E+00 - 6.50E+00 | 1.771E-01 | 1.771E-01 | 0.000E+00 | 0.000E+00 | 1.771E-01
17 6.50E+00 - 8.00E+00 | 3.473E-02 | 3.473E-02 | 0.000E+00 | 0.000E+00 | 3.473E-02
18 8.00E+00 - 1.00E+01 | 7.606E-03 | 7.606E-03 | 0.000E+00 | 0.000E+00 | 7.606E-03
19 1.00E+01 - 2.00E+01 | 1.398E-04 | 1.398E-04 | 0.000E+00 | 0.000E+00 | 1.398E-04
Total | 1.00E-02 - 2.00E+01 | 7.494E+06 | 2.452E+06 | 5.042E+06 | 4.033E+06 | 6.485E+06
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Table B-16 Corrected UFg Photon Source Term at 0.711% U-235

(one-year in-growth with corrected bremsstrahlung for UFg)

Photons/s-kg UF ¢
Photon Energ y with UO , No Net UO, Net UFg Adjusted
Group (MeV) Brem Brem Brem Brem Total
1 1.00E-02 - 4.50E-02 | 4.057E+06 | 1.404E+06 | 2.653E+06 | 2.122E+06 | 3.526E+06
2 4.50E-02 - 1.00E-01 | 1.962E+06 | 8.450E+05 | 1.117E+06 | 8.936E+05 | 1.739E+06
3 1.00E-01 - 2.00E-01 | 1.065E+06 | 3.841E+05 | 6.809E+05 | 5.447E+05 | 9.288E+05
4 2.00E-01 - 3.00E-01 | 2.562E+05 | 2.902E+04 | 2.272E+05 | 1.817E+05 | 2.108E+05
5 3.00E-01 - 4.00E-01 | 1.681E+05 | 1.568E+03 | 1.665E+05 | 1.332E+05 | 1.348E+05
6 4.00E-01 - 6.00E-01 | 1.145E+05 | 4.802E+03 | 1.097E+05 | 8.776E+04 | 9.256E+04
7 6.00E-01 - 8.00E-01 | 1.008E+05 | 5.310E+04 | 4.770E+04 | 3.816E+04 | 9.126E+04
8 8.00E-01 - 1.00E+00 | 7.432E+04 | 5.504E+04 | 1.928E+04 | 1.542E+04 | 7.046E+04
9 1.00E+00 - 1.33E+00 | 4.419E+04 | 3.371E+04 | 1.048E+04 | 8.384E+03 | 4.209E+04
10 1.33E+00 - 1.66E+00 | 6.611E+03 | 4.875E+03 | 1.736E+03 | 1.389E+03 | 6.264E+03
11 1.66E+00 - 2.00E+00 | 7.614E+03 | 7.345E+03 | 2.690E+02 | 2.152E+02 | 7.560E+03
12 2.00E+00 - 2.50E+00 | 1.503E+01 | 3.031E+00 | 1.200E+01 | 9.599E+00 | 1.263E+01
13 2.50E+00 - 3.00E+00 | 1.453E+00 | 1.453E+00 | 0.000E+00 | 0.000E+00 | 1.453E+00
14 3.00E+00 - 4.00E+00 | 1.305E+00 | 1.305E+00 | 0.000E+00 | 0.000E+00 | 1.305E+00
15 4.00E+00 - 5.00E+00 | 4.405E-01 | 4.405E-01 | 0.000E+00 | 0.000E+00 | 4.405E-01
16 5.00E+00 - 6.50E+00 | 1.767E-01 | 1.767E-01 | 0.000E+00 | 0.000E+00 | 1.767E-01
17 6.50E+00 - 8.00E+00 | 3.466E-02 | 3.466E-02 | 0.000E+00 | 0.000E+00 | 3.466E-02
18 8.00E+00 - 1.00E+01 | 7.590E-03 | 7.590E-03 | 0.000E+00 | 0.000E+00 | 7.590E-03
19 1.00E+01 - 2.00E+01 | 1.395E-04 | 1.395E-04 | 0.000E+00 | 0.000E+00 | 1.395E-04
Total | 1.00E-02 - 2.00E+01 | 7.856E+06 | 2.823E+06 | 5.033E+06 | 4.027E+06 | 6.850E+06
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Table B-17 Neutron Source Term Comparison for Filled Cylinders

Neutron Source Strength (n/s per cylinder)
Cylinder Type |Contributor UUSA* UNM Calculation

(Hand-calculation) (ORIGEN-S)

48Y for Tai (a, n) Reaction 1.62E+05 2.28E+05
or Tails —

(0.34% U-235) Spontaneous Fission 1.15E+05 1.15E+05
Total 2.77E+05 3.43E+05
48Y for Feed (a, n) Reaction 2.69E+05 3.84E+05
(0.711% U- Spontaneous Fission 1.15E+05 1.14E+05
235) Total 3.84E+05 4.98E+05

*Reference: AREVA 2003a

Table B-18 Photon Source Term Comparison for Filled Cylinders

Photon Source Strength (p/s-cylinder)
Group Energy Boundaries 48Y Tails (0.34%) 48Y Feed (0.711%)
(MeV) UUSA UNM UUSA UNM

ORINGEN-2 | ORINGEN-S | ORINGEN-2 | ORINGEN-S

1 0.00E+00 - 2.00E-02 | 8.791E+10 7.552E+10 | 9.712E+10 | 8.850E+10
2 2.00E-02 - 3.00E-02 1.161E+10 8.919E+09 1.196E+10 | 9.319E+09
3 3.00E-02 - 4.50E-02 7.404E+09 6.702E+09 7.390E+09 | 6.691E+09
4 4.50E-02 - 7.00E-02 1.541E+10 1.164E+10 1.544E+10 | 1.168E+10
5 7.00E-02 - 1.00E-01 1.387E+10 1.057E+10 1.424E+10 | 1.105E+10
6 1.00E-01 - 1.50E-01 5.090E+09 4.898E+09 | 5.496E+09 | 5.343E+09
7 1.50E-01 - 3.00E-01 7.342E+09 6.258E+09 | 8.690E+09 | 7.695E+09
8 3.00E-01 - 4.50E-01 2.665E+09 2.142E+09 2.658E+09 | 2.136E+09
9 4.50E-01 - 7.00E-01 1.436E+09 1.029E+09 1.431E+09 | 1.026E+09
10 7.00E-01 - 1.00E+00 | 9.358E+08 1.617E+09 | 9.324E+08 | 1.611E+09
11 1.00E+00 - 1.50E+00 | 6.635E+08 5.460E+08 6.610E+08 | 5.439E+08
12 1.50E+00 - 2.00E+00 | 1.023E+08 1.280E+08 1.019E+08 | 1.275E+08
13 2.00E+00 - 2.50E+00 | 2.957E+04 1.640E+05 2.949E+04 | 1.634E+05
14 2.50E+00 - 3.00E+00 | 1.689E+04 1.823E+04 1.684E+04 | 1.816E+04
15 3.00E+00 - 4.00E+00 | 1.511E+04 1.636E+04 1.505E+04 | 1.631E+04
16 4.00E+00 - 6.00E+00 | 6.490E+03 7.021E+03 6.470E+03 | 6.997E+03
17 6.00E+00 - 8.00E+00 | 7.475E+02 8.084E+02 7.450E+02 | 8.056E+02
18 8.00E+00 - 1.10E+01 | 8.597E+01 9.298E+01 | 8.563E+01 | 9.264E+01
Total 0.00E+00 - 1.10E+01 1.545E+11 1.299E+11 1.661E+11 1.457E+11

*Reference: AREVA 2003b
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APPENDIX C

FLUX-TO-DOSE RATE CONVERSION FACTORS

This appendix contains the flux-to-dose rate cosiear factors derived from the

ANSI/ANS-6.1.1-1977 and 6.1.1-1991 standards asergivn Tables C-1 and C-2,

respectively. Photon energies above 2 MeV ardeiramt to this research as the cutoff

energy for dose calculations is 2 MeV.

Table C-1 ANSI/ANS-6.1.1-1977 Dose Conversion Factors

Neutron Energy Neutr_on Dose Photon Energy Phot(_)n Dose
(MeV) Conversion Factors o a (MeV) Conversion Factors2 .
(mrem/hr)/(neutron/cm °-s) (mrem/hr)/(photon/cm “-s)
2.50E-08 3.67E-03 0.01 3.96E-03
1.00E-07 3.67E-03 0.03 5.82E-04
1.00E-06 4.46E-03 0.05 2.90E-04
1.00E-05 4.54E-03 0.07 2.58E-04
1.00E-04 4.18E-03 0.1 2.83E-04
1.00E-03 3.76E-03 0.15 3.79E-04
1.00E-02 3.56E-03 0.2 5.01E-04
1.00E-01 2.17E-02 0.25 6.31E-04
5.00E-01 9.26E-02 0.3 7.59E-04
1.0 1.32E-01 0.35 8.78E-04
25 1.25E-01 0.4 9.85E-04
5.0 1.56E-01 0.45 1.08E-03
7.0 1.47E-01 0.5 1.17E-03
10.0 1.47E-01 0.55 1.27E-03
14.0 2.08E-01 0.6 1.36E-03
20.0 2.27E-01 0.65 1.44E-03
0.7 1.52E-03
0.8 1.68E-03
1.0 1.98E-03
1.4 2.51E-03
1.8 2.99E-03
2.2 3.42E-03
2.6 3.82E-03
2.8 4.01E-03
3.25 4.41E-03
3.75 4.83E-03
4.25 5.23E-03
4.75 5.60E-03
5.0 5.80E-03
@ Derived from ANSI/ANS-6.1.1-1977, p.4
® Derived from ANSI/ANS-6.1.1-1977, p.5
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Table C-2 ANSI/ANS-6.1.1-1991 Dose Conversion Factors

Neutron Energy Cor?lveel;gi?)rr]] Egzteors Photon Energy Coni)/z?;(ijonn?:?c?ors
(MeV) (mrem/hr)/(neutron/cm  %-s) @ (MeV) (mrem/hr)/(photon/cm  2-s) ®
2.50E-08 1.44E-03 0.010 2.23E-05
1.00E-07 1.58E-03 0.015 5.65E-05
1.00E-06 1.74E-03 0.020 8.57E-05
1.00E-05 1.61E-03 0.030 1.18E-04
1.00E-04 1.49E-03 0.040 1.31E-04
1.00E-03 1.38E-03 0.050 1.38E-04
1.00E-02 1.63E-03 0.060 1.44E-04
2.00E-02 2.11E-03 0.080 1.62E-04
5.00E-02 3.92E-03 0.100 1.92E-04
1.00E-01 7.13E-03 0.150 2.80E-04
2.00E-01 1.39E-02 0.200 3.71E-04
5.00E-01 3.13E-02 0.300 5.62E-04
1.0 5.15E-02 0.400 7.42E-04
15 6.59E-02 0.500 9.14E-04
2.0 7.70E-02 0.600 1.08E-03
3.0 9.50E-02 0.800 1.38E-03
4.0 1.08E-01 1.000 1.66E-03
5.0 1.18E-01 1.500 2.25E-03
6.0 1.25E-01 2.000 2.76E-03
7.0 1.31E-01 3.000 3.67E-03
8.0 1.37E-01 4.000 4.50E-03
10.0 1.48E-01 5.000 5.29E-03
14.0 1.73E-01

% Derived from ANSI/ANS-6.1.1-1991, Table 4 for anterior-posterior (AP) orientation
® Derived from ANSI/ANS-6.1.1-1991, Table 3 for AP orientation
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APPENDIX D MCNP COMPUTER FILES FOR SINGLE CYLINDERS

D.1 MCNP CASES AND COMPUTER FILES FOR SINGLE CYLIND ERS
Table D-1 lists the MCNP computer files created d¢alculations of neutron and
photon dose rates from a single filled or emptylfeg@inder.

Table D-1 MCNP Case Description and Computer Files for a Single Feed Cylinder

- . . CTME
Case Description Input File Output File (minutes)

Neutron Cases for Filled Feed Cylinder

nl Radial & gxnal neutron dose rate profiles for feed nl.txt feed nilout 200
homogenized geometry - -

n2 Radial & axial neutron dose rate profiles for feed n2.txt feed n2.out 200
slumped geometry - -

n3 Eﬁe.Ct of concrete pad feed_n3.txt feed_n3.out 100
(radial only)

n4 Effept of ground scattering feed_n4.txt feed_n4.out 100
(radial only) — _|

n5 Secpndary photon contribution feed_n5.txt feed_n5.out 100
(radial only) - -

n6 Effe_ct of ANSI-ANS-6.1.1-1991 standard feed_n6.ixt feed_n6.out 100
(radial only)
Photon Cases for Filled Feed Cylinder

bl Radial & axna}l photon dose rate profiles feed_pl.ixt feed_pl.out 100
for homogenized geometry

D2 Radial & axial photon dose rate profiles feed_p2.txt feed_p2.out 100
for slumped geometry
Effect of concrete pad

p3 (radial only) feed_p3.txt feed_p3.out 50
Effect of ground scattering

p4 (radial only) feed_p4.txt feed_p4.out 50

b5 Effept of full photon energy spectrum feed_p5c.txt feed_p5.out 50
(radial only)

06 Effe_ct of ANSI-ANS-6.1.1-1991 standard feed_p6.ixt feed_p6.out 50
(radial only)
Photon Cases for Filled Empty Cylinder
Radial & axial photon dose rate profiles

el for homogenized geometry empty_pl.txt empty_pl.out 50
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D.2 SAMPLE MCNP INPUT LISITNG

The representative cases selected for listinge@sample MCNP input files include

the following:

o Filefeed nl.txt Radial & axial neutron dose rate profiles fomumenized

geometry for a single filled feed cylinder (8D.2.1)

e Filefeed pl.txt- Radial & axial photon dose rate profiles for logenized

geometry for a single filled feed cylinder (8D.2.2)

e Fileempty pl.txt Radial & axial photon dose rate profiles for loganized

geometry for a single empty feed cylinder (§8D.2.3)

D.2.1 Input File feed nl.txt

Dose from Single Filled 48Y Feed Cylinder
¢ Neutron - homogenized source geometry - ANSI/ANS

11 1 -2.897 103 -104 -401

12 2 -7.8500 102 -105 -402 (-103 :104 :4
13 4 -235 110 -111 112 -113-114 115
14 3 -0.0012 114 -501 (-102 :105 :402)
15 5 -1.60 -114-501 #13

16 O 501

C Planes

c

102 px -186.3725 $ Outsi
103 px -184.7850 $ Insid

104 px 184.7850 $ Insid

105 px 186.3725 $ Outsi

c

110 px -30000.0 $ Concr
111 px 30000.0 $ Concr
112 py -30000.0 $ Concr
113 py 30000.0 $ Concr
114 pz -77.80 $ Concr

115 pz -108.30 $ Concr

C Cylinders

401 cx 60.9600 $ Insid

402 cx 62.5475 $ Outsi

C Spheres

501 so 40000.00 $ Probl
prdmpjjj4

ml 9019.70c 6.00 92238.70c 0.9928 92235.7

m2 26054.70c 0.05845 26056.70c 0.91754 26057.7
26058.70c 0.00282

m3  6000.70c -0.00014 7014.70c -0.75521 8016.7

215

-6.1.1-1977

imp:n=1 $UF6 inside
01) imp:n=2 $Steel shell
imp:n=1 $Concrete pad
imp:n=2 $Air inside
imp:n=0.5 $Ground soil
imp:n=0 $Outer void

de of end plate
e of end plate
e of end plate
de of end plate

ete pad -x
ete pad +x
ete pad -y
ete pad +y
ete pad upper z
ete pad lower z

e of cylinder
de of cylinder

em Boundary
Oc 0.0072 $ UF6
Oc 0.02119 $Iron

0c -0.23177 $ Air
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18040.70c -0.01288
m4  1001.70c -0.0055 8016.70c -0.4983 11023.7
ANS6.4-1997
13027.70c -0.0455 12024.70c -0.0020 12025.7
12026.70c -0.0003 14028.70c -0.2900 14029.7
14030.70c -0.0104 16032.70c -0.0013 19039.7
19041.70c -0.0013 20040.70c -0.0826 26056.7
m5 8016.70c -0.465 11023.70c -0.0245 13027.7
12024.70c -0.0117 12025.70c -0.0015 12026.7
14028.70c -0.2664 14029.70c -0.0140 14030.7
19039.70c -0.0209 19041.70c -0.0016 20040.7
26056.70c -0.060
mode n
sdef erg=dl axs=100 rad=d2 ext=d3 pos=000
C Neutron Spectrum
# sil spl sbl
0.015 0.0 0.0
0.111 7.849E-03 1.521E-03
0.408 7.776E-02 2.645E-02
0.907 3.060E-01 2.152E-01
1.42 3.256E-01 3.662E-01
1.83 1.470E-01 1.886E-01
3.01 1.040E-01 1.477E-01
6.38 3.063E-02 5.125E-02
20.0 1.163E-03 2.945E-03
si2 0.0 60.96 $ radial distribution
sp2 -21 1
si3 -184.785 184.785  $ axial distribution,
sp3 00 1.0
¢ neutron dose conversion factors (mrem/h)/(n/cm”2-
¢ from MCNP Manual, ANSI/ANS-6.1.1-1977
DEO LOG 2.5-8 1.0-7 1.0-6 1.0-5 1.0-4
501 10 25 50 7.0
DF0 LOG 3.67-3 3.67-3 4.46-3 4.54-3 4.18-
9.26-2 1.32-1 1.25-1 1.56-1 1.47-
¢ Energy bins for tally
e0 0.0150.111 0.408 0.907 1.42 1.83 3.01
c Point detector tallies
¢ Radial neutron dose rates on side at 0.02/0.305/
f5:n 0.0 64.55 0.0 0.1
fi5:n 0.0 93.05 0.0 0.3
f25:n 0.0 162.55 0.0 5.0
f35:n 0.0 262.55 0.0 5.0
f45:n 0.0 562.55 0.0 5.0
f55:n 0.0 1062.55 0.0 10.0
f65:n 0.0 2062.55 0.0 10.0
f75:n 0.0 5062.55 0.0 10.0
f85:n 0.0 10062.55 0.0 10.0
f95:n 0.0 20062.55 0.0 10.0
¢ Tally multiplier (n/s per feed cylinder)
fm5 4.976E+05
fm15 4.976E+05
fm25 4.976E+05
fm35 4.976E+05
fm45 4.976E+05
fm55 4.976E+05
fm6é5 4.976E+05
fm75 4.976E+05
fm85 4.976E+05
fm95 4.976E+05

216

0c -0.0170 $ Concrete

Oc -0.0003

Oc -0.0153

0Oc -0.0178

Oc -0.0123

0c -0.080 $ Ground sall
Oc -0.0018

Oc -0.0096

Oc -0.040

, equal volume weighting
equal along length
s)}
1.0-3 1.0-2 1.0-1
10.0 14.0 20.0
3 3.76-3 3.56-3 2.17-2
1 1.47-1 2.08-1 2.27-1
6.38 20.0

1/2/5/10/20/50/100/200m
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¢ Axial neutron dose rates on end at 0.02/0.305/1/
f105:n 188.4 0.0 0.0 0.1
f115:n  216.9 0.0 0.0 0.3
f125:n 286.4 0.0 0.0 5.0
f135:n 386.4 0.0 0.0 5.0
fl145:n 686.4 0.0 0.0 5.0
f155:n 1186.4 0.0 0.0 10.0
f165:n 2186.4 0.0 0.0 10.0
f175:n 5186.4 0.0 0.0 10.0
f185:n 10186.4 0.0 0.0 10.0
f195:n 20186.4 0.0 0.0 10.0
fm105 4.976E+05

fm115 4.976E+05

fm125 4.976E+05

fm135 4.976E+05

fm145 4.976E+05

fm155 4.976E+05

fm165 4.976E+05

fm175 4.976E+05

fm185 4.976E+05

fm195 4.976E+05

¢ Neutron dose rate at contact on cylindrical surf
f205:n -95.4 0.0 -66.4 0.1
fm205 4.976E+05

c

ctme 200.0

D.2.2 Input File feed pl.txt

Dose Rates from Single Filled 48Y Feed Cylinder
¢ Photon - homogenized source geometry - ANSI/ANS-

11 1 -2.897 103 -104 -401

12 2 -7.8500 102 -105 -402 (-103 :104 :4
13 4 -235 110 -111 112 -113-114 115
14 3 -0.0012 114 -501 (-102 :105 :402)
15 5 -1.60 -114-501 #13

16 O 501

C Y planes

c

102 px -186.3725 $ Outsi
103 px -184.7850 $ Insid

104 px 184.7850 $ Insid

105 px 186.3725 $ Outsi

c

110 px -30000.0 $ Concr
111 px 30000.0 $ Concr
112 py -30000.0 $ Concr
113 py 30000.0 $ Concr
114 pz -77.80 $ Concr

115 pz -108.30 $ Concr

C Cylinders

401 cx 60.9600 $ Insid

402 cx 62.5475 $ Outsi

C Spheres

501 so 40000.00 $ Probl
prdmpjjj4

217

2/5/10/20/50/100/200m

ace (bottom)

6.1.1-1977

imp:p=1 $UF6 inside
01) imp:p=2 $Steel shell
imp:p=1 $Concrete pad
imp:p=2 $Air inside
imp:p=0.5 $Ground soil
imp:p=0 $Outer void

de of end plate
e of end plate
e of end plate
de of end plate

ete pad -x
ete pad +x
ete pad -y
ete pad +y
ete pad upper z
ete pad lower z

e of cylinder
de of cylinder

em Boundary
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ml 9019 6.00 92238 0.9928 92235 0.0072
m2 26000 1.00
m3 6000 -0.00014 7014 -0.75521 8016 -0.23177
18000 -0.01288
m4 1001 -0.0055 8016 -0.4983 11023 -0.0170
13027 -0.0455 12000 -0.0026 14000 -0.3157
16000 -0.0013 19000 -0.0191 20000 -0.0826
26000 -0.0123
m5 8016 -0.465 11023 -0.0245 13027 -0.080
12000 -0.015 14000 -0.290 19000 -0.0225
20000 -0.040 26000 -0.060
phys:p 10 $ detailed physics, br
mode p
sdef erg=dl axs=100 rad=d2 ext=d3 pos=000
C Photon Spectrum
# sil spl sbl
4.50E-02 0.0 0.0
1.00E-01 5.232E-01 7.933E-05
2.00E-01 2.795E-01 1.494E-03
3.00E-01 6.343E-02 1.378E-02
4.00E-01 4.056E-02 3.645E-02
6.00E-01 2.785E-02 8.181E-02
8.00E-01 2.746E-02 1.927E-01
1.00E+00 2.120E-02 2.608E-01
1.33E+00 1.266E-02 2.593E-01
1.66E+00 1.885E-03 5.885E-02
2.00E+00 2.275E-03 9.479E-02
si2 0.0 60.96 $ radial distribution
sp2 -21 1
si3 -184.785 184.785 $ axial distribution
sp3 00 1.0

¢ ANSI/ANS-6.1.1-1977 photon dose conversion factor

de0O LOG 0.01 0.03 0.05 0.07 01 O
025 03 035 04 045 05 O
065 07 08 1.0 14 18 2
28 325 375 425 475 50 5
6.25 6.75 75 9.0 110 13.0 1

df0 LOG 3.96-35.82-42.90-4 2.58-42.83-43
6.31-4 7.59-4 8.78-4 9.85-4 1.08-3 1.17-3 1
1.44-31.52-3 1.68-3 1.98-3 2.51-3 2.99-3 3
4.01-3 4.41-3 4.83-35.23-35.60-35.80-3 6
6.74-37.11-37.66-38.77-31.03-21.18-2 1

¢ Energy bins for tally

el 0.0 0.0450.10 0.2 0.3 0.40.60.81.0

¢ Point detector tallies

¢ Radial photon dose rates on side at at 0.02/0.30

f5;p 0.0 64.55 0.0 0.1

fi5:;p 0.0 93.05 0.0 0.3

f25:;p 0.0 162.55 0.0 5.0

f35:p 0.0 262.55 0.0 5.0

f45:;p 0.0 562.55 0.0 5.0

f55:p 0.0 1062.55 0.0 10.0

f65:p 0.0 2062.55 0.0 10.0

f75:p 0.0 5062.55 0.0 10.0

f85:p 0.0 10062.55 0.0 10.0

f95:p 0.0 20062.55 0.0 10.0

¢ Tally multiplier (p/s per feed cylinder)

fm5 4.155E+10

fm15 4.155E+10

fm25 4.155E+10

218

$ UF6
$ Iron
$ Air

$ Concrete ANS6.4-1997

$ Ground bulk soil

ems., coherent

, equal volume weighting
, equal along length

s (mrem/h)/(photon/cm”2-s)
15 0.2
.55 0.6

2 26

.25 5.75
5.0
.79-75.01-4
.27-31.36-3
.42-3 3.82-3
.01-3 6.37-3
.33-2

1.331.66 2.0

5/1/2/5/10/20/50/100/200m
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fm35
fm45
fm55
fm65
fm75
fm85
fm95

f185:p
f195:p

4.155E+10
4.155E+10
4.155E+10
4.155E+10
4.155E+10
4.155E+10
4.155E+10
¢ Axial photon dose rates on end at at 0.02/0.305/
f105:p
f115:p
f125:p
f135:p
f145:p
f155:p
f165:p
f175:p

fm105
fm115
fm125
fm135
fm145
fm155
fm165
fm175
fm185
fm195
¢ Photon dose rate at contact on cylindrical surfa
f205:p -95.4 0.0 -66.4 0.1

fm205 4.155E+10

c

188.4 0.0 0.0 0.1
216.9 0.0 0.0 0.3
286.4 0.0 0.0 5.0
386.4 0.0 0.0 5.0
686.4 0.0 0.0 5.0
1186.4 0.0 0.0 10.0
2186.4 0.0 0.0 10.0
5186.4 0.0 0.0 10.0

10186.4 0.0 0.0 10.0
20186.4 0.0 0.0 10.0

4.155E+10
4.155E+10
4.155E+10
4.155E+10
4.155E+10
4.155E+10
4.155E+10
4.155E+10
4.155E+10
4.155E+10

ctme 100.0

D.2.3 Input File empty pl.txt

Dose Rates from Single Empty 48Y Feed Cylinder

¢ Photon - homogenized source geometry - ANSI/ANS-

c

11 0 103 -104 -401

12 2 -7.8500 102 -105 -402 (-103 :104 :4
13 4 -235 110 -111 112 -113-114 115
14 3 -0.0012 114 -501 (-102 :105 :402)
15 5 -1.60 -114-501 #13

16 O 501

C Y planes

c

102 px -186.3725 $ Outsi
103 px -184.7850 $ Insid

104 px 184.7850 $ Insid

105 px 186.3725 $ Outsi

c

110 px -30000.0 $ Concr
111 px 30000.0 $ Concr

112 py -30000.0 $ Concr
113 py 30000.0 $ Concr

114 pz -77.80 $ Concr

115 pz -108.30 $ Concr
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1/2/5/10/20/50/100/200m

ce (bottom)

6.1.1-1977

imp:p=1 $Void-no UF6
01) imp:p=2 $Steel shell
imp:p=1 $Concrete pad
imp:p=2 $Air inside
imp:p=0.5 $Ground soil
imp:p=0 $Outer void

de of end plate
e of end plate
e of end plate
de of end plate

ete pad -x
ete pad +x
ete pad -y
ete pad +y
ete pad upper z
ete pad lower z
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C Cylinders

401 cx 60.9600 $ Insid e of cylinder
402 cx 62.5475 $ Outsi de of cylinder
C Spheres
501 so 40000.00 $ Probl em Boundary
prdmpjjj4
ml 9019 6.00 92238 0.9928 92235 0.0072 $ UF6
m2 26000 1.00 $ Iron
m3 6000 -0.00014 7014 -0.75521 8016 -0.23177 $ Air
18000 -0.01288
m4 1001 -0.0055 8016 -0.4983 11023 -0.0170 $ Concrete ANS6.4-1997

13027 -0.0455 12000 -0.0026 14000 -0.3157
16000 -0.0013 19000 -0.0191 20000 -0.0826
26000 -0.0123
m5 8016 -0.465 11023 -0.0245 13027 -0.080 $ Ground bulk soll
12000 -0.015 14000 -0.290 19000 -0.0225
20000 -0.040 26000 -0.060
phys:p 10 $ detailed physics, br ems., coherent
mode p
sdef erg=dl axs=100 rad=d2 ext=d3 pos=000
C Photon Spectrum
# sil spl
4.50E-02 0.0
1.00E-01 1.116E+10
2.00E-01 1.165E+09
3.00E-01 4.135E+08
4.00E-01 2.394E+08
6.00E-01 2.186E+08
8.00E-01 7.389E+08
1.00E+00 7.219E+08
1.33E+00 4.427E+08
1.66E+00 6.539E+07
2.00E+00 9.267E+07

si2 0.0 60.96 $ radial distribution , equal volume weighting
sp2 -21 1
si3 -184.785 184.785  $ axial distribution , equal along length
sp3 00 1.0
¢ ANSI/ANS-6.1.1-1977 photon dose conversion factor s (mrem/h)/(photon/cm”2-s)
de0O LOG 0.01 0.03 0.05 0.07 01 O .15 0.2
0.25 0.3 035 04 045 05 O .55 0.6
065 0.7 0.8 10 14 18 2 2 26
28 325 3.75 425 475 50 5 .25 5.75
6.25 6.75 75 9.0 11.0 130 1 5.0
dfio LOG 3.96-35.82-4 2.90-4 2.58-42.83-4 3 .79-7 5.01-4
6.31-4 7.59-4 8.78-4 9.85-4 1.08-31.17-3 1 .27-3 1.36-3
1.44-3 1.52-31.68-3 1.98-3 2.51-3 2.99-3 3 .42-3 3.82-3
4.01-3 4.41-3 4.83-3 5.23-3 5.60-3 5.80-3 6 .01-36.37-3
6.74-37.11-3 7.66-3 8.77-3 1.03-21.18-2 1 .33-2
¢ Energy bins for tally
el 0.0 0.0450.10 0.2 0.3 0.40.60.81.0 1.331.66 2.0
c Point detector tallies
¢ Radial photon dose rates on side at 0.02/0.305/1 /2/5/10/20/50/100/200m

f5;p 0.0 64.55 0.0 0.1

f15:;p 0.0 93.05 0.0 0.3

f25:;p 0.0 162.55 0.0 5.0
f35:;p 0.0 262.55 0.0 5.0
f45:;p 0.0 562.55 0.0 5.0
f55:p 0.0 1062.55 0.0 10.0
f65:p 0.0 2062.55 0.0 10.0
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f75:p 0.0 5062.55 0.0 10.0
f85:p 0.0 10062.55 0.0 10.0
f95:p 0.0 20062.55 0.0 10.0
¢ Tally multiplier (p/s per feed cylinder)
fm5 1.526E+10

fml1l5 1.526E+10

fm25 1.526E+10

fm35 1.526E+10

fm45 1.526E+10

fm55 1.526E+10

fm65 1.526E+10

fm75 1.526E+10

fm85 1.526E+10

fm95 1.526E+10

¢ Axial photon dose rates on end at 0.02/0.305/1/2 /5/10/20/50/100/200m
f105:p 188.4 0.0 0.0 0.1
f115:p 216.9 0.0 0.0 0.3
f125:p 286.4 0.0 0.0 5.0
f135:p 386.4 0.0 0.0 5.0
fl45:p 686.4 0.0 0.0 5.0
f155:p 1186.4 0.0 0.0 10.0
f165:p 2186.4 0.0 0.0 10.0
fi75:p 5186.4 0.0 0.0 10.0
f185:p 10186.4 0.0 0.0 10.0
f195:p 20186.4 0.0 0.0 10.0
fm105 1.526E+10

fm115 1.526E+10

fm125 1.526E+10

fm135 1.526E+10

fm145 1.526E+10

fm155 1.526E+10

fm165 1.526E+10

fm175 1.526E+10

fm185 1.526E+10

fm195 1.526E+10

¢ Photon dose rate at contact on cylindrical surfa ce (bottom)
f205:p -95.4 0.0 -66.4 0.1
fm205 1.526E+10

c
ctme 50.0
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APPENDIX E CALCULATED DOSE RATES FOR SINGLE CYLINDE RS

This appendix compiles the neutron and photon dates from the single cylinder
dose evaluation for a single filled, and a singtety feed cylinder, based on the calculations
with the MCNP5, v1.60 code. The compilation in@adhe following:

e Energy response factors for filled and empty cydirsd(Tables E-1 through E-2)

e Neutron dose rate results for a single filled fegkihder (Tables E-3 through E-7)

e Photon dose rate results for a single filled feddhder (Tables E-8 through E-12)

e Photon dose rate results for a single empty feéddsr (Table E-13)

222
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Table E-1 Neutron and Photon Energy Response Factors for a Filled Cylinder

Enizl\r/glggvliin Averag(;ﬁqzz;:j/iﬁ IpSelrJrrf]?Scier(;;;)e Rate MCNP Calculation

Inside Surface | Outside Surface Input File | Output File

Neutron Factors
1.50E-02 - 1.11E-01 1(58?);?3 7('5%30'5250)8 UF6_nlixt | UF6_nl.out
1.11E-01 - 4.08E-01 2{8%%'52'30)7 1('8’%%'52}3")7 UF6_n2.txt | UF6_n2.out
4.08E-01 - 9.07E-01 4('8210'52'30)7 2('3230'52'87 UF6_n3.txt | UF6_n3.out
9.07E-01 - 1.42E+00 7('82%'52'87 4(8%%'5150)7 UF6_ndtxt | UF6_nd.out
1.42E+00 - 1.83E+00 8(8%20%'00)7 5(3%%515)7 UF6_n5.txt UF6_n5.out
1.83E+00 - 3.01E+00 9(82(%52'00)7 5(3%%%5%7 UF6_n6.txt UF6_n6.out
3.01E+00 - 6.38E+00 1(320%'51'90)6 6(3%%5170)7 UF6_n7.txt UF6_n7.out
6.38E+00 - 2.00E+01 1(86(3)2()!52-00)6 1(82070El70)6 UF6_n8.txt UF6_n8.out

Photon Factors
4.50E-02 - 1.00E-01 5('(%%70%'31)2 5('8_71422'31)5 UF6_plixt | UF6_pl.out
1.00E-01 - 2.00E-01 7('3%50%'71)2 1('8%51'57'71)3 UF6_p2.txt | UF6_p2.out
2.00E-01 - 3.00E-01 6('3%%'52'71)1 7('8%%2'61)2 UF6_p3.txt | UF6_p3.out
3.00E-01 - 4.00E-01 1('8%%'52})1)0 3('8’%‘5'52}31)1 UF6_patxt | UF6_pd.out
4.00E-01 - 6.00E-01 4('3%%'51'61)0 1('8%%'51'61)0 UF6_p5.txt | UF6_p5.out
6.00E-01 - 8.00E-01 8('8%%'51'31)0 2('3%%'51}31)0 UF6_p6.txt | UF6_p6.out
8.00E-01 - 1.00E+00 1('8%%'51'20)9 4('3%20'51'11)0 UF6_p7.txt | UF6_p7.out
1.00E+00 - 1.33E+00 2('8%70'51'89 7('3%70'51'01)0 UF6 p8.ixt | UF6_p8.out
1.33E+00 - 1.66E+00 2('8%10'51'39 1('3%%%39 UF6_po.txt | UF6_p9.out
1.66E+00 - 2.00E+00 3(8%%51'89 1(8%20%8)9 UF6_p10.txt | UF6_p10.out

*Relative error in parentheses
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Table E-2 Photon Energy Response Factors for an Empty Cylinder

Enizl\r/glgé/\/l?in Average Tri?(iearLiuSsrCS/sD)ose Rate MCNP Calculation
Inside Surface | Outside Surface Input File | Output File

Photon Factors

4.50E-02 - 1.00E-01 ?ggggé?? 2('8’%%%;31)2 UF6_elixt | UF6_el.out
1.00E-01 - 2.00E-01 1('8%%%3)9 6('3270'52'51)1 UF6_e2.txt | UF6_e2.out
2.00E-01 - 3.00E-01 7('8%20%'50)9 1('8%%%'%9 UF6_e3.txt | UF6_e3.out
3.00E-01 - 4.00E-01 1('3_103(’)%'50)8 2(8%%%‘89 UF6_edtxt | UF6_ed.out
4.00E-01 - 6.00E-01 1('8%%%'50)8 4('(3)’%70%'50)9 UF6_e5.txt | UF6_e5.out
6.00E-01 - 8.00E-01 2('8_103(’)%88 6('8%%%'50)9 UF6_e6.txt | UF6_e6.out
8.00E-01 - 1.00E+00 2('8%‘:)%88 8('8%10%'50)9 UF6_e7.xt | UF6_e7.out
1.00E+00 - 1.33E+00 2(820%%'(?)8 1(32010%5%8 UF6_e8.txt UF6_e8.out
1.33E+00 - 1.66E+00 3('8%‘:)%38 1('8‘.10%%'5")8 UF6_e9.txt | UF6_e9.out
1.66E+00 - 2.00E+00 3{3%10%38 1('3%10%?)8 UF6_e10.txt | UF6_e10.0ut

*Relative error in parentheses
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Table E-3 Neutron Dose Rate Results for a Single Filled Feed Cylinder

Distance MCNP Homogenized Geometry Slumped Geometry _ Dos.,e
(m) Tally No. (1) Dose Rate Relative (2) Dose Rate Relative Ratio
(mrem/h) Error (mrem/h) Error (1)/(2)
Radial Neutron Dose Rate Profile
Cgf‘égm 5 1.768E-01 0.0171 1.597E-01 0.0214 1.11
0.305 15 1.123E-01 0.0034 8.885E-02 0.0039 1.26
1 25 5.920E-02 0.0019 4.587E-02 0.0034 1.29
2 35 2.905E-02 0.0019 2.203E-02 0.0022 1.32
5 45 7.043E-03 0.0036 5.162E-03 0.0028 1.36
10 55 1.924E-03 0.0034 1.412E-03 0.0044 1.36
20 65 5.039E-04 0.0071 3.690E-04 0.0060 1.37
50 75 8.240E-05 0.0112 6.484E-05 0.0224 1.27
100 85 1.872E-05 0.0146 1.612E-05 0.0514 1.16
200 95 3.335E-06 0.0532 3.112E-06 0.1378 1.07
Axial Neutron Dose Rate Profile
0.02 105 1.973E-01 0.0153 1.626E-01 0.0204 1.21
0.305 115 1.145E-01 0.0038 8.441E-02 0.0046 1.36
125 3.515E-02 0.0029 2.700E-02 0.0034 1.30
135 1.270E-02 0.0031 9.941E-03 0.0039 1.28
145 2.623E-03 0.0039 2.072E-03 0.0045 1.27
10 155 7.557E-04 0.0063 5.899E-04 0.0079 1.28
20 165 2.287E-04 0.0104 1.832E-04 0.0132 1.25
50 175 4.831E-05 0.0186 3.853E-05 0.0137 1.25
100 185 1.371E-05 0.0359 1.159E-05 0.0372 1.18
200 195 2.565E-06 0.0396 2.130E-06 0.0755 1.20

“ Associated MCNP output file: feed_n1.out
® Associated MCNP output file: feed_n2.out
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Table E-4 Effect of Concrete Pad on Neutron Dose Rates

(Homogenized Geometry — Single Filled Feed Cylinder)

Distance MCNP With Concrete Pad . Without Concrete Pad . Dos_e
(m) Tally No. (1) Dose Rate Relative (2) Dose Rate Relative Ratio
(mrem/h) Error (mrem/h) Error (2)(1)
Radial Neutron Dose Rate Profile
Contact 5 1.768E-01 0.0171 1.778E-01 0.0171 1.01
0.305 15 1.123E-01 0.0034 1.189E-01 0.0035 1.06
1 25 5.920E-02 0.0019 6.393E-02 0.0023 1.08
2 35 2.905E-02 0.0019 3.131E-02 0.0022 1.08
5 45 7.043E-03 0.0036 7.446E-03 0.0033 1.06
10 55 1.924E-03 0.0034 2.022E-03 0.0037 1.05
20 65 5.039E-04 0.0071 5.416E-04 0.0069 1.07
50 75 8.240E-05 0.0112 9.482E-05 0.0154 1.15
100 85 1.872E-05 0.0146 2.273E-05 0.0208 1.21
200 95 3.335E-06 0.0532 4.875E-06 0.0847 1.46
“ Associated MCNP output file: feed_n1.out
® Associated MCNP output file: feed_n3.out
Table E-5 Effect of Ground Scattering on Neutron Dose Rates
(Homogenized Geometry — Single Filled Feed Cylinder)
Distance MCNP Without Ground Scatter. With Ground Scatter _ Dos.,e
(m) Tally No. (1) Dose Ra;e Relatlvg (2) Dose Rage Relatlvs Ratio
(mrem/h) Error (mrem/h) Error (2)/(1)
Radial Neutron Dose Rate Profile
Cgf‘ég“ 5 1.590E-01 0.0405 1.778E-01 0.0171 1.12
0.305 15 9.314E-02 0.0083 1.189E-01 0.0035 1.28
1 25 4.499E-02 0.0044 6.393E-02 0.0023 1.42
2 35 2.155E-02 0.0047 3.131E-02 0.0022 1.45
5 45 5.355E-03 0.0034 7.446E-03 0.0033 1.39
10 55 1.590E-03 0.0041 2.022E-03 0.0037 1.27
20 65 4.580E-04 0.0063 5.416E-04 0.0069 1.18
50 75 9.212E-05 0.0223 9.482E-05 0.0154 1.03
100 85 2.670E-05 0.0119 2.273E-05 0.0208 0.85
200 95 6.198E-06 0.0243 4.875E-06 0.0847 0.79
Associated MCNP output file: feed_n4.out
® Associated MCNP output file: feed_n3.out
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Table E-6 Secondary Photon Dose Rates due to Neutron Interactions

(Homogenized Geometry — Single Filled Feed Cylinder)

Distance MCNP Neutron . Secondary Photon . Dos_e
(m) Tally No. (1) Dose Rate Relative (2) Dose Rate Relative Ratio
(mrem/h) Error (mrem/h) Error (2)(1)
Radial Neutron Dose Rate Profile

Contact 5 1.768E-01 0.0171 9.228E-04 0.0366 0.01
0.305 15 1.123E-01 0.0034 6.830E-04 0.0041 0.01
1 25 5.920E-02 0.0019 3.935E-04 0.0030 0.01
2 35 2.905E-02 0.0019 1.853E-04 0.0031 0.01
5 45 7.043E-03 0.0036 4.176E-05 0.0090 0.01
10 55 1.924E-03 0.0034 1.207E-05 0.0099 0.01
20 65 5.039E-04 0.0071 3.683E-06 0.0205 0.01
50 75 8.240E-05 0.0112 7.685E-07 0.0312 0.01
100 85 1.872E-05 0.0146 2.363E-07 0.0588 0.01
200 95 3.335E-06 0.0532 4.746E-08 0.0715 0.01

“ Associated MCNP output file: feed_n1.out

® Associated MCNP output file: feed_n5.out

Table E-7 Effect of ANSI/ANS-6.1.1-1991 Standard on Neutron Dose Rates
(Homogenized Geometry — Single Filled Feed Cylinder)
Distance MCNP ANSI/ANS-6.1.1—197? ANSI/ANS-6.1.1-1992F Do§e
(m) Tally No. (1) Dose Rate Relative (2) Dose Rate Relative Ratio
(mrem/h) Error (mrem/h) Error (2)/(1)
Radial Neutron Dose Rate Profile

Cgf‘ég“ 5 1.768E-01 0.0171 7.303E-02 0.0176 0.41
0.305 15 1.123E-01 0.0034 4.623E-02 0.0037 0.41
1 25 5.920E-02 0.0019 2.434E-02 0.0021 0.41
2 35 2.905E-02 0.0019 1.194E-02 0.0020 0.41
5 45 7.043E-03 0.0036 2.894E-03 0.0028 0.41
10 55 1.924E-03 0.0034 7.946E-04 0.0039 0.41
20 65 5.039E-04 0.0071 2.057E-04 0.0050 0.41
50 75 8.240E-05 0.0112 3.426E-05 0.0118 0.42
100 85 1.872E-05 0.0146 8.083E-06 0.0306 0.43
200 95 3.335E-06 0.0532 1.361E-06 0.0519 0.41

“ Associated MCNP output file: feed_n1.out

® Associated MCNP output file: feed_n6.out
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Table E-8 Photon Dose Rate Results for a Single Filled Feed Cylinder

Distance MCNP Homogenized Geometry Slumped Geometry _ Dos.,e
(m) Tally No. (1) Dose Rate Relative (2) Dose Rate Relative Ratio
(mrem/h) Error (mrem/h) Error (1)/(2)

Radial Photon Dose Rate Profile
Cgf‘égm 5 1.386E+00 0.0180 1.329E+00 0.0198 1.04
0.305 15 8.718E-01 0.0043 6.872E-01 0.0094 1.27
1 25 4.580E-01 0.0055 3.318E-01 0.0050 1.38
2 35 2.327E-01 0.0036 1.657E-01 0.0046 1.40
5 45 5.909E-02 0.0022 4.099E-02 0.0031 1.44
10 55 1.631E-02 0.0023 1.119E-02 0.0070 1.46
20 65 4.013E-03 0.0028 2.719E-03 0.0037 1.48
50 75 5.597E-04 0.0048 3.820E-04 0.0057 1.47
100 85 1.118E-04 0.0114 7.746E-05 0.0114 1.44
200 95 1.602E-05 0.0177 1.146E-05 0.0232 1.40

Axial Photon Dose Rate Profile

0.02 105 1.500E+00 0.0193 1.457E+00 0.0193 1.03
0.305 115 1.153E+00 0.0032 8.243E-01 0.0055 1.40
1 125 3.688E-01 0.0044 2.491E-01 0.0042 1.48
2 135 1.209E-01 0.0040 8.275E-02 0.0048 1.46
5 145 2.270E-02 0.0053 1.557E-02 0.0042 1.46
10 155 5.810E-03 0.0037 4.013E-03 0.0054 1.45
20 165 1.435E-03 0.0061 9.898E-04 0.0079 1.45
50 175 2.140E-04 0.0085 1.524E-04 0.0116 1.40
100 185 4.677E-05 0.0138 3.523E-05 0.0205 1.33
200 195 7.436E-06 0.0291 6.095E-06 0.0487 1.22

“ Associated MCNP output file: feed_p1.out
® Associated MCNP output file: feed_p2.out
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Table E-9 Effect of Concrete Pad on Photon Dose Rates

(Homogenized Geometry — Single Filled Feed Cylinder)

Distance MCNP With Concrete Pad . Without Concrete Pad . Dos_e
(m) Tally No. (1) Dose Rate Relative (2) Dose Rate Relative Ratio
(mrem/h) Error (mrem/h) Error (2)(1)
Radial Photon Dose Rate Profile
Contact 5 1.386E+00 0.0180 1.389E+00 0.0202 1.00
0.305 15 8.718E-01 0.0043 8.676E-01 0.0052 1.00
1 25 4.580E-01 0.0055 4.550E-01 0.0027 0.99
2 35 2.327E-01 0.0036 2.316E-01 0.0026 1.00
5 45 5.909E-02 0.0022 5.935E-02 0.0029 1.00
10 55 1.631E-02 0.0023 1.644E-02 0.0054 1.01
20 65 4.013E-03 0.0028 4.021E-03 0.0034 1.00
50 75 5.597E-04 0.0048 5.615E-04 0.0057 1.00
100 85 1.118E-04 0.0114 1.138E-04 0.0167 1.02
200 95 1.602E-05 0.0177 1.641E-05 0.0282 1.02
Associated MCNP output file: feed_p1.out
® Associated MCNP output file: feed_p3.out
Table E-10 Effect of Ground Scattering on Photon Dose Rates
(Homogenized Geometry — Single Filled Feed Cylinder)
Distance MCNP Without Ground Scatter. With Ground Scatter _ Dos.,e
(m) Tally No. (1) Dose Ra;e Relatlvg (2) Dose Rage Relatlvs Ratio
(mrem/h) Error (mrem/h) Error (2)/(1)
Radial Photon Dose Rate Profile
Cg”&g“ 5 1.375E+00 0.0205 1.389E+00 0.0202 1.01
0.305 15 8.442E-01 0.0061 8.676E-01 0.0052 1.03
1 25 4.308E-01 0.0027 4.550E-01 0.0027 1.06
2 35 2.140E-01 0.0028 2.316E-01 0.0026 1.08
5 45 5.304E-02 0.0019 5.935E-02 0.0029 1.12
10 55 1.498E-02 0.0057 1.644E-02 0.0054 1.10
20 65 3.855E-03 0.0030 4.021E-03 0.0034 1.04
50 75 6.101E-04 0.0118 5.615E-04 0.0057 0.92
100 85 1.389E-04 0.0094 1.138E-04 0.0167 0.82
200 95 2.594E-05 0.0156 1.641E-05 0.0282 0.63
Associated MCNP output file: feed_p4.out
® Associated MCNP output file: feed_p3.out
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Table E-11 Comparison of Photon Dose Rates between Full and Partial Spectra

(Homogenized Geometry — Single Filled Feed Cylinder)

Distance MCNP Partial Spectrum . Full Spectrum . Dos_e
(m) Tally No. (1) Dose Rate Relative (2) Dose Rate Relative Ratio
(mrem/h) Error (mrem/h) Error (2)(1)
Radial Photon Dose Rate Profile
Contact 5 1.386E+00 0.0180 1.343E+00 0.0397 0.97
0.305 15 8.718E-01 0.0043 8.525E-01 0.0066 0.98
1 25 4.580E-01 0.0055 4.568E-01 0.0092 1.00
2 35 2.327E-01 0.0036 2.318E-01 0.0042 1.00
5 45 5.909E-02 0.0022 5.915E-02 0.0057 1.00
10 55 1.631E-02 0.0023 1.633E-02 0.0048 1.00
20 65 4.013E-03 0.0028 4.141E-03 0.0253 1.03
50 75 5.597E-04 0.0048 5.700E-04 0.0116 1.02
100 85 1.118E-04 0.0114 1.080E-04 0.0154 0.97
200 95 1.602E-05 0.0177 1.585E-05 0.0240 0.99
Associated MCNP output file: feed_p1.out
® Associated MCNP output file: feed_p5.out
Table E-12 Effect of ANSI/ANS-6.1.1-1991 Standard on Photon Dose Rates
(Homogenized Geometry — Single Filled Feed Cylinder)
Distance MCNP ANSI/ANS-6.1.1—197? ANSI/ANS-6.1.1-1992F Do§e
(m) Tally No. (1) Dose Rate Relative (2) Dose Rate Relative Ratio
(mrem/h) Error (mrem/h) Error (2)/(1)
Radial Photon Dose Rate Profile
Cgf‘ég“ 5 1.386E+00 0.0180 1.157E+00 0.0205 0.83
0.305 15 8.718E-01 0.0043 7.262E-01 0.0051 0.83
1 25 4.580E-01 0.0055 3.828E-01 0.0026 0.84
2 35 2.327E-01 0.0036 1.947E-01 0.0027 0.84
5 45 5.909E-02 0.0022 4.968E-02 0.0029 0.84
10 55 1.631E-02 0.0023 1.377E-02 0.0056 0.84
20 65 4.013E-03 0.0028 3.400E-03 0.0039 0.85
50 75 5.597E-04 0.0048 4.786E-04 0.0058 0.86
100 85 1.118E-04 0.0114 9.757E-05 0.0146 0.87
200 95 1.602E-05 0.0177 1.396E-05 0.0312 0.87
“ Associated MCNP output file: feed_p1.out
® Associated MCNP output file: feed_p6.out
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Table E-13 Photon Dose Rate Results for a Single Empty Feed Cylinder

. Radial Profile Axial Profile Dose

Distance MCNP _ _ .
(m) Tally No.* (1) Dose Rate Relative (2) Dose Rate Relative Ratio
(mrem/h) 2 Error ® (mrem/h) ° Error ° (1)/(2)

Contact

0.02 5/105 2.161E+01 0.0188 2.104E+01 0.0166 1.03
0.305 15/115 1.276E+01 0.0038 1.295E+01 0.0024 0.99
1 25/125 6.133E+00 0.0017 4.967E+00 0.0026 1.23
2 35/135 2.947E+00 0.0025 2.102E+00 0.0021 1.40
5 45/145 7.465E-01 0.0017 5.287E-01 0.0020 1.41
10 55/155 2.092E-01 0.0025 1.581E-01 0.0026 1.32
20 65/165 5.252E-02 0.0050 4.184E-02 0.0057 1.26
50 75/175 7.423E-03 0.0047 6.190E-03 0.0048 1.20
100 85/185 1.483E-03 0.0126 1.256E-03 0.0097 1.18
200 95/195 2.194E-04 0.0363 1.840E-04 0.0230 1.19

*Tally numbers 5 through 95 for the radial profile and 105 through 195 for the axial profile
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APPENDIX F MAVRIC COMPUTER FILES AND INPUT LISTING

F.1  MAVRIC CASES AND COMPUTER FILES

Table F-1 lists the MAVRIC computer files used denerate the photon source

importance data for filled feed cylinders.

Table F-1 MAVRIC Case Description and Computer Files

Case Description Input File Output File
1 10x10 array, double stacking d10x10p.inp d10x10p.out
2 30x30 array, double stacking d30x30p.inp d30x30p.out

F.2  MAVRIC INPUT LISITNG

The cases for listing of the MAVRIC input filescinde the following:

File d10x10p.inp(8F.2.1)

File d30x30p.inp8F.2.2)

File nul.inp— Progeny inventory for empty feed cylinder (84)2.

File nu2.inp— Progeny photon source for empty feed cylindérZ&)

F.2.1 Input File d10x10p.inp

=mavric
UF6 48Y cylinder storage - neutron dose - double st ack (10x10)
v7-27n19g

read composition
wtptUF6 1 2.73 3
92235 0.481 92238 67.138 9019 32.381
1.0 293.0 end
dry-air 2 1.0 293.0 end
wtptSoil 3 1.6 13
8016 46.8 11023 2.45 13027 8.0
12024 1.17 120250.15 12026 0.18
14028 26.64 14029 1.40 14030 0.96
19039 2.09 19041 0.16 20040 4.0
26056 6.0
1.0 293.0 end
end composition
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read geometry
unit 1
cuboid 1 131.63 20.77 430.21 57.47 110.86
cuboid 99 152.40 0.0 487.68 0.0 110.86
media 11 1
media 2 1-199
boundary 99
global unit 2
cuboid 1 1524.0 0.04876.8 0.0 221.
cuboid 2 5000.0 -100.0 5500.0 -500.0 500.
cuboid 3 5500.0 -100.0 6000.0 -500.0 O.
cuboid 4 5500.0 -100.0 6000.0 -500.0 500.
array 10 1 place 111 0.00.00.0
media 21-1 2
media 31 3
media 01-2-3 4
boundary 4
end geometry

read array
ara=10 nux=10 nuy=10 nuz=2 fill 200r1 end fill
end array

read definitions
gridgeometry 11
title="fine geometry for adjoint source"
xplanes -100.0 0.00 20.77 131.63

152.40 173.17 284.03 304.80 325.5
457.20 477.97 588.83 609.60 630.3
762.00 782.77 893.63 914.40 935.1
1066.80 1087.57 1198.43 1219.20 123
1371.60 1392.37 1503.23 1524.00
3000.00 4500.00 5400.00 5500.00 end
yplanes -500.0 0.00 57.47 430.21

487.68 545.15 917.89 975.36 1032.
1463.04 1520.51 1893.25 1950.72 200
2438.40 2495.87 2868.61 2926.08 298
3413.76 3471.23 3843.97 3901.44 395

4389.12 4446.59

4819.33 4876.80

5000.00 6000.00 end
zplanes -30.0 0.0 110.86 221.72 50
end gridgeometry
response 1 specialdose=9029 end response
distribution 1
titte="UF6 neutron source energy spectrum @
neutronGroups
truePDF 1.163E-03 3.063E-02 1.040E-01 1.470
3.060E-01 7.776E-02 7.849E-03 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 end
end distribution
end definitions

read sources
src 1
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0.0
0.0
72 0.0
0 0.0
0 -30.0
0 -30.0
7 436.43
7 741.23
7 1046.03
9.97 1350.83
83 1405.57
8.19 2380.93
3.55 3356.29
8.91 4331.65
0.00 end

0.711% U-235"

E-01 3.256E-01
0.0
0.0
0.0
0.0
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title="neutron sources for 200 cylinders"
strength=9.952E+07
neutrons
cuboid 1503.23 20.77 4819.33 57.47 221.7
mixture=1
eDistributionID=1
end src
end sources

read importanceMap
adjointSource 1
boundingBox 5500.0 5400.0 4876.80 0.0 221.7
responselD=1
end adjointSource
gridGeometry=11
respWeighting
end importanceMap

read parmaters
perBatch=10000 batches=200
noFissions
noSecondaries

end parameters

end data
end

F.2.2 Input File d30x30p.inp

=mauvric
UF6 48Y cylinder storage - neutron dose - double st
v7-27n19g

read composition
wtptUF6 1 2.73 3
92235 0.481 92238 67.138 9019 32.381
1.0 293.0 end
dry-air 2 1.0 293.0 end
wtptSoil 3 1.6 13
8016 46.8 11023 2.45 13027 8.0
12024 1.17 12025 0.15 12026 0.18
14028 26.64 14029 1.40 14030 0.96
19039 2.09 19041 0.16 20040 4.0
26056 6.0
1.0 293.0 end
end composition

read geometry

unit 1
cuboid 1 131.63 20.77 430.21 57.47 110.86
cuboid 99 152.40 0.0 487.68 0.0 110.86
media 11 1
media 2 1-199
boundary 99

global unit 2
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cuboid 1 4572.00 0.0 14630.40 0.0 221
cuboid 2 9000.0 -100.0 15000.0 -500.0 500
cuboid 3 9600.0 -100.0 15500.0 -500.0 0
cuboid 4 9600.0 -100.0 15500.0 -500.0 500
array 101 place 111 0.00.00.0
media 21-1 2
media 31 3
media 01-2-3 4
boundary 4

end geometry

read array
ara=10 nux=30 nuy=30 nuz=2 fill 1800r1 end fil

end array

read definitions
gridgeometry 11
titte="fine geometry for adjoint source"
xplanes -100.0 0.00

zplanes -30.0

152.40 173.17

457.20 477.97

762.00 782.77

1066.80 1087.57
1371.60 1392.37
1676.40 1697.17
1981.20 2001.97
2286.00 2306.77
2590.80 2611.57
2895.60 2916.37
3200.40 3221.17
3505.20 3525.97
3810.00 3830.77
4114.80 4135.57
4419.60 4440.37

20.77 131.63
284.03 304.80
588.83 609.60
893.63 914.40
1198.43 1219.20
1503.23 1524.00
1808.03 1828.80
2112.83 2133.60
2417.63 2438.40
2722.43 2743.20
3027.23 3048.00
3332.03 3352.80
3636.83 3657.60
3941.63 3962.40
4246.43 4267.20
4551.23 4572.00

5000.00 7000.00 9000.00 9500.00 960
yplanes -500.0 0.00

487.68 545.15

1463.04 1520.51
2438.40 2495.87
3413.76 3471.23
4389.12 4446.59
5364.48 5421.95
6339.84 6397.31
7315.20 7372.67
8290.56 8348.03
9265.92 9323.39

57.47 430.21
917.89 975.36
1893.25 1950.72
2868.61 2926.08
3843.97 3901.44
4819.33 4876.80
5794.69 5852.16
6770.05 6827.52
7745.41 7802.88
8720.77 8778.24
9696.13 9753.60

10241.28 10298.75 10671.49 10728.96
11216.64 11274.11 11646.85 11704.32
12192.00 12249.47 12622.21 12679.68
13167.36 13224.83 13597.57 13655.04
14142.72 14200.19 14572.93 14630.40
15000.00 15500.00 end

end gridgeometry
response 1 specialdose=9029 end response
distribution 1

titte="UF6 neutron source energy spectrum @

0.0 110.86 221.72 50

235

3255

630.3

935.1
123
154
184
215
245
276
306
337
367
398
428

1032.
200
298
395
493
590
688
786
883
981

.72 0.0
.0 0.0
.0 -30.0
.0 -30.0

7

7

7
9.97
4.77
9.57
4.37
9.17
3.97
8.77
3.57
8.37
3.17
7.97

0.00 end

83
8.19
3.55
8.91
4.27
9.63
4.99
0.35
5.71
1.07

436.43

741.23

1046.03
1350.83
1655.63
1960.43
2265.23
2570.03
2874.83
3179.63
3484.43
3789.23
4094.03
4398.83

1405.57
2380.93
3356.29
4331.65
5307.01
6282.37
7257.73
8233.09
9208.45
10183.81

10786.43 11159.17
11761.79 12134.53
12737.15 13109.89
13712.51 14085.25

0.00 end

0.711% U-235"
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neutronGroups

truePDF 1.163E-03 3.063E-02 1.040E-01 1.470
3.060E-01 7.776E-02 7.849E-03 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 end

end distribution
end definitions

read sources
srcl
titte="neutron sources for 1800 cylinders"
strength=8.957E+08
neutrons
cuboid 4551.23 20.77 14572.93 57.47 221.72
mixture=1
eDistributionID=1
end src
end sources

read importanceMap
adjointSource 1
boundingBox 9500.0 9600.0 14630.40 0.0 221.
responselD=1
end adjointSource
gridGeometry=11
respWeighting
end importanceMap

read parmaters
perBatch=10000 batches=1800
noFissions
noSecondaries

end parameters

end data
end
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APPENDIX G MCNP COMPUTER FILES FOR FILLED CYLINDER ARRAY

G.1 MCNP CASES AND COMPUTER FILES

Table G-1 lists the MCNP computer files used ire thirst-step process for
calculations of neutron and photon dose rates ffferdnt configurations of filled feed
cylinder storage arrangements. The correspondasgscfor the second-step process in the
MCNP simulations are provided in Table G-2.

Table G-1 MCNP Cases in First-Step Process for Cylinder Arrays

www.manaraa.com

Case | Case Description | Input File ‘ Output File QPU m ) | nps Tracks

Neutron Cases
1 10x10 Array - Single s10x10n01.txt s$10x10n01.out 104.55 21.63M 45.63M
2 10x10 Array - Double d10x10n01.txt d10x10n01.out 102.44 15.31M 23.47M
3 10x10 Array - Triple t10x10n01.txt t10x10n01.out 101.69 12.98M 15.06M
4 30x30 Array - Single s30x30n01.txt s30x30n01.out 104.75 19.80M 47.81M
5 30x30 Array - Double d30x30n01.txt d30x30n01.out 102.58 13.90M 24.73M
6 30x30 Array - Triple t30x30n01.txt t30x30n01.out 101.74 11.75M 16.01M
7 100x100 Array - Single | s100x100n01.txt | s100x100n01.out 105.33 16.85M 53.71M
8 100x100 Array - Double | d100x100n01.txt | d100x100n01.out 102.94 12.24M 28.26M
9 100x100 Array - Triple t100x100n01.txt | t100x100n01.out 102.00 10.49M 18.48M

Photon Cases
1 10x10 Array - Single s10x10p01.txt s$10x10p01.out 103.95 300.8M 42.44M
2 10x10 Array - Double d10x10p01.txt d10x10p01.out 215.27 628.3M 56.40M
3 10x10 Array - Triple t10x10p01.txt t10x10p01.out 305.56 907.8M 59.85M
4 30x30 Array - Single s30x30p01.txt s30x30p01.out 103.57 301.9M 38.17M
5 30x30 Array - Double d30x30p01.txt d30x30p01.out 215.07 624.9M 54.61M
6 30x30 Array - Triple t30x30p01.txt t30x30p01.out 305.48 900.4M 59.36M
7 100x100 Array - Single | s100x100p01.txt | s100x100p01.out 103.49 298.1M 37.40M
8 100x100 Array - Double | d100x100p01.txt | d100x100p01.out 214.94 620.8M 53.22M
9 100x100 Array - Triple t100x100p01.txt | t100x100p01.out 305.35 888.7M 57.12M
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Table G-2 MCNP Cases in Second-Step Process for Cylinder Arrays

Case C?S? Input File Output File Surface_ Mesh CPU
Description Source File Tally File (m)

Neutron Cases
1 10x10 - Single $10x10n02.txt s$10x10n02.out w100n mt100n 38.00
2 10x10 - Double d10x10n02.txt d10x10n02.out w210n m_210n 19.17
3 10x10 - Triple t10x10n02.txt t10x10n02.out w300n mt300n 12.48
4 30x30 - Single s30x30Nn02.txt s30x30n02.out w9o00n mto00n 42.69
5 30x30 - Double d30x30n02.txt d30x30n02.out w1830n mt1830n 21.20
6 30x30 - Triple t30x30Nn02.txt t30x30n02.out w2700n mt2700n 13.78
7 100x100 - Single s$100x100n02.txt | s100x100n02.out w10000n mt10000n 46.96
8 100x100 - Double | d100x100n02.txt | d100x100n02.out w20100n mt20100n 24.33
9 100x100 - Triple t100x100n02.txt | t100x100n02.out w30000n mt30000n 16.47

Photon Cases
1 10x10 - Single s$10x10p02.txt s10x10p02.out w100p mt100p 52.55
2 10x10 - Double d10x10p02.txt d10x10p02.out w210p mt210p 36.77
3 10x10 - Triple t10x10p02.txt t10x10p02.out w300p mt300p 70.07
4 30x30 - Single s30x30p02.txt s30x30p02.out w900p mt900p 48.41
5 30x30 - Double d30x30p02.txt d30x30p02.out w1830p mt1830p 37.57
6 30x30 - Triple t30x30p02.txt t30x30p02.0ut w2700p mt2700p 73.99
7 100x100 - Single s$100x100p02.txt | s100x100p02.out w10000p mt10000p 51.24
8 100x100 - Double | d100x100p02.txt | d100x100p02.out w20100p mt20100p 40.25
9 100x100 - Triple t100x100p02.txt | t100x100p02.out w30000p mt30000p 76.14
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G.2 SAMPLE MCNP INPUT LISITNG

The cases for listing of the MAVRIC input filescinde the following:

e File t100x100n01.tx{§G.2.1)
e File t100x100n02.tx{§G.2.2)
e File t100x100p01.tx(§G.2.3)
e File t100x100p02.tx({§G.2.4)

G.2.1 Input File t100x100n01.txt

Dose Rates from Multiple Filled 48Y Tails Cylinder

file t100x100n01 (30,000 cylinders total - 101x1
101x100, 100x100 & 99x100 array - double stack
reflective bounday at Y mid-plane (i.e., 15,000
Neutron - homogenized source geometry - ANSI/ANS
center-to-center spacing=5' (radial) & 16' (axia

lattice center element at far right

1st step calculation to tally surface sources

include built-in directional biasing (a=1)

no cell source biasing

OO0 O0O0O0O0O0O0O0 00

CELL CARDS

-2.897 -11 u=1limp:n=
-7.8500 11-12 u=1 imp:n=
-0.0012 12 u=1 imp:n=

-13 fill=1llat=1 u=2 imp:n=

-31 fill=2 imp:n=
e 14 but trcl=(-76.2 0 125.095) u=3 imp:n=
-32 fill=3 imp:n=
18 like 14 but trcl=(-152.4 0 250.190) u=4 imp:n=
19 O -33 fill=4 imp:n=

16 i

'_\
a
OXO0OO0OWN K

20 3 -0.0012-34 3132 33 imp:n=

21 3 -0.0012 41 -42 43 -44 46 -47 34 imp:n=
22 4 -1.685 41-4243-4445-46 imp:n=
23 0 -41:42:-43:44:-45:47  imp:n=

¢ SURFACE CARDS

c

11 rcc 0.0-184.7850 0.0 0.0 369.570 0.0 60.960
12 rcc 0.0-186.3725 0.0 0.0 372.745 0.0 62.547
13 rpp -76.2 76.2-243.84 243.84 -62.5475 62
¢ Box to fill cylinders (bottom stack - 101x50 cyl
31 rpp -15316.2 62.6 -243.84 24083.0 -62.5475
¢ Box to fill cylinders (mid stack - 100x50 cylind
32 rpp -15240.0 0.0 -243.84 24083.0 62.5475
¢ Box to fill cylinders (top stack - 99x50 cylinde

33 rpp -15163.8 -76.2 -243.84 24083.0 187.6425
¢ Box to contain all cylinders

239

00, 100x100 & 99x100)

cylinders modeled)
-6.1.1-1977

)

1 $Inside of cylinder (UF6)
2 $Steel shell

3 $External to cylinder

3 $Lattice for bottom stack
3 $Box to fill bottom stack

3 $Lattice for middle stack
3 $Box to fill middle stack

3 $Lattice for top stack

3 $Box to fill top stack

3 $Box for all cylinders
3 $Air space

1 $Ground soll

0 $Outer void

0 $UF6 cylinder
5 $steel cylinder
5475 $unit box
inders)

62.5475

ers)

187.6425

rs)

312.8
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34 rpp -15316.2 62.6 -243.84 24083.0 -77.7875
¢ Air box

41 px -15320.0 $-X boundary

42 px 20000.0 $+X boundary

43* py -244.0 $-Y boundary (reflective)

44 py 44000.0 $+Y boundary

45 pz -108.0 $-Z boundary (soil bottom)

46 pz -77.7875 $ground Z level or soil top

47 pz 20000.0 $+Z boundary

48 pz -62.5475 $bottom of cylinder

c DATA CARDS
c
ml 9019.70c 6.00 92238.70c 0.9928 92235.7
m2 26054.70c 0.05845 26056.70c 0.91754 26057.7
26058.70c 0.00282
m3  6000.70c -0.00014 7014.70c -0.75521 8016.7
18040.70c -0.01288
m4  8016.70c -0.465 11023.70c -0.0245 13027.7
12024.70c -0.0117 12025.70c -0.0015 12026.7
14028.70c -0.2664 14029.70c -0.0140 14030.7
19039.70c -0.0209 19041.70c -0.0016 20040.7
26056.70c -0.060
mode n
¢ Write surface source file
ssw 31.131.333.5
Source definition card with the following distri
di1=distribution #1 for selection of the cell (i.
d2=distribution #2 for selection of x position
d3=distribution #3 for selection of y position
d4=distribution #4 for selection of z position
d5=distribution #5 for photon source energy spec
d6=distribution #6 for directional biasing w.r.t
sdef cel=d1 x=d2 y=d3 z=d4 erg=d5 vec=1 0 0 dir=d6
sil |(-11<14[-100:0 0:49 0:0]<15) $cell inform
(-11<16[-99:0 0:49 0:0]<17) $cell inform
(-11<18[-98:0 0:49 0:0]<19) $cell inform
spl 1 14999r $cell unbias
si2 - 60.96 60.96  $source position in x for cente
sp2 0.0 1.0 $equal weighting along x
si3 -184.7850 184.7850 $source position in y fo
sp3 00 1.0 $equal weighting along y
si4 -60.96 60.96  $source position in z fo
sp4 00 1.0 $equal weighting along z
¢ Neutron Spectrum (partial from SCALE 27 groups)
¢ si5 - energy boundary information
c spb5 - unbiased energy spectrum
¢ sbb5 - biased energy spectrum based on dose respo
¢ vertical input format used for si5, sp5 and sb5
# si5 sp5 sb5
0.015 0.0 0.0
0.111 7.849E-03 1.521E-03
0.408 7.776E-02 2.645E-02
0.907 3.060E-01 2.152E-01
1.42 3.256E-01 3.662E-01
1.83 1.470E-01 1.886E-01
3.01 1.040E-01 1.477E-01
6.38 3.063E-02 5.125E-02

OO0O0O0O0O0O00OO0

240

312.8

Oc 0.0072 $ UF6
Oc 0.02119 $Iron

Oc -0.23177 $ Air

0c -0.080 $ Ground sall
Oc -0.0018

Oc -0.0096

Oc -0.040

butions:
e., cylinder)

trum
. +X axis

ation (101x50 - bottom)
ation (100x50 - mid)
ation (99x50 - top)
ed probability (equal)

r element
r center element

r center element

nse
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20.0 1.163E-03 2.945E-03

¢ Directional sampling with bias for forward direc

si6 -1.0 1.0 $direction cosine from -1 to

sb6 -31 1 $biased directional distribu

¢ neutron dose conversion factors (mrem/h)/(n/cm”2-

¢ from MCNP Manual, ANSI/ANS-6.1.1-1977

DEO LOG 2.5-8 1.0-7 1.0-6 1.0-5 1.0-4
501 10 25 50 7.0

DF0 LOG 3.67-3 3.67-3 4.46-3 4.54-3 4.18-
9.26-2 1.32-1 1.25-1 1.56-1 1.47-

¢ Energy bins for tally (same as for source energy

e0 0.00.0150.111 0.408 0.907 1.42 1.83 3.01

f2:n 31.1 31.3 33.5 $average dose rate on thes

fm2  7.464E+09 $total source strength for

ctme 100.0

print

G.2.2 Input File t100x100n02.txt

Dose Rates from Multiple Filled 48Y Feed Cylinder
file t100x100n02 (30,000 cylinders total)
101x100, 100x100 & 99x100 array - triple stack
reflective bounday at Y mid-plane (i.e., 15,000

center-to-center spacing=5' (radial) & 16' (axia
2nd step calculation with mesh tally

OO0 0O0OO0

c
21 0 -31 32 imp:n=1

22 0 -32 imp:n=0

cylinders

23 3 -0.0012 41 -50 43 -44 46 -47 31 imp:n=1
24 4 -160 41-5043-4445-46 imp:n=1
25 0 -41:42:-43:44:-45:47  imp:n=0

¢ Air importance cells

51 3 -0.0012 50-5143-44 46 -47 imp:n=1
52 3 -0.0012 51-5243-44 46 -47 imp:n=2
53 3 -0.0012 52 -5343-44 46 -47 imp:n=4
54 3 -0.0012 53 -5443-44 46 -47 imp:n=8
55 3 -0.0012 54 -42 43 -44 46 -47 imp:n=1
¢ Soil importance cells

61 4 -1.60 50-5143-4445-46 imp:n=1
62 4 -1.60 51-5243-4445-46 imp:n=1
63 4 -1.60 52-5343-4445-46 imp:n=2
64 4 -1.60 53-5443-4445-46 imp:n=3
65 4 -1.60 54-4243-4445-46 imp:n=5

c
¢ Box to fill cylinders (triple stack-15000 cylind
boundary)

31 rpp -15378.8 0.0 -24326.84 0.0 -77.7875 31
¢ Black Box to contain all cylinders (to avoid rou
32 rpp -15378.8 -0.1 -24326.84 -0.1 -77.7875 31
¢ Air box

41 px -15380.0 $-X boundary

42 px 50000.0 $+X boundary

43* py -24327.0 $-Y boundary (reflective)

44 py 30000.0 $+Y boundary

241

neutron - homogenized source geometry - ANSI/ANS

tion
1
tion for sampling

s)}

1.0-3 1.0-2 1.0-1
10.0 14.0 20.0
3 3.76-3 3.56-3 2.17-2
1 1.47-1 2.08-1 2.27-1
groups)
6.38 20.0
e facets
15,000 cylinders (n/s)

cylinders modeled)
-6.1.1-1977

1)

$Box around cylinders
$Black box for all

$AIr space
$Ground soil
$Outer void

$1st air cell
$2nd air cell
$3rd air cell
$4th air cell
6 $5th air cell

$1st soil cell
$2nd soil cell
$3rd soil cell
$4th soil cell
$5th soil cell

ers with reflective
2.8

nd-off errors)
2.7
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45 pz -108.0 $-Z boundary (soil bottom)
46 pz -77.7875 $ground level or soil top)
47 pz 30000.0 $+Z boundary

48 pz -62.5475 $bottom of cylinder

¢ Cell importance division plane

50 px 0.0

51 px 10000.0

52 px 20000.0

53 px 30000.0

54 px 40000.0

ml 9019.70c 6.00 92238.70c 0.9928 92235.7
m2 26054.70c 0.05845 26056.70c 0.91754 26057.7
26058.70c 0.00282
m3  6000.70c -0.00014 7014.70c -0.75521 8016.7
18040.70c -0.01288
m4  8016.70c -0.465 11023.70c -0.0245 13027.7
12024.70c -0.0117 12025.70c -0.0015 12026.7
14028.70c -0.2664 14029.70c -0.0140 14030.7
19039.70c -0.0209 19041.70c -0.0016 20040.7
26056.70c -0.060
mode n
¢ Coordinate transformation from previous to curre
trl -62.6 -24083.0 0.0
¢ read source file
ssr 0ld=31.1 31.3 33.5 new=31.1 31.3 31.5tr=1
¢ neutron dose conversion factors (mrem/h)/(n/fcm”2-
¢ from MCNP Manual, ANSI/ANS-6.1.1-1977
DEO LOG 2.5-8 1.0-7 1.0-6 1.0-5 1.0-4
50-1 1.0 25 50 7.0
DF0O LOG 3.67-3 3.67-3 4.46-3 4.54-3 4.18-
9.26-2 1.32-1 1.25-1 1.56-1 1.47-
¢ Energy bins for tally (same as for source energy
e0 0.00.0150.111 0.408 0.907 1.42 1.83 3.01
¢ Mesh tally
fmesh4:n geom=xyz origin=-15378.8 -24326.84 -77.787
imesh=-0.1 0.0 2000.0 10000.0 50000.0
iints=15 1 10 20 40
jmesh=-0.1 0.0 20000.0
jints=5 1 20
kmesh=166.0 $8 ft off ground for personne
kints=1
fm4  7.464E+09  $total source strength for 15
c
ctme 150.0
print

G.2.3 Input File t100x100p01.txt

Dose Rates from Multiple Filled 48Y Feed Cylinder

file t100x100p01 (30,000 cylinders total - 101x1
101x100, 100x100 & 99x100 array - double stack
reflective bounday at Y mid-plane (i.e., 15,000
Photon - homogenized source geometry - ANSI/ANS-
center-to-center spacing=5' (radial) & 16' (axia

lattice center element at far right

1st step calculation to tally surface sources

include built-in directional biasing (a=1)

OO0OO0O0O0O0O0O0O0O0OO0

242

Oc 0.0072 $ UF6
Oc 0.02119 $lron

0c -0.23177 $ Air
0c -0.080 $ Ground sall
Oc -0.0018

Oc -0.0096
Oc -0.040

nt problem

s)

1.0-3 1.0-2 1.0-1
10.0 14.0 20.0
3 3.76-3 3.56-3 2.17-2
1 1.47-1 2.08-1 2.27-1
groups)
6.38 20.0

5

| height

,000 cylinders (n/s)

00, 100x100 & 99x100)

cylinders modeled)
6.1.1-1977

1)
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c CELL CARDS
c

11 1 -2.897 -11 u=1imp:p=
12 2 -7.8500 11-12 u=1imp:p=
13 3 -0.0012 12 u=1 imp:p=
14 0 -13 fill=1l lat=1 u=2 imp:p=
stack

15 0 -31 fill=2 imp:p=

16 like 14 but trcl=(-76.2 0 125.095) u=3 imp:p=
stack

17 O -32 fill=3 imp:p=

18 like 14 but trcl=(-152.4 0 250.190) u=4 imp:p=
stack

19 O -33 fill=4 imp:p=

c

20 3 -0.0012-34 3132 33 imp:p=
cylinders

21 3 -0.0012 41 -42 43 -44 46 -47 34 imp:p=
22 4 -1.60 41-4243-4445-46 imp:p=
23 0 -41:42:-43:44:-45:47  imp:p=

c
¢ SURFACE CARDS

c

11 rcc 0.0-184.7850 0.0 0.0 369.570 0.0 60.960
12 rcc 0.0-186.3725 0.0 0.0 372.745 0.0 62.547
13 rpp -76.2 76.2-243.84 243.84 -62.5475 62
¢ Box to fill cylinders (bottom stack - 101x50 cyl
boundary)

31 rpp -15316.2 62.6 -243.84 24083.0 -62.5475
¢ Box to fill cylinders (mid stack - 100x50 cylind
32 rpp -15240.0 0.0 -243.84 24083.0 62.5475
¢ Box to fill cylinders (top stack - 99x50 cylinde

33 rpp -15163.8 -76.2 -243.84 24083.0 187.6425
¢ Box to contain all cylinders

34 rpp -15316.2 62.6 -243.84 24083.0 -77.7875
¢ Air box

41 px -15320.0 $-X boundary

42 px 20000.0 $+X boundary

43* py -244.0 $-Y boundary (reflective)

44 py 44000.0 $+Y boundary

45 pz -108.0 $-Z boundary (soil bottom)

46 pz -77.7875 $ground Z level or soil top

47 pz 20000.0 $+Z boundary

48 pz -62.5475 $bottom of cylinder

c

c DATA CARDS

c

ml 9019 6.00 92238 0.9928 92235 0.0072

m2 26000 1.00

m3 6000 -0.00014 7014 -0.75521 8016 -0.23177
18000 -0.01288

m4 8016 -0.465 11023 -0.0245 13027 -0.080
12000 -0.015 14000 -0.290 19000 -0.0225
20000 -0.040 26000 -0.060

phys:p 10 $ detailed physics, brem

mode p

¢ Write surface source file

ssw 31.131.333.5

243

1 $Inside of cylinder (UF6)

4 $Steel shell
6 $External to cylinder
6 $Infinite lattice for

6 $Box to fill bottom stack
6 $Infinite lattice for mid

6 $Box to fill mid stack
6 $Infinite lattice for top

6 $Box to fill top stack
6 $Box to contain all

6 $Air space
1 $Ground soil
0 $Outer void

0 $UF6 cylinder
5 $steel cylinder
.5475 3$unit box

inders with reflective

62.5475
ers)
187.6425
rs)

312.8

312.8

$ UF6
$ Iron
$ Air

$ Ground bulk soil

s., coherent
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Source definition card with the following distri
di1=distribution #1 for selection of the cell (i.
d2=distribution #2 for selection of x position
d3=distribution #3 for selection of y position
d4=distribution #4 for selection of z position
d5=distribution #5 for photon source energy spec
d6=distribution #6 for directional biasing w.r.t
sdef cel=d1 x=d2 y=d3 z=d4 erg=d5 vec=1 0 0 dir=d6
sil |(-11<14[-100:0 0:49 0:0]<15)
(101x50 - bottom)

(-11<16[-99:0 0:49 0:0]<17)
(100x50 - mid)

(-11<18[-98:0 0:49 0:0]<19)
- top)
spl 1 14999r
probability (equal)
¢ Biased source sampling probability based on MAVR
to 1)
¢ MAVRIC biased sampling probability (101 or 100 o
direction)
sbl 1.0E-0381r 1.1E-03
1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03
1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03
1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03
1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03
1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03
1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03
1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 81r 1.1E-03
1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 81r 1.1E-03
1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03
1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-

O0O0OO0O0O0OO0
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butions:
e., cylinder)

trum
. +X axis

$cell information

$cell information

$cell information (99x50

$cell unbiased
IC-generated data (relative
r 99 cylinders/row in X

$row 1 - bot
03
03
01

$row 2 - bot
03
03
01

$row 3 - bot
03
03
01

$row 4 - bot
03
03
01

$row 5 - bot
03
03
01

$row 6 - bot

$row 7 - bot
03
03
01

$row 8 - bot
03
03
01

$row 9 - bot
03
03
01

$row 10 - bot
03
03
01

www.manaraa.com



1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-083

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-

245

$row 11 - bot

$row 12 - bot

$row 13 - bot
03
03
01

$row 14 - bot
03
03
01

$row 15 - bot
03
03
01

$row 16 - bot
03
03
01

$row 17 - bot
03
03
01

$row 18 - bot
03
03
01

$row 19 - bot
03
03
01

$row 20 - bot
03
03
01

$row 21 - bot

$row 22 - bot
03
03
01

$row 23 - bot
03
03
01

$row 24 - bot
03
03
01

$row 25 - bot
03
03
01

www.manaraa.com



1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-083

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
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$row 26 - bot

$row 27 - bot

$row 28 - bot
03
03
01

$row 29 - bot
03
03
01

$row 30 - bot
03
03
01

$row 31 - bot
03
03
01

$row 32 - bot
03
03
01

$row 33 - bot
03
03
01

$row 34 - bot
03
03
01

$row 35 - bot
03
03
01

$row 36 - bot

$row 37 - bot
03
03
01

$row 38 - bot
03
03
01

$row 39 - bot
03
03
01

$row 40 - bot
03
03
01

www.manaraa.com



1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-083

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0381r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
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$row 41 - bot

$row 42 - bot

$row 43 - bot
03
03
01

$row 44 - bot
03
03
01

$row 45 - bot
03
03
01

$row 46 - bot
03
03
01

$row 47 - bot
03
03
01

$row 48 - bot
03
03
01

$row 49 - bot
03
03
01

$row 50 - bot
03
03
01

$row 1 - mid

$row 2 - mid
03
03
01

$row 3 - mid
03
03
01

$row 4 - mid
03
03
01

$row 5 - mid
03
03
01

www.manaraa.com



1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
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$row 6 - mid

$row 7 - mid

$row 8 - mid
03
03
01

$row 9 - mid
03
03
01

$row 10 - mid
03
03
01

$row 11 - mid
03
03
01

$row 12 - mid
03
03
01

$row 13 - mid
03
03
01

$row 14 - mid
03
03
01

$row 15 - mid
03
03
01

$row 16 - mid

$row 17 - mid
03
03
01

$row 18 - mid
03
03
01

$row 19 - mid
03
03
01

$row 20 - mid
03
03
01
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1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-

249

$row 21 - mid

$row 22 - mid

$row 23 - mid
03
03
01

$row 24 - mid
03
03
01

$row 25 - mid
03
03
01

$row 26 - mid
03
03
01

$row 27 - mid
03
03
01

$row 28 - mid
03
03
01

$row 29 - mid
03
03
01

$row 30 - mid
03
03
01

$row 31 - mid

$row 32 - mid
03
03
01

$row 33 - mid
03
03
01

$row 34 - mid
03
03
01

$row 35 - mid
03
03
01
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1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-0380r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
1.0E-03 80r 1.1E-03

1.3E-03 1.5E-03 1.7E-03 2.0E-03 2.3E-03 2.7E-
3.1E-03 3.5E-03 4.1E-03 4.8E-03 5.6E-03 6.8E-
8.6E-03 1.2E-02 1.7E-02 2.8E-02 8.6E-02 9.9E-
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$row 36 - mid

$row 37 - mid

$row 38 - mid
03
03
01

$row 39 - mid
03
03
01

$row 40 - mid
03
03
01

$row 41 - mid
03
03
01

$row 42 - mid
03
03
01

$row 43 - mid
03
03
01

$row 44 - mid
03
03
01

$row 45 - mid
03
03
01

$row 46 - mid

$row 47 - mid
03
03
01

$row 48 - mid
03
03
01

$row 49 - mid
03
03
01

$row 50 - mid
03
03
01
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1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
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$row 1 - top

$row 2 - top

$row 3 - top

$row 4 - top

$row 5 - top

$row 6 - top

$row 7 - top

$row 8 - top

$row 9 - top
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1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03
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1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
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3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
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2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03

1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
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si2
sp2
si3
sp3
si4
sp4

7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03
1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03
1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03
1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03
1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03
1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-0361r 1.1E-03
1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
1.0E-03 61r 1.1E-03
1.2E-03 1.4E-03 1.6E-03 1.8E-03 2.0E-03 2.2E-
2.5E-03 2.8E-03 3.2E-03 3.7E-03 4.3E-03 5.0E-
5.8E-03 6.7E-03 7.7E-03 8.9E-03 1.0E-02 1.2E-
1.4E-02 1.6E-02 1.8E-02 2.1E-02 2.4E-02 2.8E-
3.3E-02 3.8E-02 4.3E-02 5.0E-02 5.8E-02 6.7E-
7.8E-02 9.1E-02 1.1E-01 1.3E-01 2.0E-01 1.0E+
-60.96 60.96  $source position in x fo
0.0 1.0 $equal weighting along x
-184.7850 184.7850 $source position in y fo
00 10 $equal weighting along y
-60.96 60.96  $source position in z fo
0.0 1.0 $equal weighting along z

¢ Photon Spectrum (partial from SCALE 19 groups)

¢ si5 - energy boundary information

c spb5 - unbiased energy spectrum

c sbb5 - biased energy spectrum based on dose respo
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$row 44 - top

$row 45 - top

$row 46 - top

$row 47 - top

$row 48 - top

$row 49 - top

$row 50 - top
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¢ vertical input format used for si5, sp5 and sb5
# sib sp5 sb5
4.50E-02 0.0 0.0
1.00E-01 5.232E-01 7.933E-05
2.00E-01 2.795E-01 1.494E-03
3.00E-01 6.343E-02 1.378E-02
4.00E-01 4.056E-02 3.645E-02
6.00E-01 2.785E-02 8.181E-02
8.00E-01 2.746E-02 1.927E-01
1.00E+00 2.120E-02 2.608E-01
1.33E+00 1.266E-02 2.593E-01
1.66E+00 1.885E-03 5.885E-02
2.00E+00 2.275E-03 9.479E-02
¢ Directional sampling with bias for forward direc
si6 -1.0 1.0 $direction cosine from -1 to
sb6 -31 1 $biased directional distribu
¢ ANSI/ANS-6.1.1-1977 photon dose conversion facto
de0 LOG 0.01 0.03 0.05 0.07 01 O
025 03 035 04 045 05 O
065 07 08 1.0 14 18 2
28 325 375 425 475 50 5
6.25 6.75 75 9.0 110 13.0 1
df0 LOG 3.96-35.82-42.90-4 2.58-42.83-43
6.31-4 7.59-4 8.78-4 9.85-4 1.08-3 1.17-3 1
1.44-31.52-3 1.68-3 1.98-3 2.51-3 2.99-3 3
4.01-3 4.41-3 4.83-3 5.23-3 5.60-3 5.80-3 6
6.74-37.11-37.66-38.77-31.03-21.18-2 1
¢ Energy bins for tally (same as for source energy
e0 0.0
4.50E-02
1.00E-01
2.00E-01
3.00E-01
4.00E-01
6.00E-01
8.00E-01
1.00E+00
1.33E+00
1.66E+00
2.00E+00
f2:p 31.131.333.5 $average dose rate on thes
fm2 6.231E+14 $total source strength for
c
ctme 300.0
print

G.2.4 Input File t100x100p02.txt

Dose Rates from Multiple Filled 48Y Feed Cylinder

file t100x100p02 (30,000 cylinders total)

101x100, 100x100 & 99x100 array - triple stack
reflective bounday at Y mid-plane (i.e., 15,000
Photon - homogenized source geometry - ANSI/ANS-
center-to-center spacing=5' (radial) & 16' (axia

2nd step calculation with mesh tally

NOOOOO OO

1 0 -31 32 imp:p=1
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tion

1

tion for sampling
rs (mrem/h)/(photon/cm”2-s)
15 0.2

.55 0.6

2 26

.25 5.75

5.0

.79-75.01-4
.27-31.36-3
.42-3 3.82-3
.01-3 6.37-3
.33-2

groups)

e facets
15,000 cylinders (p/s)

cylinders modeled)
6.1.1-1977

)

$Box around cylinders
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22 0 -32 imp:p=0

cylinders

23 3 -0.0012 41 -50 43 -44 46 -47 31 imp:p=1
24 4 -1.60 41-5043-4445-46 imp:p=1
25 0 -41:42:-43:44:-45:47  imp:p=0

¢ Air importance cells

51 3 -0.0012 50-5143-44 46 -47 imp:p=1

52 3 -0.0012 51 -5243-44 46 -47 imp:p=3
53 3 -0.0012 52 -5343-44 46 -47 imp:p=9
54 3 -0.0012 53-54 43 -44 46 -47 imp:p=2
55 3 -0.0012 54 -42 43 -44 46 -47 imp:p=8
¢ Soil importance cells

61 4 -1.60 50-5143-4445-46 imp:p=1
62 4 -1.60 51-5243-4445-46 imp:p=1
63 4 -1.60 52-5343-4445-46 imp:p=3
64 4 -1.60 53-5443-4445-46 imp:p=9
65 4 -1.60 54-4243-4445-46 imp:p=2

c

¢ Box to fill cylinders (triple stack - 15000 cyli
boundary)

31 rpp -15378.8 0.0 -24326.84 0.0 -77.7875 31
¢ Black Box to contain all cylinders (to avoid rou
32 rpp -15378.8 -0.1 -24326.84 -0.1 -77.7875 31
c Air box

41 px -15380.0 $-X boundary

42 px 50000.0 $+X boundary

43* py -24327.0 $-Y boundary (reflective)

44 py 30000.0 $+Y boundary

45 pz -108.0 $-Z boundary (soil bottom)

46 pz -77.7875 $ground level or soil top)

47 pz 30000.0 $+Z boundary

48 pz -62.5475 $bottom of cylinder

¢ Cell importance division plane

50 px 0.0

51 px 10000.0

52 px 20000.0

53 px 30000.0

54 px 40000.0

ml 9019 6.00 92238 0.9928 92235 0.0072

m2 26000 1.00

m3 6000 -0.00014 7014 -0.75521 8016 -0.23177
18000 -0.01288

m4 8016 -0.465 11023 -0.0245 13027 -0.080
12000 -0.015 14000 -0.290 19000 -0.0225
20000 -0.040 26000 -0.060

phys:p 10 $ detailed physics, br

mode p

¢ Coordinate transformation from previous to curre

trl -62.6 -24083.0 0.0

¢ read source file

ssr old=31.1 31.3 33.5 new=31.1 31.3 31.5tr=1

¢ ANSI/ANS-6.1.1-1977 photon dose conversion factor

de0O LOG 0.01 0.03 0.05 0.07 0.1 O
025 0.3 035 04 045 05 O
065 0.7 0.8 10 14 18 2
28 325 3.75 425 475 50 5
6.25 6.75 75 9.0 11.0 130 1
dfo LOG 3.96-35.82-4 2.90-4 2.58-4 2.83-4 3
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$Black box for all

$Air space
$Ground soil
$Outer void

$1st air cell
$2nd air cell
$3rd air cell
7 $4th air cell
1 $5th air cell

$1st soil cell
$2nd soil cell
$3rd soil cell
$4th soil cell
7 $5th soil cell

nders with reflective

2.8
nd-off errors)
2.7

$ UF6
$ Iron
$ Air

$ Ground bulk soil

ems., coherent

nt problem

s (mrem/h)/(photon/cm”2-s)
15 0.2

.55 0.6

2 26

.25 5.75

5.0

.79-75.01-4
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6.31-4 7.59-4 8.78-4 9.85-4 1.08-3 1.17-3 1 .27-3 1.36-3
1.44-31.52-3 1.68-3 1.98-3 2.51-3 2.99-3 3 .42-3 3.82-3
4.01-3 4.41-3 4.83-35.23-3 5.60-3 5.80-3 6 .01-36.37-3
6.74-37.11-37.66-38.77-31.03-21.18-21 .33-2
¢ Energy bins for tally (same as for source energy group)
e0 0.0
4.50E-02
1.00E-01
2.00E-01
3.00E-01
4.00E-01
6.00E-01
8.00E-01
1.00E+00
1.33E+00
1.66E+00
2.00E+00
fmesh4:p geom=xyz origin=-15378.8 -24326.84 -77.787 5
imesh=-0.1 0.0 2000.0 10000.0 50000.0
iints=15 1 10 20 40
jmesh=-0.1 0.0 20000.0
jints=5 1 20
kmesh=312.7 $top stack level
kints=1
fm4  6.231E+14  $total source strength for 15 ,000 cylinders (p/s)
c

ctme 150.0
print
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APPENDIX H MCNP DOSE RATE MAPS AND RELATIVE ERRORS

This appendix presents the neutron and photon ideenaps and associated relative
errors for different storage arrays and stackindilefd feed cylinders. The storage arrays
include 10x10, 30x30 and 100x100 in one, two ameetnigh. The neutron results are given

in Figures H-1 through H-9, and the photon resallesshown in Figures H-10 through H-18.

260

www.manharaa.com




Single-Stack 10x10 Array

Neutron Dose Rate Map (mrem/h

(BIXv) A

X (Radial)

. 000002

Relative Error

(eIXv) A

X (Radial)

Figure H-1 Single-Stack 10x10 Array Neutron Dose Rate Map and Relative Error
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Double-Stack 10x10 Array

Neutron Dose Rate Map (mrem/h)

Relative Error

.25

+15

.08

Figure H-2 Double-Stack 10x10 Array Neutron Dose Rate Map and Relative Error

Y -
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Triple-Stack 10x10 Array

Neutron Dose Rate Map (mrem/h)

. 000DD2S

Relative Error

Figure H-3 Triple-Stack 10x10 Array Neutron Dose Rate Map and Relative Error

Y -
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Single-Stack 30x30 Array

Neutron Dose Rate Map (mrem/h)

Relative Error

Figure H-4 Single-Stack 30x30 Array Neutron Dose Rate Map and Relative Error
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Double-Stack 30x30 Array

Neutron Dose Rate Map (mrem/h)

Relative Error

s 25

+18

- 05

Figure H-5 Double-Stack 30x30 Array Neutron Dose Rate Map and Relative Error
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Triple-Stack 30x30 Array

Neutron Dose Rate Map (mrem/h)

L17

L oL

- 00139

L Dooz

.0ooozZl1

Relative Error

Figure H-6 Triple-Stack 30x30 Array Neutron Dose Rate Map and Relative Error
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Single-Stack 100x100 Array

Neutron Dose Rate Map (mrem/h)

- 0o

L DDoD61

Relative Error

Figure H-7 Single-Stack 100x100 Array Neutron Dose Rate Map and Relative Error

Sl A J‘ |

www.manharaa.com




Double-Stack 100x100 Array

Neutron Dose Rate Map (mrem/h)

Relative Error

Figure H-8 Double-Stack 100x100 Array Neutron Dose Rate Map and Relative Error
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Triple-Stack 100x100 Array

Neutron Dose Rate Map (mrem/h)

. 000067

Relative Error

Figure H-9 Triple-Stack 100x100 Array Neutron Dose Rate Map and Relative Error
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Single-Stack 10x10 Array

Photon Dose Rate Map (mrem/h)

<
%
=
X (Radial)
Relative Error
<
_;_ .
=

X (Radial)

Figure H-10 Single-Stack 10x10 Array Photon Dose Rate Map and Relative Error
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Double-Stack 10x10 Array

Photon Dose Rate Map (mrem/h)

Relative Error

Figure H-11 Double-Stack 10x10 Array Photon Dose Rate Map and Relative Error
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Triple-Stack 10x10 Array

Photon Dose Rate Map (mrem/h)

Relative Error

28

+15_ .

.05

Figure H-12 Triple-Stack 10x10 Array Photon Dose Rate Map and Relative Error
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Single-Stack 30x30 Array

Photon Dose Rate Map (mrem/h

Relative Error

Figure H-13 Single-Stack 30x30 Array Photon Dose Rate Map and Relative Error
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Double-Stack 30x30 Array

Photon Dose Rate Map (mrem/h)

Relative Error

Figure H-14 Double-Stack 30x30 Array Photon Dose Rate Map and Relative Error
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Triple-Stack 30x30 Array

Photon Dose Rate Map (mrem/h)

. oooDaT

Relative Error

Figure H-15 Triple-Stack 30x30 Array Photon Dose Rate Map and Relative Error
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Single-Stack 100x100 Array

Photon Dose Rate Map (mrem/h)

Figure H-16 Single-Stack 100x100 Array Photon Dose Rate Map and Relative Error
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Double-Stack 100x100 Array

Photon Dose Rate Map (mrem/h)
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Triple-Stack 100x100 Array

Photon Dose Rate Map (mrem/h)

Figure H-18 Triple-Stack 100x100 Array Photon Dose Rate Map and Relative Error
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APPENDIX | EMPTY FEED CYLINDER DOSE ASSESSMENT

This appendix contains the following supportingommhation for the empty feed
cylinder dose assessment:

e Cumulative relative dose from empty feed cylind@&isl)

e MCNP cases and computer files for empty feed cglind8l.2)

e Sample MCNP input listing (81.3)
1.1 CUMULATIVE RELATIVE DOSE FROM EMPTY FEED CYLIND ERS

The equivalent number of fresh empty cylinders can be found by accumulating
the dose equivalent from the decayed empty cylinders and relating the sum to the dose
from a single fresh cylinder. Table I-1 presents such calculation for a cylinder
production rate of one per day. In other words, a new emptied cylinder is added every
day. For instance, there is only one cylinder on the first day. On the second day, there
are two empties - one freshly emptied on the second day and the other from day 1 with
a decay time of 1 day. The results of the calculation are plotted in Figure 6-15 in

Chapter 6 as a function of the number of cylinders added.
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Table I-1 Cumulative Relative Dose from Empty Feed Cylinders

. Relative Total . Relative Total
Cylinder | Age (d) Dose Dose Cylinder | Age (d) Dose Dose
1 0 0.9898 0.990 51 50 0.2366 26.930
2 1 0.9619 1.952 52 51 0.2299 27.160
3 2 0.9347 2.886 53 52 0.2234 27.384
4 3 0.9084 3.795 54 53 0.2171 27.601
5 4 0.8827 4,677 55 54 0.2110 27.812
6 5 0.8578 5.5635 56 55 0.2051 28.017
7 6 0.8336 6.369 57 56 0.1993 28.216
8 7 0.8101 7.179 58 57 0.1937 28.410
9 8 0.7872 7.966 59 58 0.1882 28.598
10 9 0.7650 8.731 60 59 0.1829 28.781
11 10 0.7434 9.475 61 60 0.1777 28.959
12 11 0.7225 10.197 62 61 0.1727 29.131
13 12 0.7021 10.899 63 62 0.1678 29.299
14 13 0.6823 11.582 64 63 0.1631 29.462
15 14 0.6630 12.245 65 64 0.1585 29.621
16 15 0.6443 12.889 66 65 0.1540 29.775
17 16 0.6261 13.515 67 66 0.1497 29.925
18 17 0.6085 14.123 68 67 0.1455 30.070
19 18 0.5913 14.715 69 68 0.1414 30.211
20 19 0.5746 15.289 70 69 0.1374 30.349
21 20 0.5584 15.848 71 70 0.1335 30.482
22 21 0.5426 16.390 72 71 0.1297 30.612
23 22 0.5273 16.918 73 72 0.1261 30.738
24 23 0.5125 17.430 74 73 0.1225 30.861
25 24 0.4980 17.928 75 74 0.1190 30.980
26 25 0.4839 18.412 76 75 0.1157 31.095
27 26 0.4703 18.882 77 76 0.1124 31.208
28 27 0.4570 19.339 78 77 0.1093 31.317
29 28 0.4441 19.784 79 78 0.1062 31.423
30 29 0.4316 20.215 80 79 0.1032 31.526
31 30 0.4194 20.635 81 80 0.1003 31.627
32 31 0.4076 21.042 82 81 0.0974 31.724
33 32 0.3961 21.438 83 82 0.0947 31.819
34 33 0.3849 21.823 84 83 0.0920 31.911
35 34 0.3740 22.197 85 84 0.0894 32.000
36 35 0.3635 22.561 86 85 0.0869 32.087
37 36 0.3532 22.914 87 86 0.0844 32.171
38 37 0.3433 23.257 88 87 0.0821 32.253
39 38 0.3336 23.591 89 88 0.0797 32.333
40 39 0.3242 23.915 90 89 0.0775 32.411
41 40 0.3150 24.230 91 90 0.0753 32.486
42 41 0.3061 24.536 92 91 0.0732 32.559
43 42 0.2975 24.834 93 92 0.0711 32.630
44 43 0.2891 25.123 94 93 0.0691 32.699
45 44 0.2809 25.404 95 94 0.0672 32.767
46 45 0.2730 25.677 96 95 0.0653 32.832
47 46 0.2653 25.942 97 96 0.0634 32.895
48 47 0.2578 26.200 98 97 0.0616 32.957
49 48 0.2506 26.450 99 98 0.0599 33.017
50 49 0.2435 26.694 100 99 0.0582 33.075
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Table I-1 Cumulative Relative Dose from Empty Feed Cylinders (continued)

Cylinder | Age (d) Rgl(f;lg;/e ggg Cylinder | Age (d) Rgl(f;lg;/e Bgts"ﬂ
101 100 0.0566 33.132 151 150 0.0135 34.614
102 101 0.0550 33.187 152 151 0.0131 34.627
103 102 0.0534 33.240 153 152 0.0128 34.640
104 103 0.0519 33.292 154 153 0.0124 34.652
105 104 0.0504 33.342 155 154 0.0121 34.664
106 105 0.0490 33.391 156 155 0.0117 34.676
107 106 0.0476 33.439 157 156 0.0114 34.687
108 107 0.0463 33.485 158 157 0.0111 34.699
109 108 0.0450 33.530 159 158 0.0108 34.709
110 109 0.0437 33.574 160 159 0.0105 34.720
111 110 0.0425 33.616 161 160 0.0102 34.730
112 111 0.0413 33.658 162 161 0.0099 34.740
113 112 0.0401 33.698 163 162 0.0096 34.749
114 113 0.0390 33.737 164 163 0.0093 34.759
115 114 0.0379 33.775 165 164 0.0091 34.768
116 115 0.0368 33.812 166 165 0.0088 34.777
117 116 0.0358 33.847 167 166 0.0086 34.785
118 117 0.0348 33.882 168 167 0.0083 34.793
119 118 0.0338 33.916 169 168 0.0081 34.801
120 119 0.0328 33.949 170 169 0.0078 34.809
121 120 0.0319 33.981 171 170 0.0076 34.817
122 121 0.0310 34.012 172 171 0.0074 34.824
123 122 0.0301 34.042 173 172 0.0072 34.832
124 123 0.0293 34.071 174 173 0.0070 34.839
125 124 0.0285 34.100 175 174 0.0068 34.845
126 125 0.0277 34.127 176 175 0.0066 34.852
127 126 0.0269 34.154 177 176 0.0064 34.858
128 127 0.0261 34.180 178 177 0.0062 34.865
129 128 0.0254 34.206 179 178 0.0061 34.871
130 129 0.0247 34.230 180 179 0.0059 34.877
131 130 0.0240 34.254 181 180 0.0057 34.882
132 131 0.0233 34.277 182 181 0.0056 34.888
133 132 0.0226 34.300 183 182 0.0054 34.893
134 133 0.0220 34.322 184 183 0.0053 34.899
135 134 0.0214 34.343 185 184 0.0051 34.904
136 135 0.0208 34.364 186 185 0.0050 34.909
137 136 0.0202 34.384 187 186 0.0048 34.913
138 137 0.0196 34.404 188 187 0.0047 34.918
139 138 0.0191 34.423 189 188 0.0046 34.923
140 139 0.0185 34.442 190 189 0.0044 34.927
141 140 0.0180 34.460 191 190 0.0043 34.931
142 141 0.0175 34.477 192 191 0.0042 34.936
143 142 0.0170 34.494 193 192 0.0041 34.940
144 143 0.0165 34,511 194 193 0.0039 34.944
145 144 0.0161 34.527 195 194 0.0038 34.947
146 145 0.0156 34.542 196 195 0.0037 34.951
147 146 0.0152 34.557 197 196 0.0036 34.955
148 147 0.0147 34.572 198 197 0.0035 34.958
149 148 0.0143 34.587 199 198 0.0034 34.962
150 149 0.0139 34.600 200 199 0.0033 34.965
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Table I-1 Cumulative Relative Dose from Empty Feed Cylinders (continued)

Cylinder | Age (d) Rgl(f;lg;/e ggg Cylinder | Age (d) Rgl(f;lg;/e Bgts"ﬂ
201 200 0.0032 34.968 251 250 0.0008 35.053
202 201 0.0031 34.971 252 251 0.0008 35.054
203 202 0.0031 34.975 253 252 0.0007 35.055
204 203 0.0030 34.977 254 253 0.0007 35.055
205 204 0.0029 34.980 255 254 0.0007 35.056
206 205 0.0028 34.983 256 255 0.0007 35.057
207 206 0.0027 34.986 257 256 0.0007 35.057
208 207 0.0026 34.989 258 257 0.0006 35.058
209 208 0.0026 34.991 259 258 0.0006 35.058
210 209 0.0025 34.994 260 259 0.0006 35.059
211 210 0.0024 34.996 261 260 0.0006 35.060
212 211 0.0024 34.998 262 261 0.0006 35.060
213 212 0.0023 35.001 263 262 0.0005 35.061
214 213 0.0022 35.003 264 263 0.0005 35.061
215 214 0.0022 35.005 265 264 0.0005 35.062
216 215 0.0021 35.007 266 265 0.0005 35.062
217 216 0.0020 35.009 267 266 0.0005 35.063
218 217 0.0020 35.011 268 267 0.0005 35.063
219 218 0.0019 35.013 269 268 0.0005 35.064
220 219 0.0019 35.015 270 269 0.0004 35.064
221 220 0.0018 35.017 271 270 0.0004 35.065
222 221 0.0018 35.019 272 271 0.0004 35.065
223 222 0.0017 35.020 273 272 0.0004 35.065
224 223 0.0017 35.022 274 273 0.0004 35.066
225 224 0.0016 35.024 275 274 0.0004 35.066
226 225 0.0016 35.025 276 275 0.0004 35.067
227 226 0.0015 35.027 277 276 0.0004 35.067
228 227 0.0015 35.028 278 277 0.0004 35.067
229 228 0.0015 35.030 279 278 0.0003 35.068
230 229 0.0014 35.031 280 279 0.0003 35.068
231 230 0.0014 35.032 281 280 0.0003 35.068
232 231 0.0013 35.034 282 281 0.0003 35.069
233 232 0.0013 35.035 283 282 0.0003 35.069
234 233 0.0013 35.036 284 283 0.0003 35.069
235 234 0.0012 35.038 285 284 0.0003 35.070
236 235 0.0012 35.039 286 285 0.0003 35.070
237 236 0.0012 35.040 287 286 0.0003 35.070
238 237 0.0011 35.041 288 287 0.0003 35.070
239 238 0.0011 35.042 289 288 0.0003 35.071
240 239 0.0011 35.043 290 289 0.0003 35.071
241 240 0.0010 35.044 291 290 0.0002 35.071
242 241 0.0010 35.045 292 291 0.0002 35.071
243 242 0.0010 35.046 293 292 0.0002 35.072
244 243 0.0009 35.047 294 293 0.0002 35.072
245 244 0.0009 35.048 295 294 0.0002 35.072
246 245 0.0009 35.049 296 295 0.0002 35.072
247 246 0.0009 35.050 297 296 0.0002 35.073
248 247 0.0008 35.051 298 297 0.0002 35.073
249 248 0.0008 35.051 299 298 0.0002 35.073
250 249 0.0008 35.052 300 299 0.0002 35.073
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1.2 MCNP CASES AND COMPUTER FILES FOR EMPTY FEED CY LINDERS

Table 1-2 lists the MCNP computer files createddalculations of photon dose rates

from different arrays of empty feed cylinders. Tiable also contains relevant information

such as the CPU time consumed, number of histprizsessed, and number of tracks created

for the surface source.

Table I-2 MCNP Photon Cases for Empty Feed Cylinders

Case | Case Description Input File Output File QPU m ) | nps Tracks
First Step
1 10x10 Array - Single s10x10e01.txt s10x10e01.out 22.52 22.89M 20.80M
2 10x10 Array - Double d10x10e01.txt d10x10e01.out 42.57 44.54M 25.52M
3 10x10 Array - Triple t10x10e01.txt t10x10e01.out 62.60 63.43M 26.25M
Second Step
1 10x10 Array - Single s10x10e02.txt s10x10e02.out 12.51 N/A N/A
2 10x10 Array - Double d10x10e02.txt d10x10e02.out 25.24 N/A N/A
3 10x10 Array - Triple t10x10e02.txt t10x10e02.out 25.19 N/A N/A

1.3 SAMPLE MCNP INPUT LISITNG

The representative cases selected for listinge@tsample MCNP input files include

the following:
e Filet10x10e01.tx{81.3.1)
e Filet10x10e02.tx(81.3.2)

1.3.1 Input File t10x10e01.txt

Dose Rates from Multiple Empty 48Y Feed Cylinder
c file t10x10e01 (300 cylinders total - 11x10, 10x

¢ 11x10, 10x10 & 9x10 array - triple stack

c reflective bounday at Y mid-plane (i.e., 150 cyl

¢ Photon - homogenized source geometry - ANSI/ANS-
c center-to-center spacing=5' (radial) & 16' (axia

c lattice center element at far right

¢ 1st step calculation to tally surface sources

¢ include built-in directional biasing (a=1)

¢ no cell source biasing

c

c

c

1

CELL CARDS

1 3 -0.0012-11 u=1imp:p=

283

10 & 9x10)
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1 $Inside of cylinder (air)
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12 2 -7.8500 11-12 u=1 imp:p=

13 3 -0.0012 12 u=1 imp:p=

14 0 -13 fill=1l lat=1 u=2 imp:p=

15 0 -31 fill=2 imp:p=

16 like 14 but trcl=(-76.2 0 125.095) u=3 imp:p=
17 O -32 fill=3 imp:p=

18 like 14 but trcl=(-152.4 0 250.190) u=4 imp:p=
19 O -33 fill=4 imp:p=

c

20 3 -0.0012-34 3132 33 imp:p=

21 3 -0.0012 41 -42 43 -44 46 -47 34 imp:p=
22 4 -1.60 41-4243-4445-46 imp:p=
23 0 -41:42:-43:44:-45:47  imp:p=

¢ SURFACE CARDS

c

11 rcc 0.0-184.7850 0.0 0.0 369.570 0.0 60.960
12 rcc 0.0-186.3725 0.0 0.0 372.745 0.0 62.547
13 rpp -76.2 76.2-243.84 243.84 -62.54756
¢ Box to fill cylinders (bottom stack - 11x5 cylin

31 rpp -1600.2 62.6 -243.84 2138.00 -62.5475 6
¢ Box to fill cylinders (middle stack - 10x10 cyli

32 rpp -1524.0 0.0-243.842138.00 62.54751
¢ Box to fill cylinders (top stack - 9x10 cylinder

33 rpp -1447.8 -76.2 -243.84 2138.00 187.6425 3
¢ Box to contain all cylinders

34 rpp -1600.2 62.6 -243.84 2138.00 -77.7875 3
¢ Air box

41 px -1700.0 $-X boundary

42 px 20000.0 $+X boundary

43* py -244.0 $-Y boundary (reflective)

44 py 22000.0 $+Y boundary

45 pz -108.0 $-Z boundary (soil bottom)

46 pz -77.7875 $ground Z level or soil top

47 pz 23000.0 $+Z boundary

48 pz -62.5475 $bottom of cylinder

c

c DATA CARDS

c

ml 9019 6.00 92238 0.9928 92235 0.0072

m2 26000 1.00

m3 6000 -0.00014 7014 -0.75521 8016 -0.23177
18000 -0.01288

m4 8016 -0.465 11023 -0.0245 13027 -0.080
12000 -0.015 14000 -0.290 19000 -0.0225
20000 -0.040 26000 -0.060

phys:p 10 $ detailed physics, brem

mode p

¢ Write surface source file

ssw 31.131.3335

Source definition card with the following distri

di1=distribution #1 for selection of the cell (i.

d2=distribution #2 for selection of x position

d3=distribution #3 for selection of y position

d4=distribution #4 for selection of z position

d5=distribution #5 for photon source energy spec

d6=distribution #6 for directional biasing w.r.t

OO0O0O0O0O0O0OO0

2 $Steel shell

3 $External to cylinder

3 $Lattice for bottom stack
3 $Box to fill bottom stack

3 $Lattice for mid stack

3 $Box to fill middle stack

3 $Lattice for top stack

3 $Box to fill top stack

3 $Box for all cylinders
3 $Air space

1 $Ground soll

0 $Outer void

0 $UF6 cylinder

5 $steel cylinder
2.5475 $unit box

ders with refl. boundary)
2.5475

nders)

87.6425

s)

12.8

12.8

$ UF6
$ Iron
$ Air

$ Ground soil

S., coherent

butions:
e., cylinder)

trum
. +X axis

sdef cel=d1 x=d2 y=d3 z=d4 erg=d5 vec=1 0 0 dir=d6
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sil 1(-11<14[-10:0 0:4 0:0]<15)  $cell inform
(-11<16[-9:0 0:4 0:0]<17)  S$cell inform
(-11<18[-8:0 0:4 0:0]<19)  $cell inform
spl 1 149r $cell unbias

ation (11x5 - bottom)
ation (10x5 - middle)
ation (9x5 - top)

ed probability (equal)

si2 -60.96 60.96 $source position in x for center element

sp2 00 1.0 $equal weighting along x
si3 -184.7850 184.7850 $source position in y fo
sp3 00 1.0 $equal weighting along y
si4 -60.96 60.96  $source position in z fo
sp4 00 1.0 $equal weighting along z
¢ Photon Spectrum (partial from SCALE 19 groups)
¢ si5 - energy boundary information
c sp5 - unbiased energy spectrum
¢ sbb5 - biased energy spectrum based on dose respo
¢ vertical input format used for si5, sp5 and sb5
# sib sp5 sb5
4.50E-02 0.0 0.0
1.00E-01 7.314E-01 1.270E-03
2.00E-01 7.635E-02 3.518E-03
3.00E-01 2.710E-02 2.323E-02
4.00E-01 1.569E-02 2.910E-02
6.00E-01 1.433E-02 4.598E-02
8.00E-01 4.843E-02 2.350E-01
1.00E+00 4.732E-02 3.015E-01
1.33E+00 2.901E-02 2.395E-01
1.66E+00 4.286E-03 4.479E-02
2.00E+00 6.074E-03 7.609E-02
¢ Directional sampling with bias for forward direc
si6 -1.0 1.0 $direction cosine from -1 to
sb6 -31 1 $biased directional distribu
¢ ANSI/ANS-6.1.1-1977 photon dose conversion facto
de0 LOG 0.01 0.03 0.05 0.07 01 O
025 03 035 04 045 05 O
065 07 08 1.0 14 18 2
28 325 375 425 475 50 5
6.25 6.75 75 9.0 110 13.0 1
df0 LOG 3.96-35.82-42.90-4 2.58-42.83-43
6.31-4 7.59-4 8.78-4 9.85-4 1.08-3 1.17-3 1
1.44-31.52-3 1.68-3 1.98-3 2.51-3 2.99-3 3
4.01-3 4.41-3 4.83-3 5.23-3 5.60-3 5.80-3 6
6.74-37.11-37.66-38.77-31.03-21.18-2 1
¢ Energy bins for tally (same as for source energy
e0 0.0
4.50E-02
1.00E-01
2.00E-01
3.00E-01
4.00E-01
6.00E-01
8.00E-01
1.00E+00
1.33E+00
1.66E+00
2.00E+00
f2:p 31.1 31.3 33.5 $average dose rate on these
fm2  2.289E+12 $total source strength for
c
ctme 60.0
print
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r center element

r center element

nse

tion

1

tion for sampling
rs (mrem/h)/(photon/cm”2-s)
15 0.2

.55 0.6

2 26

.25 5.75

5.0

.79-75.01-4
.27-31.36-3
.42-3 3.82-3
.01-3 6.37-3
.33-2

groups)

facets
150 cylinders (p/s)
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1.3.2 Input File t10x10e02.txt

Dose Rates from Multiple Empty 48Y Feed Cylinder

c file t10x10e02 (300 cylinders total)

¢ 11x10, 10x10 & 9x10 array - triple stack

c reflective bounday at Y mid-plane (i.e., 150 cyl

¢ Photon - homogenized source geometry - ANSI/ANS-
c center-to-center spacing=5' (radial) & 16' (axia

¢ 2nd step calculation with mesh tally

c

21 0 -31 32 imp:p=1
22 0 -32 imp:p=0
cylinders

23 3 -0.0012 41 -50 43 -44 46 -47 31 imp:p=1
24 4 -160 41-5043-4445-46 imp:p=1
25 0 -41:42:-43:44:-45:47  imp:p=0

¢ Air importance cells

51 3 -0.0012 50-5143-44 46 -47 imp:p=1
52 3 -0.0012 51-5243-44 46 -47 imp:p=3
53 3 -0.0012 52 -5343-44 46 -47 imp:p=9
54 3 -0.0012 53 -5443-44 46 -47 imp:p=2
55 3 -0.0012 54 -42 43 -44 46 -47 imp:p=8
¢ Soil importance cells

61 4 -1.60 50-5143-4445-46 imp:p=1
62 4 -1.60 51-5243-4445-46 imp:p=1
63 4 -1.60 52-5343-4445-46 imp:p=3
64 4 -1.60 53-5443-4445-46 imp:p=9
65 4 -1.60 54-4243-4445-46 imp:p=2

c
¢ Box to fill cylinders (3 stacks - 150 cylinders

31 rpp -1662.6 0.0-2381.84 0.0-77.7875 312.
¢ Black Box to contain all cylinders (to avoid rou
32 rpp -1662.6 -0.1 -2381.84 -0.1 -77.7875 312.
c Air box

41 px -1700.0 $-X boundary

42 px 50000.0 $+X boundary

43* py -2382.0 $-Y boundary (reflective)

44 py 30000.0 $+Y boundary

45 pz -108.0 $-Z boundary (soil bottom)

46 pz -77.7875 $ground level or soil top)

47 pz 30000.0 $+Z boundary

48 pz -62.5475 $bottom of cylinder

¢ Cell importance division plane

50 px 0.0

51 px 10000.0

52 px 20000.0

53 px 30000.0

54 px 40000.0

ml 9019 6.00 92238 0.9970 92235 0.0030

m2 26000 1.00

m3 6000 -0.00014 7014 -0.75521 8016 -0.23177
18000 -0.01288

m4 8016 -0.465 11023 -0.0245 13027 -0.080
12000 -0.015 14000 -0.290 19000 -0.0225
20000 -0.040 26000 -0.060

phys:p 10 $ detailed physics, br

mode p

286

inders modeled)
6.1.1-1977

1)

$Box around cylinders
$Black box for all

$Air space
$Ground soil
$Outer void

$1st air cell
$2nd air cell
$3rd air cell
7 $4th air cell
1 $5th air cell

$1st soil cell
$2nd soil cell
$3rd soil cell
$4th soil cell
7 $5th soil cell

with reflective boundary)
8

nd-off errors)

7

$ UF6
$ Iron
$ Air

$ Ground soil

ems., coherent
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¢ Coordinate transformation from previous to curre nt problem
trl -62.6 -2138.0 0.0

¢ read source file

ssr o0ld=31.1 31.3 33.5 new=31.1 31.3 31.5tr=1

¢ ANSI/ANS-6.1.1-1977 photon dose conversion factor s (mrem/h)/(photon/cm”2-s)
de0 LOG 0.01 0.03 0.05 0.07 01 O 15 0.2
025 03 035 04 045 05 O .55 0.6
065 0.7 08 1.0 14 18 2 2 26
28 325 375 425 475 50 5 .25 5.75
6.25 6.75 75 9.0 110 13.0 1 5.0
df0 LOG 3.96-35.82-42.90-4 2.58-42.83-43 .79-75.01-4
6.31-4 7.59-4 8.78-4 9.85-4 1.08-3 1.17-3 1 .27-31.36-3
1.44-31.52-3 1.68-3 1.98-3 2.51-3 2.99-3 3 .42-3 3.82-3
4.01-3 4.41-3 4.83-3 5.23-3 5.60-3 5.80-3 6 .01-3 6.37-3
6.74-37.11-37.66-38.77-31.03-21.18-2 1 .33-2
¢ Energy bins for tally (same as for source energy group)
e0 0.0
4.50E-02
1.00E-01
2.00E-01
3.00E-01
4.00E-01
6.00E-01
8.00E-01
1.00E+00
1.33E+00
1.66E+00
2.00E+00

fmesh4:p geom=xyz origin=-1662.6 -2381.84 -77.7875
imesh=-0.1 0.0 2000.0 10000.0 50000.0
iints=15 1 10 20 40
jmesh=-0.1 0.0 20000.0
jints=5 1 20
kmesh=312.7 $top stack level
kints=1
fm4  2.289E+12 $total source strength for 150 cylinders (p/s)
c
ctme 50.0
print
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APPENDIX J UUSA UBC STORAGE PAD DOSE CALCULATION

This appendix contains the following supportingormhation for the calculation of the
photon dose rates from the UUSA UBC Storage Pad cfumparison with the field
measurements:

e MCNP cases and computer files for empty feed cgliand8J.1)

e MCNP input listing (8J.2)

J.1 MCNP CASES AND COMPUTER FILES FOR VALIDATION US E

Table J-1 lists the MCNP computer files creatadctdculations of photon dose rates
from the UUSA UBC Storage Pad. The table alsoaiastrelevant information such as the
CPU time consumed, number of histories processad,namber of tracks created for the

surface source.

Table J-1 MCNP Photon Cases for Empty Feed Cylinders

Case | Case Description | Input File ‘Output File QPU m ) | nps ‘Tracks
First Step

1 | 100x8 Array - Double | d100x8pOl.txt | d100x8pOl.out | 200.17 | 602M | 1.38M
Second Step

1 | 100x8 Array - Double | d100x8p02.txt | d100x8p02.out | 052 | NA | NA

J.2  MCNP INPUT LISITNG
The listing of the MCNP input files include thdléwing:
e File d100x8p01.tx{8J.2.1)

e File d100x8p02.t1x{8J.2.2)
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J.2.1 Input File d100x8p01.txt

Dose Rates from Multiple Filled 48Y Feed Cylinder
file d100x8p01 (1,608 cylinders total - 101x8 &
101x8 & 100x8 array - double stack
reflective bounday at X mid-plane (i.e., 804 cyl

Photon - homogenized source geometry - ANSI/ANS-

c
c

c

c

c center-to-center spacing=5.5' (radial) & 14.52'
c lattice center element at far left

¢ 1st step calculation to tally surface sources

¢ include built-in directional biasing (a=1)
c
c
c
1
2
3

CELL CARDS
1 -2.897 -1 u=1imp:p=1
2 -7.8500 1-2 u=1 imp:p=4
3 -0.0012 2 u=1 imp:p=6
¢ 1st two-row section
11 O -3 fill=1llat=1 u=2 imp:p=6
12 0 -11 fill=2 imp:p=6
13 like 11 but trcl=(83.82 0 125.095) u=3 imp:p=6
14 0 -12 fill=3 imp:p=6

¢ 2nd two-row section
15 like 11 but trcl=(0 1097.2 0)  u=4 imp:p=6

16 O -13 fill=4 imp:p=6

17 like 11 but trcl=(83.82 1097.2 125.095)
u=5 imp:p=6

18 O -14 fill=5 imp:p=6

¢ 3rd two-row section
19 like 11 but trcl=(0 2194.4 0)

u=6 imp:p=6
20 O -15 fill=6 imp:p=6
21 like 11 but trcl=(83.82 2194.4 125.095)
u=7 imp:p=6
22 0 -16 fill=7 imp:p=6

c 4th two-row section
23 like 11 but trcl=(0 3291.6 0)

u=8 imp:p=6
24 0 -17 fill=8 imp:p=6
25 like 11 but trcl=(83.82 3291.6 125.095)
u=9 imp:p=6
26 O -18 fill=9 imp:p=6

31 3 -0.0012-3111121314151617 18
imp:p=6

41 3 -0.0012 41 -42 43 -44 46 -47 31 imp:p=6
42 4 -1.60 41-4243-4445-46 imp:p=1
43 0 -41:42:-43:44:-45:47  imp:p=0

SURFACE CARDS

rcc 0.0 -186.3725 0.0 0.0 372.745 0.0 62.547
rpp -83.82 83.82 -221.4 221.4 -62.5475 62.547
¢ 1st section of two-row cylinders
¢ Box to fill cylinders (bot stack-51x8 cylinders
11 rpp -0.0 8465.82 -221.3 663.9 -62.5475 62.
¢ Box to fill cylinders (top stack-50x8 cylinders)

Cc
Cc
c
1 rcc 0.0-184.7850 0.0 0.0 369.570 0.0 60.960
2
3

289

100x8)

inders modeled)
6.1.1-1977
(axial per section)

$Inside of cylinder (UF6)
$Steel shell
$External to cylinder

$Lattice for bot stack
$Box to fill bottom stack
$Lattice for top stack
$Box to fill top stack

$Lattice for bot stack
$Box to fill bot stack

$Lattice for top stack
$Box to fill top stack

$Lattice for bot stack
$Box to fill bot stack

$Lattice for top stack
$Box to fill top stack

$Lattice for bot stack
$Box to fill bot stack

$Lattice for top stack
$Box to fill top stack

$Box for all cylinders
$AIr space

$Ground soil

$Outer void

0  $UF®6 cylinder
5  $steel cylinder
5  $unit box

with reflective boundary)
5475
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12 rpp -0.08382.00 -221.3 663.9 62.5475 187.
¢ 2nd section of two-row cylinders

13 rpp -0.0 8465.82 875.9 1761.9 -62.5475 62.
14 rpp -0.08382.00 875.91761.9 62.5475 187.
¢ 3rd section of two-row cylinders

15 rpp -0.0 8465.82 1973.1 2858.3 -62.5475 62.
16 rpp -0.08382.00 1973.1 2858.3 62.5475 187.
c 4th section of two-row cylinders

17 rpp -0.0 8465.82 3070.3 3955.5 -62.5475 62.
18 rpp -0.0 8382.00 3070.3 3955.5 62.5475 187.
¢ Box to contain all cylinders

31 rpp -0.08466.00 -221.3 3955.6 -71.44 187
c Air box

41* px -0.01 $-X boundary (reflective)

42 px 10400.0 $+X boundary

43 py -221.4 $-Y boundary

44 py 6000.0 $+Y boundary

45 pz -101.92 $-Z boundary (soil bottom)

46 pz -71.44 $ground Z level or soil top

47 pz 20000.0 $+Z boundary

48 pz -62.5475 $bottom of cylinder

c
c DATA CARDS
c
ml 9019 6.00 92238 0.9928 92235 0.0072
m2 26000 1.00
m3 6000 -0.00014 7014 -0.75521 8016 -0.23177
18000 -0.01288
m4 8016 -0.465 11023 -0.0245 13027 -0.080
12000 -0.015 14000 -0.290 19000 -0.0225
20000 -0.040 26000 -0.060
phys:p 10 $ detailed physics, brem
mode p
¢ Write surface source file
ssw 31.131.331.5
Source definition card with the following distri
di1=distribution #1 for selection of the cell (i.
d2=distribution #2 for selection of x position
d3=distribution #3 for selection of y position
d4=distribution #4 for selection of z position
d5=distribution #5 for photon source energy spec
d6=distribution #6 for directional biasing w.r.t
sdef cel=d1 x=d2 y=d3 z=d4 erg=d5 vec=0 1 0 dir=d6
sil 1(-1<11[0:50 0:1 0:0]<12) (-1<13[0:49 0:1 0:0
(-1<15[0:50 0:1 0:0]<16) (-1<17[0:49 0:1 0:0
(-1<19[0:50 0:1 0:0]<20) (-1<21[0:49 0:1 0:0
(-1<23[0:50 0:1 0:0]<24) (-1<25[0:49 0:1 0:0
spl 1 807r $cellu
¢ Biased source sampling probability based on MAVR
¢ MAVRIC biased sampling probability (51 or 50 cyl
sb1l 5.6E-03 50r 6.8E-03 50r 5.8E-02 49r 6.7E-02 49
8.6E-03 50r 1.2E-02 50r 7.8E-02 49r 9.1E-02 49
1.7E-02 50r 2.8E-02 50r 1.1E-01 49r 1.3E-03 49
8.6E-02 50r 9.9E-01 50r 2.0E-01 49r 1.0 49
si2 - 60.96 60.96 $source position in x for cente
sp2 00 1.0 $equal weighting along x
si3 -184.7850 184.7850 $source position in y fo
sp3 0.0 1.0 $equal weighting along y
si4 -60.96 60.96  $source position in z fo

OO0O0O0O0O0O00OO0
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6425

5475 $bottom
6425 $top

5475 $bottom
6425 $top

5475 $bottom
6425 $top

$ UF6
$ Iron
$ Air

$ Ground bulk soil

s., coherent

butions:
e., cylinder)

trum
. +X axis

]<14) $1st cell information
1<18) $2nd cell information
]<22) $3rd cell information
]<26) $4th cell information
nbiased probability (equal)
IC-generated data
inders/row in X direction)
r $1st section - bot & top
r $2nd section - bot & top
r $3rd section - bot & top
r $4th section - bot & top
r element

r center element

r center element
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sp4 00 1.0 $equal weighting along z
¢ Photon Spectrum (partial from SCALE 19 groups)
¢ si5 - energy boundary information
c spb5 - unbiased energy spectrum
¢ sbb - biased energy spectrum based on dose respo nse
¢ vertical input format used for si5, sp5 and sb5
# sib5 sp5 sb5
4.50E-02 0.0 0.0
1.00E-01 5.232E-01 7.933E-05
2.00E-01 2.795E-01 1.494E-03
3.00E-01 6.343E-02 1.378E-02
4.00E-01 4.056E-02 3.645E-02
6.00E-01 2.785E-02 8.181E-02
8.00E-01 2.746E-02 1.927E-01
1.00E+00 2.120E-02 2.608E-01
1.33E+00 1.266E-02 2.593E-01
1.66E+00 1.885E-03 5.885E-02
2.00E+00 2.275E-03 9.479E-02

¢ Directional sampling with bias for forward direc tion
si6 -1.0 1.0 $direction cosine from -1 to 1
sb6 -31 1 $biased directional distribu tion for sampling
¢ ANSI/ANS-6.1.1-1977 photon dose conversion facto rs (mrem/h)/(photon/cm”2-s)
de0O LOG 0.01 0.03 0.05 0.07 0.1 O .15 0.2
0.25 0.3 035 04 045 05 O .55 0.6
065 0.7 08 10 14 18 2 2 26
28 325 3.75 425 475 50 5 .25 5.75
6.25 6.75 75 9.0 11.0 130 1 5.0
dfo LOG 3.96-35.82-42.90-4 2.58-42.83-43 .79-7 5.01-4
6.31-4 7.59-4 8.78-4 9.85-4 1.08-3 1.17-3 1 .27-3 1.36-3
1.44-3 1.52-31.68-3 1.98-3 2.51-3 2.99-3 3 .42-3 3.82-3
4.01-3 4.41-3 4.83-35.23-35.60-35.80-3 6 .01-36.37-3
6.74-37.11-37.66-38.77-31.03-21.18-21 .33-2
¢ Energy bins for tally (same as for source energy groups)
e0 0.0
4.50E-02
1.00E-01
2.00E-01
3.00E-01
4.00E-01
6.00E-01
8.00E-01
1.00E+00
1.33E+00
1.66E+00
2.00E+00
f2:;p 31.131.331.5 $average dose rate on thes e facets
fm2  3.341E+13 $total source strength for 804 cylinders (p/s)
c
ctme 200.0
print
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J.2.2 Input File d100x8p02.txt

Dose Rates from Multiple Filled 48Y Feed Cylinder

file d100x8p02 (1608 cylinders total)

101x8 & 100x8 array - double stack

reflective bounday at X mid-plane (i.e., 804 cyl
Photon - homogenized source geometry - ANSI/ANS-
center-to-center spacing=5.5' (radial) & 14.52'

2nd step calculation with mesh tally

OO0 0O0O0

c

21 0 -31 32 imp:p=1

22 0 -32 imp:p=0 $

23 3 -0.0012 41 -42 43 -51 46 -47 31 imp:p=1
24 4 -160 41-4243-5145-46 imp:p=1
25 0 -41:42:-43:44:-45:47  imp:p=0

¢ Air importance cells

51 3 -0.0012 41-4251-52 46 -47 imp:p=1
52 3 -0.0012 41-4252-5346-47 imp:p=1
53 3 -0.0012 41-4253-44 46 -47 imp:p=1
¢ Soil importance cells

61 4 -1.60 41-4251-5245-46 imp:p=0
62 4 -1.60 41-4252-5345-46 imp:p=0
63 4 -1.60 41-4253-4445-46 imp:p=0

c
¢ Box to fill cylinders (double stack-51x8cylinder
31 rpp 0.0 8466.0 -221.3 3955.6 -71.44 187.8
¢ Black Box to contain all cylinders (to avoid rou
32 rpp 0.0 8465.9-221.3 3955.5-71.44 187.7
¢ Air box

41* px -0.01 $-X boundary (reflective)

42 px 10400.0 $+X boundary

43 py -221.4 $-Y boundary

44 py 40000.0 $+Y boundary

45 pz -101.92 $-Z boundary (soil bottom)

46 pz -71.44 $ground Z level or soil top

47 pz 20000.0 $+Z boundary

48 pz -62.5475 $bottom of cylinder

¢ Cell importance division plane in Y

51 py 13920.0

52 py 23920.0

53 py 33920.0

ml 9019 6.00 92238 0.9928 92235 0.0072

m2 26000 1.00

m3 6000 -0.00014 7014 -0.75521 8016 -0.23177
18000 -0.01288

m4 8016 -0.465 11023 -0.0245 13027 -0.080
12000 -0.015 14000 -0.290 19000 -0.0225
20000 -0.040 26000 -0.060

phys:p 10 $ detailed physics, br

mode p

¢ read source file

ssr 0ld=31.1 31.3 31.5 new=31.1 31.3 31.5

¢ ANSI/ANS-6.1.1-1977 photon dose conversion factor

¢ (mrem/h)/(photon/cm”2-s)

de0 LOG 0.01 0.03 0.05 0.07 01 O
025 03 035 04 045 05 O
0.65 0.7 08 1.0 14 18 2

292

inders modeled)
6.1.1-1977
(axial in section)

$Box around cylinders
Black box for all cylinders
$AIr space

$Ground soil

$Outer void

$1st air cell

$2nd air cell

$3rd air cell
.5 $1st soil cell
.5 $2nd saoil cell
.5 $3rd soil cell

s with reflective boundary)

nd-off errors)

$ UF6
$ Iron
$ Air

$ Ground soil

ems., coherent

.15 0.2
.55 0.6
2 2.6
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28 325 375 425 475 50 5 .25 5.75
6.25 6.75 75 9.0 110 130 1 5.0
df0 LOG 3.96-35.82-42.90-4 2.58-4 2.83-4 3 .79-7 5.01-4
6.31-4 7.59-4 8.78-4 9.85-4 1.08-31.17-3 1 .27-3 1.36-3
1.44-3 1.52-31.68-3 1.98-3 2.51-3 2.99-3 3 .42-3 3.82-3
4.01-3 4.41-3 4.83-3 5.23-3 5.60-3 5.80-3 6 .01-3 6.37-3
6.74-37.11-37.66-38.77-31.03-21.18-21 .33-2
¢ Energy bins for tally (same as for source energy group)
e0 0.0
4.50E-02
1.00E-01
2.00E-01
3.00E-01
4.00E-01
6.00E-01
8.00E-01
1.00E+00
1.33E+00
1.66E+00
2.00E+00
fmesh4:p geom=xyz origin=0.0 -221.3 -71.44
imesh=8466.0
iints=10
jmesh=3920.0 13920.0
jints=1 100
kmesh=172.4 $8 ft off ground for personne | height
kints=1
fm4 3.341E+13 $total source strength for 80 4 cylinders (p/s)
c
ctme 100.0
print
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