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The purpose of this project is to enhance the abilities to review and verify the radiation
shielding calculation in the design of the spent fuel interim storage facility (SFISF).
According to the schedule of Taiwan Power Company (TPC), the construction license
application for the SFISF at Chin-Shan site will be submitted to Atomic Energy Council
around May 2006. The shielding design of the SFISF consists of two parts, namely, the
shielding design of the spent fuel cask and the shielding design or dose analysis of the storage
site. The Monte Carlo code MCNP was expected to be used mostly in the shielding
calculation in TPC’s proposal. Monte Carlo method is considered to be the most accurate
method presently available for solving radiation transport problems and has many
applications in the field of nuclear engineering. However, it is extremely expensive
computationally especially when large scale attenuation process from source to detector was
involved. To make a difficult Monte Carlo shielding calculation computationally practical or
possible, variance reduction techniques are indispensable in most cases. The variance
reduction techniques in Monte Carlo simulation are usually very powerful and effective, but
they must be used with great care because it may lead to a wrong answer if not used properly.
The main tasks of this project are to build the MCNP5 computing platform on personal
computer and Linux cluster, to establish a reference case similar to the shielding design of
SFISF for benchmarks, to perform detailed Monte Carlo calculations on radiation shielding
of SFISF including the test of many variance reduction schemes and related sensitivity study.
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6.1

6.1.1
6.1.1a 6.1.1
NAC-UMS SAR 6.1.1b 6.1.1c
BUGLE
Top Detector  Side detector 6.1.1a
Volume Detector
ICRP-74 6.1.1d Top Detector  Side detector

6.1.1
Region Isotope Atomic density
Fuel 18 1.204E-4°

''B 3.832E-4
natc 1.004E-4
0 8.092E-3
2TAl 5.576E-4
°pe 7.463E-3
"7y 2.155E-3
=8y 4.038E-3
Iron Fe 8.487E-2
Concrete | 'H 7.860E-3
%0 4.380E-2
Na 1.050E-3
Mg 1.400E-4
Al 2.390E-3
natg 1.580E-2
natg 6.900E-4
"iCq 2.920E-3
°pe 3.100E-4
Air N 4.020E-5
0 1.070E-5

"Read as 1.204x10™. (Unit: x10%* cm™)
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6.1.2

Deterministic Method Monte
Carlo Method Deterministic Method Discrete Ordinates
Sy Method

Angular Mesh Distribution Spatial Mesh Distribution = Multigroup
Cross-Section Library Multidimensionality Effect Material Homogenization
Monte Carlo Method

Variance
Reduction Techniques

Deterministic
Method Monte Carlo Method  Hybrid Deterministic/ Monte Carlo Method

Deterministic Method ANSIN DORT TORT codes BUGLE-96
Monte Carlo Method MCNP code ENDF/B-VI
Hybrid Deterministic/ Monte Carlo Method TORT/MCNP Coupling Approach
Deterministic Method
ANISN DORT TORT
Discrete Ordinates Code

Uncertainty Study and Sensitivity
Study Monte Carlo Method
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6.1.3

Discrete Ordinates Method

Monte Carlo Method

6.1.3
Detectors(uSv/h) | Side (neutron) | Side (photon) | Top (neutron) Top (photon)
MCNP 4.35E-3 5.57E-3 1.46E+0 6.61E-3
(relative error) (6.24%) (1.45%) (2.59%) (12.54%)
(TA(ZEzT.s, p3s8) 2.32E-3 3.90E-3 6.43E-1 7.06E-3
TORT/MCNP 0.53 0.70 0.44 1.07
(TA()SSS(’E‘;}J';;?;) 2.46E-3 3.98E-3 7.00E-1 748E-3
(TAC:SS(?;‘QSS)) 2.35E-3 3.91E-3 6.94E-1 721E-3
(TA(ZEzT.s, psss) 2.32E-3 3.91E-3 6.44E-1 7.07E-3
325;5, P3SI6) 2.35E-3 3.96E-3 6.47E-1 6.89E-3
3251?25’ P3SI6) 2.43E-3 3.99E-3 6.45E-1 7.05E-3
aljisﬁl\; P3S16) 228 S SR H
al\sz%l.\ézs,l)3816) 298 SO el —

Discrete Ordinates
Method TORT with multigroup BUGLE-96 Monte Carlo Method MCNP with
continuous energy ENDF/B-VI ~50% Monte
Carlo Method
Variance Reduction Techniques Discrete Ordinates
Method Angular Mesh Distribution  Spatial Mesh
Distribution Multigroup Cross-Section Library Multidimensionality Effect

Discrete Ordinates Method

Discrete Ordinates Method Monte
Carlo Method MCNP Mesh Tally
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Dose Map: TORT (Neutron)

Z (cm)

RxZ Dose Map for Neutron (uSv/h)

550
500
450
400
350
300
250
200
150
100
50
0
0 20 40 60 80 100 120 140 160 180

R (cm)

Dose Map: MCNP (Neutron)

Z (cm)

RxZ Dose Map for Neutron (uSv/h)

550
500
450
400
350
300
250
200
150
100
50
0
0 20 40 60 80 100 120 140 160 180

R (cm)

6.1.3a
TORT MCNP

14



Dose Map: TORT (Induced gamma-ray)
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Dose Map: TORT/MCNP (Neutron)

RxZ Map for Neutron Dose: TORT/MCNP
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Flux Map: TORT (Neutron: 0.82 ~ 1.00 MeV)

RxZ Flux Map for Neutron Energies (0.82~1.00 MeV)
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Flux Map: TORT (Induced gamma-ray: 0.8 ~ 1.0 MeV)
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energy ENDF/B-VI multigroup BUGLE-96  CASK-81

ISFSI deterministic or
analytical method NAC-UMS SAR
ISFSI Monte Carlo method
deterministic method
10%
30% Monte Carlo method continuous-energy cross sections
deterministic method multigroup cross sections
Monte Carlo Method
Mean Free Path TORT
Deterministic Method  Monte
Carlo Method Deterministic Method
Monte Carlo Method
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6.2

6.2.1
MCNP
R
R
N
4
Central Limit Theorem N
68% x(1+ R) 95% x(1+2R)
R
6.2.1 R
10%
5%
6.2.1 R
R
0.5~1.0
0.2~0.5
0.1~0.2
<0.10
<0.05
MCNP FOM , Figure
Of Merit FOM
_ 1
FOM %RzT)
T
FOM R? N T N
N FOM FOM
FOM
R 1/~N MCNP T
N R=C/\T C

T C
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R 10% 200

1% MCNP
C
(D
MCNP
I/t Zt=
>t
keff MCNP
2)
q
1/q
MCNP
MCNP
(D
MCNP
2
MCNP /
space-dependent splitting/Russian roulette /

time-dependent splitting/Russian roulette weight cutoff
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weight window

3)
MCNP

exponential transform implicit capture
collision source biasing
photon production biasing
4

MCNP
DXTRAN correlated sampling
weight window imortance

forced
neutron-induced
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6.2.2 CADIS

Consistent Adjoint Driven Importance Sampling CADIS J. C. Wagner A.
Haghighat Source Biasing
Transport Biasing Deterministic Method Monte Carlo
Method TORT Adjoint adjoint
function MCNP biased source  weight windows

response
R=[p(p) oy (p) dp pe(r.E.Q) (6.1)
P

o(p) (phaae@)sp o4(p) objective response
function adjoint identity

(p"Ho)=(pH ") 6.2)

H  adjoint operator 6.2 6.1

R=[¢"(p)S(p)dp (6.3)

P
6.3 response 6.1
adjoint function ¢@"(p) S (p) adjoint function
o' (P) R
MCNP
S'(p) S(p) S'(p)
MCNP 6.3
' (P)S( p)} -
(p)dp
-
S'(p)
k : S
[o'(mS(p)dp
P
6.4 S(p) S (p) R
weight S'(p)

W(p)S'(p) =W, (p)S(p)

j ¢'(P)S(p)dp

S( P
W(p)= = 6.5
(P)= S (p) P (p) P’ (p) (65)
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o(p)=[K(p'> p)p(p)dp'+S(p)

9" (P) o(p) =2 P¢ (P
[¢ (P S(p)dp [¢"(mS(p)dp
p p
o(p) = [K(p'—> po(prdp'x—2 P 5 (p)
[¢" (P S(p)dp
p
= [K(p'— p)é(p'){w}dws*(p) (6.6)
@ (p)
= [K(p'> p)p(p)dp'+ S (p)
R( 9))] transport kernel K(p)
@ (P) K(p)
0" (p) 1 Particle Splitting
1 Russian Roulette transport kernel R( p)
K(p)
W(p)K(p'—> p){‘i#p?}wm')mp'» )
@ (p)
W(p) =W( p')[w} (6.7)
@ (P)
o' (p)/9"(P) R
MCNP

Consistent Adjoint Driven
Importance Sampling CADIS
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6.2.3 TORT/MCNP

CADIS Methodology Source Biasing  Transport Biasing
Source Biasing MCNP SI SP SB Transport
Biasing MCNPP 4C Superimposed Mesh Weight Window
TORT Adjoint o (p)
6.3 response R
R 6.4 S'(p)
S(p) MCNP MCNP
weight window weight window
weight window Particle
Splitting Russian Roulette weight window
weight window technique o (p)
S'(p) weight window lower bound W,
weight window technique weight
weight window WL
W (r,E)= W - R ! (6.8)
C,+1) ¢'(r,E)(C,+1
SRR
C, weight window  weight MCNP
5 weight window weight
W SW. weight SWL MCNP Particle Splitting
weight weight window weight WL MCNP
Russian Roulette weight weight window
TORT MCNP TORT o' (p) R
6.4 biased source 6.8 WL MCNP
6.2.3 TORT

Adjoint Source

MCNP
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R

6.2.3 TORT MCNP
GIP TORT
A 4 ¢
TORT adjoint TORT forward
adjoint  forward
A 4
6.3 R <
A 4
TORT
6.4 biased source pdf
6.8 WL

A 4

MCNP source card sb
biased source pdf
MCNP data card WWp

mesh

WL

MCNP

MCNP
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6.2.4

Deterministic Method TORT

TORT
TORT/MCNP
Speed-up FOM
TORT
CADIS methodology
Deterministic Method Deterministic Method
Variance Reduction Techniques
6.2.4 Vs.
Detectors Side Side Top Top Outside Outside
(uSv/h) (neutron) | (photon) | (neutron) | (photon) | (neutron) | (photon)
Uniform neutron source in fuel region (1 n/cm’.s)
TORT 2.32E-3 3.90E-3 6.43E-1 7.06E-3 1.95E-2 3.07E-3
MCNP 4.35E-3 5.57E-3 1.46E+0 6.61E-3 5.11E-2 4.30E-3
(unbiased) (6.24%) (1.45%) (2.59%) | (12.54%) | (0.21%) (0.19%)
MCNP 3.89E-3 5.73E-3 1.49E+0 7.09E-3 5.00E-2 4.26E-3
(CADIS) (1.63%) (2.03%) (0.60%) (9.59%) (0.11%) (0.29%)
Speed-up 50.0 1.7 62.3 5.5 12.7 1.4
Uniform gamma-ray source in fuel region (1 r/cm’.s)
TORT 3.83E-9 4.62E-10 3.79E-9
MCNP 0.00E+0 0.00E+0 3.84E-9
(unbiased) (0.00%) (0.00%) (17.75%)
MCNP 5.60E-9 8.85E-10 4.64E-9
(CADIS) (0.24%) (5.83%) (0.06%)
Speed-up N.A. N.A. 104778
CADIS methodology
Source Biasing  Transport Biasing
Source Biasing
TORT MCNP
Transport Biasing
Source Biasing  Transport Biasing
Deterministic Method
TORT/MCNP

Uncertainty and Sensitivity Analysis
CADIS-biased

Unbiased

MCNP

QA/QC
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6.3

Deterministic Method (Discrete Ordinates)
data source group structure collapsing weighting function self-shielding
effect Legendre expansion order Pp
spatial mesh size  directional quadrature order  multidimensional effect

flux-sweeping formulation

Monte Carlo Method

Variance Reduction Techniques
continuous-energy cross sections

NAC-UMS SAR
Transfer or Storage Cask

NAC-UMS
ISFSI Deterministic method

NAC-UMS SAR Monte
Carlo method ISFSI

Monte Carlo method Deterministic method

10%
30%

Monte Carlo method continuous-energy cross sections

Deterministic method multigroup cross sections

Uncertainty & Sensitivity Studies
Uncertainty & Sensitivity Studies
source geometry detector physics and numerical models Monte
Carlo method

5 6
Monte Carlo method continuous-energy cross sections

Monte Carlo method
Deterministic Method
Benchmar k
Monte Carlo method
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QA/QC

Deterministic method

Monte Carlo method
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6.4

MCNP manual

MCNP

3 MCNP

1.

- AN OO < W0
o Mo MO O o™

U o B B T |

3 MCNP

5.

MCNP .

4

1.

MCNP
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2.3.3.3
4
3.4.1
3.4.2
4 .1
4 . 2
2.4.2.1
2.4.2.2
. 6 MCNP
. 7 MCNP
MCNP
.1 MCNP
.2
. 3
3.3.1 2
3.3.2
.4 3
3.4.1
3.4.2
.5 ( SDEF) . . .
3.5.1 (Sl) (SP) ..
3.5.2 (DS) . ..
. 6
3.6.1 (Fna). ..
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3.6.4 (FM) . ..
3.6.5 ( DEDF . . .
7 ( MODE) . . .

8 (1 MP) . . .

9 ( NONU) . . .
10 (PHYS) . ..
3.10. 1

3.10. 2

11

3.11.1 (CUT) ..
3.11.2 (NPS) . .
3.11.3 ( CTME) .
.12 (PRI NT) ...
MCNP
.1 MCNP

.2 MCNP
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(2) Deterministic Method =~ Monte Carlo Method
Deterministic Method ANISN DORT
TORT Monte Carlo Method MCNP5
3)
Deterministic Method American Nuclear Society
multigroup BUGLE-96 Monte Carlo Method
continuous energy ENDF/B-VI
“4)
(5)

Deterministic Method  Multigroup Cross Sections Monte Carlo Method
Continuous Energy Cross Sections
Angular Mesh Distribution Spatial Mesh Distribution Multigroup Cross-Section
Library Multidimensionality Effect Material Homogenization

(6)

(7) Deterministic Method ~ Monte Carlo Method

(8) MCNP, version 5, parch 1.30
9 SAR
(10)
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Draft (November 28, 2005)
Comparisons of Shielding Calculationsfor a Spent Fuel Storage Cask using
Deterministic, Monte Carlo and Hybrid Methods

R.J. Sheu', A. Y. Chen?, J. Liu', Y-W H. Liu’

!National Synchrotron Radiation Research Center, Hsinchu Science Park, Hsinchu, Taiwan, ROC
(srj@nsrrc.org.tw)
Department of Engineering and System Science, National Tsing Hua University, Hsinchu, Taiwan, ROC

ABSTRACT

In this study, deterministic and Monte Carlo methods were applied to solve the radiation transport problem
for a simplified spent fuel storage cask considering neutron and gamma-ray sources. The results were compared
and the causes for their differences were investigated. In addition, the hybrid method based on the Consistent
Adjoint Driven Importance Sampling (CADIS) methodology has been used to accelerate the Monte Carlo
simulations. The CADIS utilizes a deterministic adjoint function for the variance reduction through the source
biasing and consistent transport biasing. The problem encountered and its possible solution for applying the
source biasing in such a large volume source was described. Compared with the unbiased case, the
computational efficiency was improved by more than a factor of ten for neutron source problem; and the
efficiency was increased significantly by about five orders of magnitude for gamma-ray source problem. It
demonstrated that the biasing scheme applied here is very effective in the shielding calculations for spent fuel
storage cask using Monte Carlo method.

INTRODUCTION

The purpose of this study is to enhance the abilities to review and verify the radiation shielding calculation
in the design of the Independent Spent Fuel Storage Installation (ISFSI) at the Chin-Shan site where the first
nuclear power plant in Taiwan is located. The shielding design of the ISFSI consists of two parts, namely, the
shielding design of the spent fuel casks and the shielding design or dose analysis of the storage site. According
to the preliminary proposal of Taiwan Power Company, Monte Carlo method was expected to be used mostly in
the shielding calculation for the spent fuel storage cask. Monte Carlo method is considered to be the most
accurate method presently available for solving radiation transport problems. The great advantage of using
Monte Carlo method is no need of constructing space-energy-angle grids for problem modeling and hence no
discretization errors are introduced. However, it is extremely time-consuming especially when huge attenuation
process from source to detector is involved. To make a difficult Monte Carlo shielding calculation
computationally practical or possible, variance reduction techniques are indispensable in most cases and must be
used with great care because it may lead to an unreliable or wrong answer if not used properly.

Deterministic and Monte Carlo methods are two distinct approaches that have been developed to solve the
radiation transport problem for several decades. Depending on the problem to solve, each method has its own
strengths and weaknesses. They are fundamentally different in many aspects but could be used together in a
complementary manner. Hybrid deterministic/Monte Carlo method usually makes use of the knowledge of
deterministic adjoint function to bias the random walk sampling in Monte Carlo simulation. A review article by
Haghighat and Wagner "' pointed out that recent trends in advanced Monte Carlo code development have
reflected a recognition of the benefits of using deterministic adjoint functions for Monte Carlo variance
reduction. The adjoint function refers to a particle property, which is the expected contribution or “importance”
of a particle with respect to a user-defined objective. This physical meaning makes the adjoint function
well-suited to the variance reduction of Monte Carlo simulations. Based on deterministic adjoint functions,
Wagner and Haghighat developed the CADIS methodology (Consistent Adjoint Driven Importance Sampling)
(121 and the A’'MCNP code (Automated Adjoint Accelerated MCNP) &) for complete automation of variance
reduction for MCNP shielding/fixed-source calculations. However, as described in the user’s manual, the
present version of A’MCNP is only capable of calculating biased source distributions and weight-window
bounds properly for point, surface, and volume sources defined by points. Replacing the actual source by an
equivalent point-wise distribution is not always a good idea especially for a large volume source. In such a case,
A’MCNP may use thousands of equivalent point sources or even more to approximate to the biased distribution
of the volume source. It could be a good approximation but the consumption of computer memory and the file
length of MCNP input will increase significantly. In order to work around this restriction and to exploit the new
features of the latest version of MCNP as well as to offer a great deal of flexibility, we therefore adopted a
manual coupling approach of the discrete ordinates (Sy) and MCNP codes to implement the CADIS
methodology for accelerating the Monte Carlo simulations.
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In addition to use the deterministic adjoint solution for the purpose of variance reduction, we also compare
results both from deterministic and Monte Carlo forward transport calculations for this simplified case. We
know that it is not easy to make a reliable comparison between continuous energy Monte Carlo simulation and
multigroup deterministic calculation. There are many possible uncertainties associated with phase-space
discretization that is inherent in deterministic calculations. However, the Monte Carlo simulation is relatively
straightforward both in physics and geometry modeling and the result is considered to be the reference from
which the deterministic results will be evaluated. Here we do our best to make the comparison trustworthy by
repeating a series of deterministic calculations using different discrete ordinates codes and with various
numerical options.

PROBLEM DESCRIPTION

The calculational model for a spent fuel storage cask used in this study has been simplified to great extent
to facilitate the calculations using various computer codes and the inter-comparison of the results afterward.
Two types of neutral particle transport code system were used here, one is the deterministic code package
DOORS P! and the other is the Monte Carlo code MCNP. The storage cask made of iron liners and concrete
shield is about 5.5 m high and 3.6 m in diameter. Effective source region inside is about 3.9 m high and 1.6 m in
diameter. This thick shielding with large source volume presents difficulties for both Sy and Monte Carlo
calculations. Fig. 1 shows the geometry and dimensions of this simplified spent fuel storage cask. The
compositions of materials are listed in table 1. Neutron or gamma-ray sources were assumed to be uniformly
distributed in the homogenized fuel region and the volumetric source strength was arbitrarily assigned to be one
neutron or gamma-ray emitted per centimeter cube per second. The source spectrum of neutron or gamma-ray
refers to a research report of FCMA [®). Two volume detectors, placed on the top and around the side of the cask
as shown in Fig. 1, were used to score the neutron and gamma-ray fluence rates and to estimate the resulting
dose rates after multiplying fluence-to-dose conversion factors . Another pseudo outside detector covering the
entire surface above the ground was arranged to count the number of particles leaving the cask and put the
adjoint source for developing biasing scheme, i.e. guiding particles to move as outward as possible to increase
the number of particles having a chance to penetrate the thick shielding of the cask.

CALCULATION METHODS

Discrete Ordinates Calculation

The discrete ordinates code system DOORS version 3.2 with the BUGLE-96 ! multigroup cross-section
library was used to solve this fixed source shielding problem both in forward and adjoint modes. The DOORS
software package includes the ANISN !, DORT """ and TORT " codes for one-, two- and three-dimensional
Sy neutron/photon transport calculations, respectively. Because of 0-symmetry in this simplified cask model, the
Sx calculations could be performed using the TORT model (R-6-Z with only one interval for 8-dimension) and
the DORT model (R-Z), respectively. For TORT calculations in this case, using R-6-Z geometry (ingeom=1)
actually gives the same answer as that using degenerated R-Z geometry (ingeom=11), but of course
three-dimensional calculation takes more computer time. In one-dimensional ANISN calculations, infinite
cylindrical geometry for R-dimension modeling should be a good approximation for the side detector of the cask;
however infinite slab geometry for Z-dimension is obviously inappropriate for the top detector. For simplicity
we further assumed that the spatial discretization employed a uniform mesh distribution with all R and Z
intervals equal to As. Theta-weighted differencing scheme is the best method for flux-sweeping formulation in
curved geometry, since the nodal and characteristic procedures are presently available only in XYZ geometry. In
addition to the default value 0.9, other theta values were also used to test its sensitivity on results. The
computational cost of Sy method is generally negligible compared to that of Monte Carlo method. However,
using Sy method to solve radiation transport problem requires approximations on spatial, angular and energy
variables. In this study, we evaluated the effects caused by three possible parameters: mesh size As for spatial
discretization, directional quadrature order for angular discretization, and the Legendre expansion order for
multigroup cross sections. The effects of multigroup cross sections for each material were also examined one by
one through comparisons with the results predicted by Monte Carlo simulations using continuous energy cross
sections.

Monte Carlo Simulation

The Monte Carlo code MCNP version 5 with the ENDF/B-VI continuous energy cross-section library was
used to solve the same problem. The arrangement of geometry, materials and detectors were modeled identically
as that in previous Sy calculation. Single cylindrical cell defines the effective fuel region. The source
distribution in this volumetric cell was modeled by the form

S(r,z,E) = R(r)Z(2)¢(E) M
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which sampling three independent probability density functions with respect to the source positions in radial and
axial directions as well as the source energies. In addition to the top, side, and pseudo outside detectors as
described above, we also used superimposed mesh tally in MCNP to score dose distribution over the system for
a detailed comparison with Sy results. All tallies are based on a track-length estimate of the cell-average flux
over a particular volume. According to the results of Sy calculations, the maximal dose attenuation from source
to detector is about five orders of magnitude for neutron transport and roughly eight orders of magnitude for
gamma-ray transport. Although it will take a lot of computer time and the statistical uncertainty may be large,
we still try to get a set of unbiased answers to provide the comparison basis for checking the convergence and
measuring the speed-up of various biased runs afterward.

Hybrid Method

For accelerating the Monte Carlo simulations, we adopted a manual coupling approach of the TORT and
MCNP codes to implement the CADIS methodology. The CADIS utilizes an Sy adjoint flux for the variance
reduction through the source biasing and consistent transport biasing. The biased source probability density
function is given by

S:(r,z,E)=¢"(r,Z,E)S(r,ZE)/R )

where R in is an estimate of the final result, namely the total detector response. The biased transport process
could be easily implemented by using the superimposed mesh weight window facility in MCNP after version 4C.
The space- and energy-dependent weight-window lower bounds W, are given by

w_(r,zE)=R/¢"(r,2 E)x3 3)

where the parameter 3 in denominator makes the weights of source particles right at the center of their
corresponding weight-window intervals (default ratio of upper and lower weight-window values is 5). The
implementation of transport biasing in this case is no problem, however, the source biasing is not
straightforward. The major difficulty is how to sample the source variables correctly and effectively from the
biased source distribution for such a large volumetric source according to Eq. 2. To keep the input file as simple
and clear as possible, our approach was based on the assumption that the Sy adjoint flux distribution in source
region could be separated into or roughly approximated by a product of three independent functions for each
variable as given by

¢ (1,2 E) ~ g (¢ (24, (E) “)

The biased source distribution in Eq. 2 can then be rewritten as given below

Se(r, 2 E) = Rg(r)Zs(2)e5(E) /R ()
Re (N =4 (NR(1), Z5(2) = ¢, (2)Z(2), 5(E) =4, (E)&(E) (6)

Since the biased source distribution now is also a product of three independent functions, it could be simply
specified on three sets of SIn, SPn and SBn cards in MCNP input as a general volumetric source. The SIn card
specifies the range of source variable, the SPn and SBn cards specify the original and biased source distribution,
respectively. If the previous assumption is good enough, the resulting weights of source particles should be
within the corresponding weight windows as desired. However, given Eq. 4 is true, how to construct the three
functions in the right-hand side is another issue that requires more studies to resolve. As a preliminary test by

intuitional thought, the radial dependence ¢$ (r) in Eq. 4 was obtained by averaging total neutron or
gamma-ray adjoint flux over the axial distribution in fuel region, and vice versa for ¢£ (Z). The energy

dependence ¢, (E) was obtained by averaging adjoint flux over the entire fuel region. These three adjoint

functions were then used to adjust their corresponding original source probability density functions, separately.
The computational efficiency was finally compared using the concept of Figure-Of-Merit (FOM), defined as the
reciprocal of the product of relative error squared and computer time.

RESULTSAND DISCUSSION

Comparison of Results Calculated by Sy and MCNP Codes

Table 2 shows the neutron and induced gamma-ray doses for the storage cask calculated using MCNP and
DOORS code systems. The Sy calculations were carried out using different codes with various input options.
The results of TORT calculations in adjoint mode are in consistence with those in forward mode as expected.
The differences between the TORT and MCNP results seem unexpectedly large ', The MCNP results are
considered to be more accurate since continuous energy cross-section library was used and no intentional
biasing was applied. In a comparison of results between Sy and Monte Carlo methods, there are several possible
sources of uncertainty in Sy calculations such as: the multigroup cross sections, the multidimensionality effect,
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the discretization errors in spatial and angular meshes, and the choice of various numerical options ',

Examining the Sy results with different input options reveals that neither the size of spatial meshes, Legendre
expansion truncation or directional quadrature order are the essential causes for such a difference. Other
numerical options such as differencing schemes, convergence criteria, acceleration methods and scattering
source fixup are also tested, but the results seem rather insensitive. Some of these Sy results are also listed in
Table 2 for comparison. If all the materials in the problem were removed from the calculational model, the Sy
and Monte Carlo methods indeed gave identical results (£1%). This comparison has excluded many possible
uncertainties associated with the modeling of source, geometry and detectors. Although the 1-D ANSIN
calculations in Z-dimension are obviously not appropriate in this case, the results in R-dimension are reliable
and could be considered as an upper limit of the Sy results since no buckling correction was applied. Except for
that, all the Sy calculations with the same cross sections yield similar results as shown in Table 2 but they
predict only half of the MCNP-calculated results for neutron dose rates outside the cask. Therefore, we expect
large portion of this discrepancy to be associated with the multigroup cross sections because the BUGLE-96
library is not prepared for this particular application. More detailed comparison between the TORT and
MCNP-calculated results are shown in Figs. 2 and 3. Fig. 2 compares radial and axial dose rate distributions for
both neutron and induced gamma-ray; and Fig. 3 shows the distributions of the ratios (TORT/MCNP) to provide
a better visualization of the magnitude and behavior of the differences. For neutron dose rate, the differences
between them are negligible in the source region and gradually increasing as neutrons travel through the cask
shielding. TORT predicts more induced gamma-ray dose rates about 20% in the source region than MCNP.

Our sensitivity analyses of materials indicated that the multigroup cross sections should be responsible for
the majority of the discrepancies. Further comparison of the neutron spectra calculated by TORT and MCNP
could obtain some insight into the differences between them. Fig. 4 shows the neutron energy spectra both at the
side and top detectors. For the side detector where concrete is the major shielding material, lots of neutrons from
source region are thermalized and the very sharp peak at 2.35 MeV in the spectra is obviously resulted from the
cross-section window of '°O at that energy (left-hand side of Fig. 5). The most significant difference between
TORT and MCNP-calculated spectra at this position occurs in the thermal energy region. Thermal neurons are
important and account for about 25%(TORT) or 35%(MCNP) of the total dose at the side detector. Our study
indicated that the oxygen and hydrogen are the most critical isotopes that contribute to the difference. For the
top detector where iron is the main shielding material, the spectrum is hard and there is nearly no thermal
neutron due to the lack of materials for neutron moderation in this direction. The most pronounced peak in the
spectra is the consequence of the very deep cross-section window of iron at 24.5 keV (right-hand side of Fig. 5).
There exists evident discrepancy in the energy region between about 0.02 and 2 MeV, where corresponding to
the dense resonance region of iron. This discrepancy suggested that the iron group cross sections in that region
do not well represent the real interaction cross-section. Since both multigroup and continuous energy cross
sections used here were all derived from the ENDF/B-VI library, the problem should be directly related to the
process of how the broad-group cross sections were obtained, such as the choice of group structure and
weighting function as well as the treatment of self-shielding effects. We are planning to perform a multigroup
MCNP simulation with BUGLE-96 library and that would be helpful to clarify some issues. Nevertheless, the
Sx calculations with BUGLE-96 cross-section library might lead to a considerable underestimation of the dose
rates outside a cask. One should be aware of or cautious with the use of broad-group cross sections in the
shielding calculation for a spent fuel storage cask. Numerous issues related to a precise comparison between Sy
and Monte Carlo methods remain unresolved here, however, the accuracies of the Sy solutions at this stage are
already good enough for us to develop the biasing parameters for subsequent Monte Carlo simulations.

Source and Transport Biasing Parameters

The CADIS performs both source biasing and transport biasing to reduce the variance of Monte Carlo
calculations. The parameters for source biasing and transport biasing were derived from the information of
TORT-calculated adjoint flux. In principle, the more accurate the adjoint flux, the more efficient the variance
reduction, at the cost of both more execution time and memory space required for Sy calculation. As discussed
in previous section, the adjoint flux in this case could be considered as a good approximation. Therefore, we can
expect that the computational efficiency of the biased Monte Carlo simulation should be very effective. Fig. 6
shows the source energy distributions before and after biasing. The neutron source spectra do not change much,
but the gamma-ray source spectra alter significantly. It means that the dependence of neutron source energy is
not so important. On the contrary, the source particles in the high-energy tail of gamma-ray spectrum were
forced to sample more frequently to increase the probability of penetrating thick shield to make contribution.
Regarding to transport biasing, Fig. 7 shows one of the typical set of radial and axial distributions of
weight-window lower bounds for neutron and gamma-ray with energies around 1 MeV. The lower the
weight-window lower bound the more important the region contributes to the objective. The weight-window
profile also shows us how hard for an individual particle history having a change to penetrate the thick shield.
Clearly, the particle transport process from source region to outside detector involves several orders of
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magnitude attenuation, in particular for gamma-ray transport. Without very effective biasing, it is almost
impossible to keep gamma rays survive during its transport process till leaking out of the cask, nonetheless to
say having a chance to hit the desired detectors to make contribution. However, with the help of these
weight-window bounds covering over the whole phase space, the weight window technique in MCNP performs
splitting or Russian roulette on particles both at collisions and surface crossings based on their expected
contribution to detector. Thus, the Monte Carlo simulation could be run in a very efficient way compared with
an analog game.

Performance of CADI S-biased M onte Carlo Simulations

Using Monte Carlo method to solve a deep-penetration problem with a large distributed source like this
case, it means that extremely large number of particle histories and heavy computational cost are needed to
achieve statistically reliable estimates. Without effective biasing scheme, it is almost impossible to get a
trustworthy Monte Carlo result. As that shown in Table 3 for gamma-ray source problem, the unbiased MCNP
run has taken more than several thousand minutes CPU time, but still no particle hits the relatively small top or
side detectors and the statistical uncertainty of the pseudo outside detector is unsatisfactory. Using
TORT/MCNP coupling approach based on the CADIS methodology, Table 3 shows that a factor of several
tenths in speed-up for neutron source problem and about five orders of magnitude improvement in
computational efficiency for gamma-ray source problem have been achieved. It demonstrated that the biasing
scheme applied in our study is very effective for this kind of problems. However, we must admit that the
assumption of Eq. 4 is unfounded and what we have got in the right-hand of Eq. 4 is not necessarily good
enough especially when dealing with a large volumetric source like this case. We have to check the weights of
source particles to see if they are really within the corresponding weight-window bounds. For neutron source
problem, most of the weights of source particles indeed are lying between weight-window bounds. But for
gamma-ray source problem, about one third of source particles are born carrying the weights above or below the
weight-window bounds. This is because photon’s mean free path is very short compared to that of neutron and
therefore the resulting adjoint function varies significantly within the source region. If the weights of source
particles are not within the weight windows, it will cause unnecessary splitting/rouletting and lose some
computational efficiency. Even with such degradation, the overall gain of computational efficiency is still
significant compared with the unbiased case.

Note that the preceding computational efficiencies could be better if we put the adjoint source just right in
the positions of top and/or side detectors, but this will sacrifice the flexibility of biasing scheme for possible use
in the future since one may be interested in the dose rates at other locations of the cask. The biasing scheme
used here was developed based on the Sy adjoint flux calculated by using a very simplified geometry. If we
modify the original MCNP model to include all the details of a real spent fuel storage cask, is it still directly
applicable to the modified case? Based on the theory of CADIS methodology and our own experience ''*! the
answer is positive. The aim of the TORT calculation in the TORT/MCNP coupling approach is not intended to
obtain a precise answer, but rather to generate an adjoint function with approximately the correct shape over the
whole phase space. It does not put any restriction on the intrinsic accuracy of the subsequent MCNP simulations,
e.g., very detailed 3-D geometry, continuous energy and angular treatments.

CONCLUDING REMARKS

A calculational model for a simplified spent fuel storage cask was built for comparisons of shielding
calculations using different methods and codes. This shielding problem is simple in geometry but it is a typical
deep-penetration problem with a large distributed source. In this study, various methods including Sy
calculations in forward and adjoint modes, Monte Carlo simulations with and without biasing were applied to
calculate the neutron and gamma-ray dose rates outside the cask. The biasing scheme used here is referred to as
hybrid method because it uses the deterministic adjoint function in a biased forward Monte Carlo simulation.
The result of adjoint Sy calculation is consistent with that in forward calculation. However, the difference
between multigroup Sy and continuous energy Monte Carlo calculations seems significant in this case. While
some calculational studies implied that the multigroup cross sections should be the major cause for such a
discrepancy; however, we cannot identify the origin of the effect (i.e. group structure, weighting function,
self-shielding effect, or their combinations). The TORT calculations with BUGLE-96 multigroup cross-section
library underestimated the results by about 50%, compared with the MCNP results where continuous energy
cross sections were used in default. This possible underestimation should be taken into account when using Sy
method with broad-group cross sections in the shielding calculation for a spent fuel storage cask. On the other
hand, Monte Carlo method without effective variance reduction techniques is impractical especially for
gamma-ray source problem in this case. The TORT/MCNP manual coupling approach based on the CADIS
methodology has been proved to be very effective and flexible. Compared with the unbiased case, the
computational efficiency was improved by more than a factor of ten for neutron source problem; and the
efficiency was increased significantly by about five orders of magnitude for gamma-ray source problem.
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TABLE 1. Compositions of materials in different regions of the simplified spent fuel storage cask.

Region Isotope Atomic density
Fuel B 1.204E-4*
B 3.832E-4
naic 1.004E-4
0 8.092E-3
2TAl 5.576E-4
*SFe 7.463E-3
natz 2.155E-3
=8y 4.038E-3
Iron Fe 8.487E-2
Concrete | 'H 7.860E-3
0 4.380E-2
»Na 1.050E-3
"Mg 1.400E-4
N 2.390E-3
nalgj 1.580E-2
nate 6.900E-4
miCq 2.920E-3
*°Fe 3.100E-4
Air N 4.020E-5
0 1.070E-5

“Read as 1.204x10™, (Unit: x10** cm™)

44



TABLE 2. Neutron and induced gamma-ray doses for the storage cask considering neutron source calculated
using MCNP and DOORS code systems. The Sy calculations include various numerical options (mesh size As in
centimeter, Legendre expansion order Py and directional quadrature order Sy). Without explicitly stated, the Sy
calculations were carried out in forward mode with theta-weighted differencing scheme (default 6=0.9).

Detectors(uSv/h) | Side (neutron) | Side (photon) | Top (neutron) | Top (photon)
MCNP 435E-3 5.57E3 146E+0 6.61E-3
(relative error) (6.24%) (1.45%) (2.59%) (12.54%)
TORT

(As=2.5, P3S8) 2.32E-3 3.90E-3 6.43E-1 7.06E-3
TORT/MCNP 0.53 0.70 0.44 1.07
TORT (adjoint)

(As=2.5, P3S8) 2.46E-3 3.98E-3 7.00E-1 7.48E-3
TORT (6=0.3)

(As=2.5, P3S8) 2.35E-3 391E-3 6.94E-1 721E-3
TORT

(As=2.5, P5S8) 2.32E-3 3.91E-3 6.44E-1 7.07E-3
DORT

(As=2.5, P3S16) 2.35E-3 3.96E-3 6.47E-1 6.89E-3
DORT

(As=125,P3516) | 2HE3 3.99E-3 6.45E-1 7.05E-3
ANISN

(As=2.5, P3S16) 2.25E-3 3.84E-3 1.38E+0 2.07E-2
ANISN

(As=0.625P3816) |  239F-3 3.94E-3 1.39E+0 2.13E-2

TABLE 3. Neutron and gamma-ray doses for the storage cask calculated using unbiased and CADIS-biased
MCNP simulations. The speed-up is measured as the FOM ratio between biased and unbiased runs.

Detectors Side Side Top Top Outside Outside
( Sy / h| (neutron) | (photon) | (neutron) | (photon) | (neutron) | (photon)
Uniform neutron source in fuel region (1 n/cm’.s)
TORT 2.32E-3 3.90E-3 6.43E-1 7.06E-3 1.95E-2 3.07E-3
MCNP 4.35E-3 5.57E-3 1.46E+0 | 6.61E-3 5.11E-2 | 4.30E-3
(unbiased) (6.24%) | (1.45%) | (2.59%) | (12.54%) | (0.21%) | (0.19%)
MCNP 3.89E-3 5.73E-3 1.49E+0 | 7.09E-3 5.00E-2 | 4.26E-3
(CADIS) (1.63%) | (2.03%) | (0.60%) | (9.59%) | (0.11%) | (0.29%)
Speed-up 50.0 1.7 62.3 5.5 12.7 14
Uniform gamma-ray source in fuel region (1 r/cm’.s)

TORT 3.83E-9 4.62E-10 3.79E-9
MCNP 0.00E+0 0.00E+0 3.84E-9
(unbiased) (0.00%) (0.00%) (17.75%)
MCNP 5.60E-9 8.85E-10 4.64E-9
(CADIS) (0.24%) (5.83%) (0.06%)
Speed-up N.A. N.A. 104778

45



Fig. 1. Geometry and dimensions of a simplified spent fuel storage cask.
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Fig. 2. Radial and axial distributions of the neutron and induced gamma-ray dose rates
calculated by TORT and MCNP.

Dose Rate (uSv/h)

neutron

induced y-ray

Radial Distribution (Z=263 cm)
TORT
— MCNP

neutron

induced y-ray

Axial Distribution (R=0 cm)

T T T T T
20 40 60 80 100 120 140 160

R (cm)

180

T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550

Z (cm)

10°

Fig. 3. Radial and axial distributions of the ratios between doses calculated by TORT and
MCNP, respectively.
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Fig. 4. Neutron energy spectra at the side and top detectors of the storage cask.
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Fig. 5. Microscopic total neutron cross sections for '°0 and *°Fe extracted from the
continuous energy ENDF/B-VI and multigroup BUGLE-96 libraries.
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Fig. 6. Normalized energy distributions of original (SP) and biased (SB) sources.
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and gamma-ray in the energy range (0.8~1.0 MeV).
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10.

Comparison of Microscopic Neutron Total Cross Section ot
from MCNP(ENDF-B/VI), BUGLE-96 and CASK-81 libraries

Hydrogen:

S
®
2
o 10°4
5
= 1
(&)
[¢] =
wn
] 1
§ 10" =
(&)
®
@]
|_ 0

10" o 1

1001.60c (‘H)
— BUGLE-96
—— CASK-81
10-1 RRALL BRALLL, BLAALL, BRALLLL, BRELLL. BRALLL. BRELLL BRRLLL BRLALLL, IRRLLLL, AL BRLLL. IR
10" 1x10° 1x107 1x10° 1x10® 1x10"  1x10

Neutron energy (MeV)



Boron-10:

Total cross section c._(barn)

10° 3

10° E

104 3

10° -

10° -

10 4 5010.60c (°B)

. — BUGLE-96
— CASK-81
100 hRALL BRRALLL ILRRLL, IRALLLL, ILRLLL BRELLL BREALL BRAALL. BRALLL, AL, IIRLLLL IURALLLY BLRLLL
10" 1x10° 1x10° 1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Boron-11:
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o
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S 10"+
n
[7)]
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N [ L
®
o
|_
5011.60c ('B)
— BUGLE-96
— CASK-81
100 bl IR | b IILRALLL, ILALALLL IIURLLLL: BLRLLL. IRRALL. | b UL, IILLLLLL IIURLALLL IILRLLL
10" 1x10° 1x10° 1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Carbon:

Total cross section ¢ (barn)

10° 5
10" 4

] —
10° 4

] 6000.60c (C)

|| —— BUGLE-96

— CASK-81
10-1 RRALL BRALLL, BLAALL, BRALLLL, BRELLL. BRALLL. BRELLL BRRLLL BRLALLL, IRRLLLL, AL BRLLL. IR
10" 1x10° 1x107  1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Nitrogen:

Total cross section ¢ (barn)

10° 5
102-:
10" 4
1o°-:
| 7014.60c (“'N)
. — BUGLE-96
. — CASK-81
10-1 RRALL BRALLL, BLAALL, BRALLLL, BRELLL. BRALLL. BRELLL BRRLLL BRLALLL, IRRLLLL, AL BRLLL. IR
10" 1x10° 1x107  1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Oxygen:

Total cross section ¢ (barn)

10° 5
10" 4

: 1

] 8016.60c (*°0)

1| — BUGLE-96

— CASK-81
10-1 RRALL BRALLL, BLAALL, BRALLLL, BRELLL. BRALLL. BRELLL BRRLLL BRLALLL, IRRLLLL, AL BRLLL. IR
10" 1x10° 1x107  1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Sodium:

Total cross section ¢ (barn)

10° 5
102-:
10" 4
1o°-:
] 11023.60c (*°Na)
. —— BUGLE-96
i — CASK-81
10-1 RRALL BRALLL, BLAALL, BRALLLL, BRELLL. BRALLL. BRELLL BRRLLL BRLALLL, IRRLLLL, AL BRLLL. IR
10" 1x10° 1x107  1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Magnesium:

Total cross section ¢ (barn)

10° 5
10" 4
10° 4

] 12000.60c (Mg)

i — BUGLE-96

— CASK-81
10-1 RRALL BRALLL, BLAALL, BRALLLL, BRELLL. BRALLL. BRELLL BRRLLL BRLALLL, IRRLLLL, AL BRLLL. IR
10" 1x10° 1x107  1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Aluminum:

Total cross section ¢ (barn)

10° 5
10" 4

. I

|

10° 4

] 13027.60c (*'Al)

|| ——— BUGLE-96

— CASK-81
10-1 RRALL BRALLL, BLAALL, BRALLLL, BRELLL. BRALLL. BRELLL BRRLLL BRLALLL, IRRLLLL, AL BRLLL. IR
10" 1x10° 1x107  1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Silicon:

Total cross section ¢ (barn)

10° 5
10" 4
10° 4

] 14000.60c (Si)

1l — BUGLE-96

— CASK-81
10-1 RRALL BRALLL, BLAALL, BRALLLL, BRELLL. BRALLL. BRELLL BRRLLL BRLALLL, IRRLLLL, AL BRLLL. IR
10" 1x10° 1x107  1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Potassium:

Total cross section ¢ (barn)

10° 5
102-:
10" 4
1o°-:
] 19000.60c (K)
. —— BUGLE-96
11 ——— CASK-81
10-1 RRALL BRALLL, BLAALL, BRALLLL, BRELLL. BRALLL. BRELLL BRRLLL BRLALLL, IRRLLLL, AL BRLLL. IR
10" 1x10° 1x107  1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Calcium:

Total cross section ¢ (barn)

107 5
10" 4
10° 4

1l — 20000.60c (Ca)

1| ——— BUGLE-96

— CASK-81
10-1 hRRL BILAALLL LR RLL, IILRLLLL IILAALLL IILRALLL BLRALL. IILRALL BLRALL, ILAALL. BRAALL. BRLALLL. BRALLL
10" 1x10° 1x107  1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Iron:

Total cross section ¢ (barn)

10° 3
1004
10" “
3 i
10° 3
10" 4
1024| — 26056.60c (*°Fe)
] — BUGLE-96
] — CASK-81
10-3 hRRL BILAALLL LR RLL, IILRLLLL IILAALLL IILRALLL BLRALL. IILRALL BLRALL, ILAALL. BRAALL. BRLALLL. BRALLL
10" 1x10° 1x107  1x10° 1x10° 1x10"  1x10'

Neutron energy (MeV)
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Zirconium:

Total cross section c._(barn)

[EY
Q
™
|

10" A

~40000.60c (Zr)
— BUGLE-96
— CASK-81

10° 4
10™

1x10°  1x107 1x10° 1x10°®
Neutron energy (MeV)

1x10™

1x10"
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Uranium:
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11.

(1) MCNP input file: Cnd n.i (Unbiased case)

A simple CASK model for study of radiation s
C Not e: Unbi ased case (add a surrounding
c >>> Cell <cards <<«

1 1 2.291e-2 -1

2 4 5.090e-5 -2 1

3 2 8.487e-2 -3 2

4 4 5.090e-5 -4 3

5 2 8.487e-2 -5 4

6 3 7.496e- 2 -6 5

7 4 5.090e-5 -7 14

8 0 7

11 4 5.090e-5 -12 11

12 4 5.090e-5 -13

13 4 5.090e-5 -14 6 #11 #12tor

C >>> Surface/ Macrobody cards <<<

1 rcec 0.0 0.0 67.5 0.0 0.0
2 rcec 0.0 0.0 60.0 0.0 0.0
3 rcec 0.0 0.0 57.5 0.0 0.0
4 rcec 0.0 0.0 55.0 0.0 0.0
5 rcec 0.0 0.0 50.0 0.0 0.0
6 rcec 0.0 0.0 0.0 0.0 0.0
7 SO 1000. 0

11 rcec 0.0 0.0 260. 0 0.0 0.0
12 rcec 0.0 0.0 260. 0 0.0 0.0
13 rcec 0.0 0.0 550.0 0.0 0.0
14 rcec 0.0 0.0 0.0 0.0 0.0
c >>> PData cards <<«

mo d e n p

imp:n 1 1 1 1 1 1 1 0 1 1 1

imp:p 1 1 1 1 1 1 1 0 1 1 1

c turn off fission in the fuel region
nonu 2 1 1 1 1 1 1 1 1 1 1

c ml : effective fuel

c m 2 i ron
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nw nu nu nu n
N

sp3

m 3 concrete

m4 air (ANS-6.6.1)
5010.60c 1.204e- 4
8016.60c 8.092e-3
40000.60c 2.155e-3
26056. 60c 8.487e-2
1001. 60c 7.860e-3
12000.60c 1. 400e- 4
19000. 60c 6. 900e- 4
7014.60c 4. 020e-5
source definition
particle neutron
geometry uni form c
energy UMS FSAR
strength 1 n/ cm”3.
par =1 cel = pos=0
erg=d3 wgt =7. 8e+6
0.0 80.0

-21 1

0.0 387.5

-21 0

1.000e-11 1.000e-07
5.044e-06 1.068e-05
4. 540e-04 1.585e-03
2.188e-02 2.418e-02
6. 738e-02 1.111e-01
4. 979e-01 6.081e-01
1.353e+00 1.653e+00
2.365e+00 2.466e+00
4.966e+00 6.065e+00
1.221e+01 1.419e+01
0.000e+00 O0O.000e+00O0
0.000e+00 O0O.000e+00O0
0.000e+00 O0O.000e+00O0
0.000e+00 O0O.000e+00O0
0.000e+00 1.402e-03
4. 185e-02 4.267e-02
1.241e-01 9.026e-02
3.831e-03 2.037e-02
7.882e-02 6.725e-02
3.013e-03 2.699e-03
tally definition

F4 track | ength esti
=> | CRP-74 neutron and

(ANS-6.6.1)

5011e606c
13027e608c
92238.60c¢

8016e60cC
13027e60Qc
20000e60C
8016. 60c

ylinder volu
Table 5.2-19
s (wgt=pi *rn
0O 67.5 rad=

4. 140e-07
3.727e-05
3.355e-03
2.606e-02
1.832e-01
7.427e-01
1.921e+00
2. 725e+00
7.408e+00
1. 733e+01
0.000e+00
0.000e+00
0.000e+00
0.000e+00
9.106e-03
5.212e-02
7.162e-02
5.223e-02
2.367e-02
4. 281e-03
mat e

O WMNOONWNEFL O

R 01O WEFk, OOOOo

3.832e¢
5.576¢e
4. 038e
4. 380¢e
2.390e
2.920e
1. 070e

me S

2*2z2)
d1l

. 764e
. 013e
.102e
. 183e
. 972e
. 2009e
. 231le
.012e
.607e

. 000e
. 000e
. 000e
. 000e
. 440e
. 028e
. 251e
. 619e
. 635e
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f 14: n
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del4

df 14
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considering so
* 3600 * 1. 0e+
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. 6e+9
.0e-9 1. 0e-38
. 0e-7 1. 0e-6
. 0e-5 5.0e-5
. 0e-3 2. 0e-3
. 0e- 2 5. 0e- 2
. 0e-1 3.0e-1
1.2
6.0
. 0e+1 1. 2e+1
. 8e+1 2. 0e+1
24e-12 6. 55e-
8e-12 13. 8e-
le-12 14. 8e -
2e-12 14. 4e-
Oe-12 38. 5e-
Oe-12 133e-1
2e-12 310e-1
4e-12 483e-1
9e-12 499e-1
6e-12 480e-1
. 6e+9
. 00e- 2 1.5e-2
.0e- 2 6. 0e- 2
. 0e-1 3.0e-1
.0e-1 1.0
0 5.0
. 0e+1
.049e-12 0.125e
. 357e-12 0. 378e
.004e-12 1. 508e
727e-12 4. 483e
015e-12 14.001
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14. 6
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df 114

f124:
fml24
del24

df 124

f 54:
eb54

f 64:
e64

n

p

5.0
1. 0e+1
1. 8e+1
5.24e-12
12.8e-12
15. 1e-12
14. 2e-12
29. 0e-12
99. 0e-12
282e-12
474e-12
499e-12
486e-12
13
3.6e+9
1.00e-2
5. 0e-2
2. 0e-1
8. 0e-1
4.0
2. 0e+1
0.049e-12
0.357e-12
1. 004e-12
3.727e-12
12.015e-12
34. 4e-12
F4 track
=> BUGLE
11
1.000e-11
5.044e-06
4. 540e-04
2.188e¢e-02
6. 738e-02
4. 979e-01
1.353e+00
2.365e+00
4. 966e+00
1.221e+01
11
1.000e-02
2.000e-01
1.000e+00

n
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.000e+0
. 764e-0
.013e-0
102e-0
183e-0
. 972e-0
.209e-0
. 231e+0
.012e+0
.607e+0
.000e-0
.000e-0
. 000e+0
. 000e+0
energy
ner gy
physic
ergy o
tion s
urroun

5.000e+00 6.000e+00 7.000e+00 8
1.400e+01

f74: n 12

e74 1.000e-11 1.000e-07 4.140e-07 8
5.044e-06 1.068e-05 3.727e-05 1
4. 540e-04 1.585e-03 3.355e-03 7.
2.188e-02 2.418e-02 2.606e-02 3.
6.738e-02 1.111e-01 1.832e-01 2
4. 979e-01 6.081e-01 7.427e-01 8
1.353e+00 1.653e+00 1.921e+00 2
2.365e+00 2.466e+00 2.725e+00 3
4. 966e+00 6.065e+00 7.408e+00 8
1.221e+01 1.419e+01 1.733e+01

f84:p 12

e 84 1.000e-02 2.000e-02 3.000e-02 6
2.000e-01 4.000e-01 6.000e-01 7
1.000e+00 1.500e+00 2.000e+00 3
5.000e+00 6.000e+00 7.000e+00 8
1.400e+01

phys:n 17. 332 $ neutron highest

cut :n j 1.0e-11 $ neutron | owest e

phys:p j j j O $ detailed photon

cut :p j 0.01 $ photon | owest en

nps 50000000

print

(2) MCNP input file: Cn_a.i (CADIS-biased case)

A simple CASK model for study of radia

c Note: CADI S-biased case (add a s

c >>> Cell <cards <<«

1 1 2.291e-2 -1

2 4 5.090e-5 -2 1

3 2 8.487e-2 -3 2

4 4 5.090e-5 -4 3

5 2 8.487e-2 -5 4

6 3 7.496¢e- 2 -6 5

7 4 5.090e-5 -7 14

8 0 7

11 4 5.090e-5 -12 11

12 4 5.090e-5 -13

13 4 5.090e-5 -14 6 #11 #12tor
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