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Monte Carlo

Python

QR
Sw
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SWORD

Definitions, Acronyms, and Abbreviations

AutomateD VAriaNce reducTion Generator

Consistent Adjoint Driven Importance Sampling, a method for generating
variance reduction parameters to accelerate the estimation of an individual
tally.

3-D, block-parallel discrete ordinates transport code developed at Oak Ridge
National Laboratory.

Methods (e.g., the discrete ordinates method) and codes that discretize the
independent variables of the transport equation and solve the resulting linear
algebraic systems of equations via iterative methods.

Forward-Weighted CADIS, a method for generating variance reduction
parameters to obtain relatively uniform statistical uncertainties across multiple
tally regions or energy bins.

Tally figure of merit, calculated as 1/(R?T), where R is the tally relative error
and T is the simulation run time in minutes.

Gauss-Legendre, a type of product quadrature.

Generalized Minimum RESidual, a Krylov subspace method for iteratively
solving linear algebraic systems of equations.

Linear discontinuous, a discretization scheme that expands the angular flux
within a voxel in terms of a volume-average value and a slope in the x, y, and z
dimensions.

Linear-discontinuous finite element, a type of triangular quadrature.

Monte Carlo N-Particle, Version 5. A continuous-energy Monte Carlo transport
code developed at Los Alamos National Laboratory.

Methods and codes that simulate particle transport by stochastically sampling
individual particle events (e.g., emission from source, free-streaming between
collisions, collision kinematics) and tallying the average behavior.

Open-source scripting language (http://www.python.org/).
Quadruple range, a type of product quadrature.
discrete ordinates

Open-source mesh and field library and scientific database originally developed
at Lawrence Livermore National Laboratory
(https://wci.llnl.gov/codes/silo/).

SoftWare for Optimization of Radiation Detectors, a graphical user interface and
framework for constructing and evaluating radiation detection systems
developed by the U.S. Naval Research Laboratory. The software is distributed
through RSICC as package CCC-767.
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TLD

Trilinos

Vislt

VR

Tri-linear discontinuous, a discretization scheme that is similar to LD, but is
based on an angular flux expansion that also includes the xy, yz, xz, and xyz cross
terms.

Collection of open-source software packages developed at Sandia National
Laboratory (http://trilinos.sandia.gov/). Includes packages for solving
linear systems of equations using modern iterative methods.

Open-source 3-D, parallel visualization tool originally developed at Lawrence
Livermore National Laboratory
(https://wci.llnl.gov/codes/visit/home.html).

variance reduction


http://trilinos.sandia.gov/

1. Introduction

The AutomateD VAriaNce reducTion Generator (ADVANTG) software automates the
generation of variance reduction (VR) parameters for continuous-energy Monte Carlo
simulations of fixed-source neutron, photon, and coupled neutron-photon transport problems
using MCNP5 (X-5 Monte Carlo Team 2003). ADVANTG generates space- and energy-
dependent mesh-based weight-window bounds and biased source distributions from three-
dimensional (3-D) discrete ordinates (Sy) calculations that are performed by the Denovo
package (Evans et al. 2010). The deterministic calculations can be performed using multiple
cores and/or processors (e.g., on multi-core desktop systems and clusters). The final variance
reduction parameters are output in a format that can be used with unmodified versions of
MCNP. The primary objective of the development of ADVANTG has been to reduce both the
user effort and the computational time required to obtain accurate and precise tally estimates
across a broad range of challenging transport application areas.

ADVANTG also provides the capability to execute discrete ordinate calculations without
generating variance reduction parameters. ADVANTG can extract problem geometry, material
composition, source, and tally information from MCNP5 models and also from models created
using the SWORD software (Novikova et al. 2006). From this information, ADVANTG constructs
a discretized representation of the transport problem for Denovo. The discretized models and
Denovo solutions can be visualized using the open-source Vislt 3-D visualization software
(Childs et al. 2005).

ADVANTG has been applied to simulations of real-world radiation shielding, detection, and
neutron activation problems. Examples of shielding applications include material damage and
dose rate analyses of the Oak Ridge National Laboratory (ORNL) Spallation Neutron Source and
High Flux Isotope Reactor (Risner and Blakeman 2013) and the ITER tokamak (Ibrahim et al.
2011). ADVANTG has been applied to a suite of radiation detection, safeguards, and special
nuclear material movement detection test problems (Shaver et al. 2011). ADVANTG has also
been used in the prediction of activation rates within light water reactor facilities (Pantelias and
Mosher 2013). In these projects, ADVANTG was demonstrated to significantly increase the tally
figure of merit (FOM) relative to an analog MCNP simulation. The ADVANTG-generated
parameters were also shown to be more effective than manually generated geometry splitting
parameters.

ADVANTG provides a powerful, efficient, and fully automated alternative to traditional
methods for generating variance reduction parameters. Because ADVANTG employs a
deterministic transport solver, no extra effort is required to generate weight-window
parameters that span the entire problem domain. In addition, ADVANTG can be used to
generate parameters much more quickly than is possible with existing Monte Carlo-based
methods. For very challenging problems, a few iterations may be needed to refine the
deterministic spatial mesh, quadrature set, or other computational options to obtain high-
quality variance reduction parameters. This process can generally be accomplished in much
less overall time and with less effort than using a stochastic weight-window generator.

The variance reduction generator methods implemented in ADVANTG are described in

Section 2. The implementation of the methods is summarized in Section 3. Running ADVANTG
from the command line is the subject of Section 4. Input and output are described in Sections 5

11



and 6, respectively. Several example problems are described in detail in Section 7. Finally,
known limitations are listed in Section 8.

12



2. Methods

ADVANTG implements the Consistent Adjoint Driven Importance Sampling (CADIS) method
(Wagner and Haghighat 1998) and the Forward-Weighted CADIS (FW-CADIS) method (Wagner
et al. 2014) for generating variance reduction parameters. The CADIS and FW-CADIS methods
provide a prescription for generating space- and energy-dependent weight-window targets and
a consistent biased source distribution. The CADIS method was developed for accelerating
individual tallies, whereas FW-CADIS can be applied to multiple tallies and mesh tallies. The
CADIS method has been demonstrated to provide speed-ups in the tally FOM of 0(10!-10%)
across a broad range of radiation detection and shielding problems. The FW-CADIS method has
been shown to produce relatively uniform statistical uncertainties across multiple cell tallies
and large space- and energy-dependent mesh tallies in real-world applications (Wagner et al.
2010).

2.1 CADIS Methodology

The CADIS method was developed for transport problems in which a single scalar quantity
is to be estimated. Consider the fixed-source transport equation

HY(E.Q,E) = q, (2-1)

where H is the transport operator, g is the known source distribution, i is the unknown
angular flux density, and boundary conditions are given. We assume that the quantity of
interest can be written as the integral

R = (04, 9), (2-2)

where the angle brackets denote integration over all phase-space variables. In Eq. (2-2), o4
denotes an arbitrary response function, for example, a detector cross section or flux-to-dose-
rate conversion factor.

Associated with Egs. (2-1) and (2-2) is the adjoint transport equation
H*yY*t =gy, (2-3)

where H™ is the adjoint transport operator and 1 is the adjoint flux density. The adjoint
transport operator is related to the forward operator by

(1/J» H+1/J+) = <l/)+,Hl/J), (2'4)
and thus the response can also be written in terms of the adjoint flux
R ={(q,¥"). (2-5)

The boundary conditions of Eq. (2-3) are chosen to be identical to the forward conditions,
though they apply to the opposite directional half-space (i.e., to outgoing as opposed to
incoming directions).

The solution of Eq. (2-3) can be interpreted as an importance function (Bell and Glasstone
1970). This can be understood by setting g = §(P — P,), where § is the Dirac delta function
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and P, = (Fy, &, E,) denotes an arbitrary point in the problem phase-space. In this case,
Eq. (2-4) reduces to

W (Py) = f G(Py > P)oy(P)dP, (2-6)

where the forward solution is the Green'’s function G. This equation states that Y (P,) is the
expected contribution to the response R from a unit-weight particle emitted at P,. This
property makes the adjoint function particularly useful in Monte Carlo simulations; it can be
used to determine whether a particle’s trajectory will carry it toward a region where it is likely
to contribute significantly to the tally of interest. For this reason, the solution of the adjoint
transport equation is often referred to as an importance function or importance map.

The CADIS method is a recipe for calculating space- and energy-dependent weight-window
targets and a consistent biased source distribution using an estimate of the adjoint function.
(For a description of the weight-window variance reduction technique, see, for example, the
MCNP Manual, Vol. I, Sec. 2.VIL.B.6.) First, an importance map is generated according to
Eq. (2-3) and appropriate boundary conditions using a relatively inexpensive deterministic
transport calculation. Weight targets are then computed in proportion to the inverse of the
adjoint scalar flux

w(P) = % (2-7)
For the MCNP code, weight-window lower bounds are generated as
wy(P) = L+L, (2-8)
(1+m)¢"(P)
where 7 is the ratio of the upper and lower weight bounds. A unique feature of the CADIS
method is the use of a biased source distribution
acp) = 010 2-9)

which ensures that source particles are preferentially sampled in regions of high importance.
In addition, each source particle will start with a weight that is consistent with Eq. (2-7).

The variance reduction parameters in Egs. (2-7) and (2-9) depend on the response value, R,
that we originally sought to estimate. If highly accurate response and adjoint flux estimates
were required to produce useful variance reduction parameters, then this approach would be of
little value. Fortunately, this is not the case. For some problems, even crude estimates can be
used to generate effective variance reduction parameters.
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2.2 Multiple Tallies

The CADIS method is an effective technique for estimating a single quantity of interest. In
many problems, though, one desires to estimate multiple quantities, for example, at multiple
locations, in multiple energy bins, or both. In this subsection and the next, we consider a
simulation in which estimates are sought for multiple responses with uniform statistical
precision:

R; = (o4 @) fori=1,2,..,N, (2-10)

where both the g, ; and N are arbitrary. The responses, for example, may correspond to
multiple cell-average flux tallies, point detectors, mesh tally voxels, energy bins, or a
combination of these types of tallies.

2.2.1 CADIS Method

In some cases, the CADIS method can be effectively applied to estimate multiple tallies. A
straightforward application of CADIS to a simulation with N different tallies would be to
calculate N different adjoint solutions, generate N different sets of variance reduction
parameters, and execute N different Monte Carlo simulations. This approach can be reasonable
when N is small. For mesh tallies or for tallies with many energy bins, though, this technique is
generally inefficient.

A second approach would be to simply treat the sum of the responses as the response of
interest in Eq. (2-2):

R =R1+R2+"'+RN, (2'11)
so that
q+ = O-d,l + O-d,Z + o+ O-d,N = 0g4- (2'12)

This technique can be very effective, for example, in problems where the tallies all reside within
the same vicinity of the problem domain. However, when it is applied to tallies that are located
at significantly different distances from the source, the tally FOMs will generally differ greatly.
In many cases, the tally farthest from the source will have an FOM on par with an analog
simulation. This is a consequence of the CADIS method’s definition of importance (as the
expected contribution to the total response R). Relatively fewer contributions are made to
tallies with relatively lower expected values.

A third technique can be effective when estimates are sought for tallies over concentric
regions surrounding the source. In this case, defining the response of interest to be the tally in
the outermost region will generally reduce the variance of all of the tallies. Of course, this
occurs simply because particles must pass through the inner tally volumes to reach the
outermost region.

In most cases, a straightforward application of the CADIS method to simultaneously

estimate multiple tallies will produce an undesirable amount of variation in tally FOMs. For
these problems, a different approach to constructing the adjoint source is needed.

15



2.2.2 Cooper and Larsen Method

Cooper and Larsen (2001) developed a method for constructing weight windows for global
transport problems, in which flux estimates across the entire problem spatial domain are
sought. The authors showed that if the center of the weight window was chosen to be
proportional to the forward flux, then an approximately uniform Monte Carlo particle flux (i.e.,
computational particle flux) was obtained throughout the problem. The flux density of Monte
Carlo particles is related to the physical flux by

¢(P)
P)=——, 2-13
m(P) = s (2-13)
where w is the mean particle weight at phase-space location P. While obtaining uniform Monte
Carlo flux density is not theoretically equivalent to obtaining uniform statistical uncertainties,
the authors demonstrated that this choice for the weight window produced nearly uniform

relative variances in numerical tests.

2.3 FW-CADIS Method

The FW-CADIS method was developed with a similar objective to the Cooper and Larsen
method — that is, generating variance reduction parameters for simultaneous estimation of
multiple tallies with approximately uniform statistical precision. However, whereas Cooper
and Larsen’s method was designed for global problems, the FW-CADIS method is intended to
span the range from a few localized tallies to space- and energy-dependent mesh tallies that
encompass the entire domain. This is accomplished by constructing an adjoint source that
consists of appropriately weighted contributions from all tallies of interest. The weights are the
inverses of the individual responses:

1 1 1
=R_10-d'1 +R_20-d'2 + "'+E0_d,N- (2'14)

+

q

Then the total response is a sum of equal-weight terms
R=(@ '¢)=1+1+-+1. (2-15)

Because the CADIS method defines importance as the expected contribution to the total
response R, approximately the same number of contributions will be made to all tallies
regardless of their expected values. Implicit in this argument is the assumption that every
particle contributes to just a single tally. Though this assumption is often not strictly valid,
relatively uniform uncertainties are obtained in most problems.

To construct the weighted adjoint source in Eq. (2-14), estimates of individual responses
(R;,i =1,2,..,N) are required. For this reason, applying the FW-CADIS method requires two
deterministic calculations: an initial forward calculation to estimate the responses and an
adjoint calculation to estimate the importance function resulting from the weighted adjoint
source. The importance function is then used to construct weight-window bounds and a biased
source distribution according to Egs. (2-7) and (2-9), respectively. In essence, FW-CADIS is a
recipe for constructing an adjoint source that can be used within the CADIS framework.
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In the subsections that follow, we will use Eq. (2-14) to derive adjoint sources for the
common cases of interest. We will develop spatial weighting options for problems with
multiple cell-averaged tallies and mesh tallies. We will also develop two energy weighting
options for estimating energy-integrated tallies or detailed energy spectra. These options can
be used in different combinations to tailor the biasing parameters for a particular calculation.

2.3.1 Path-Length Weighting

Consider a problem in which estimates are sought for an arbitrary number of cell-averaged
responses with approximately uniform statistical precision. Let the volume of the i*" cell be
denoted by V;. The i*" response to be estimated is then

1 S
R, = 7JaL-(E) Li ¢(%, E)dV dE, (2-16)

where g; is a tally multiplier - for example, an energy-dependent cross section, a flux-to-dose-
rate conversion function, or just a constant. Using Eq. (2-10), we find that

> 1 >
04, (F,E) = Vfi(l‘)di(E)» (2-17)
l
where f; is the indicator function:
o (1, forfrev,
fir) = {0, otherwise. (2-18)

Now using Eq. (2-14) we find that the adjoint source for the tally in the i*" cell is
fi(®)ai(E)
[oi(E" [, ¢(F ENAV dE’

qi (F,E) = (2-19)

As expected, the adjoint source density increases as the flux in the cell or the cell volume
decreases. Moreover, the magnitude of 0; has no impact on the importance function. This is
appropriate, because all cell tallies in MCNP are track-length based, so tally multipliers (e.g.,
from an FM card) do not contribute to variance.

The spatial weighting in Eq. (2-19) is referred to as path-length weighting and is the default
treatment in ADVANTG. It can be used with cell and surface tallies. (Note that surface tallies
have an associated volume after being mapped onto the deterministic mesh.) It can also be
used with mesh tallies, however the global weighting technique (described in the next
subsection) is generally preferred. With path-length weighting, statistical uncertainties will
generally be lowest/highest in mesh tally voxels that contribute the most/least to the volume-
averaged response.
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2.3.2 Global Weighting

Consider a problem in which we desire to obtain approximately uniform statistical
precision across a large tally volume (e.g., a mesh tally). Let the tally volume, V, be subdivided
into N regions, each having volume AV = V/N. If we apply path-length weighting to each of the
regions using Eq. (2-19), then

N

o fi(®)a(E)
" E) = : 2-20
o zgfowvgv¢@ﬁwdvmv (2:20)

Because CADIS parameters are derived from the ratio ¢ /(¢, ¢*), multiplying the adjoint
source by a constant has no effect on the final variance reduction parameters. If we divide the
denominator of Eq. (2-20) by AV and then consider the limiting case for large N, we arrive at

f@®aE)
[ o(EN$(F ENdE"”

q*(f,E) = (2-21)

where f(¥) is the indicator function for the mesh tally volume.

The spatial treatment in Eq. (2-21) is referred to as global weighting, though it can be
applied to a mesh tally of any size. It must be explicitly turned on (see the description of the
fwcadis_spatial_treatment card in Section 5.4.1). Because the adjoint source was developed
based on equal-volume subdivisions of the mesh tally region, only the outer boundary of the
mesh tally is used in calculating the adjoint source; it is independent of the actual tally mesh.
Smaller than average voxels will tend to have larger than average statistical uncertainties, and
vice versa.

2.3.3 Response Weighting

In the previous two subsections, we considered energy-integrated tallies. As a result, the
adjoint sources shown in Eqgs. (2-19) and (2-21) are normalized by the energy-integrated
response. For historical reasons, we refer to this type of energy weighting as response
weighting. This normalization is appropriate, for example, when estimating total fluxes, dose
rates, and reaction rates. It can be used regardless of whether the tally region is a point,
surface, or volume.

With response weighting, tally statistical uncertainties will generally be lowest at energies
that contribute most strongly to the total response. Estimating energy-dependent tallies with
approximately uniform precision across all energy bins is possible (as described in the next
subsection), but is generally more computationally expensive than response weighting and is
needed less often. For this reason, response weighting is the default energy treatment in
ADVANTG.
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2.3.4 Tallies with Energy Bins

In problems where detailed spectral information is desired, response weighting can be
turned off (see the fwcadis_response_weighting input keyword in Section 5.4.1). In the case
of path-length weighting, the adjoint source becomes:

fi(®)

+ /2
q (LE) = ————. 2-22
g eGE By (222
For global weighting, the adjoint source is
" f(®
+(I‘,E) =—s [2-23)
! P E)

At a given point in space, the magnitude of the adjoint sources shown above is relatively
higher at energies where the flux is relatively lower in magnitude. In this way, energy-
dependent tallies can be estimated with approximately uniform precision across all energy bins.
This treatment generally results in a significant increase in the average number of splitting
events per history, and thus an increase in computational time, relative to response weighting.
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3. Implementation

This section discusses the implementation of the methods described in Section 2. The
objective here is not to provide a thorough and complete description of all algorithms
implemented in ADVANTG. Instead, the basic operation of ADVANTG is discussed, along with
the details of algorithms that affect the accuracy of the model discretization process and, by
extension, the quality of the deterministic results and variance reduction parameters.

3.1 Computational Sequences

ADVANTG performs a series of computational steps to implement the CADIS and FW-CADIS
methods. The steps are listed and briefly described in Table 3-1. Only certain steps are
included in the execution of each method, as shown in Table 3-2. For future reference, the
second column of Table 3-2 lists the input option that selects each sequence (see the
description of the method input keyword in Section 5.2). ADVANTG provides a third sequence,
shown in the last row of Table 3-2, which discretizes the problem geometry, source, and tallies,
and outputs the discretized model for visualization and inspection purposes. This dx sequence
can also be used to run a forward or adjoint Denovo discrete ordinates calculation without
generating variance reduction parameters (see Section 5.4.2).

Table 3-1. Computational steps

Step Tasks

e Read and check user input
e Generate and read an MCNP runtpe file

A i . :
e Mix multigroup cross sections
e Map material regions onto the deterministic spatial mesh
B e Map tally regions onto mesh
e Map MCNP SDEF source onto mesh and energy groups
D o Setup and execute forward Denovo calculation
e Read forward Denovo flux solution
E e Generate FW-CADIS adjoint source
F o Generate CADIS adjoint sources from tallies
G e Setup and execute adjoint Denovo calculation

¢ Read adjoint Denovo flux solution

¢ Generate and write weight-window bounds
H ¢ Estimate biased source probabilities
e Write new MCNP input file with WWP and SB cards

I o Write Silo output for visualization
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Table 3-2. Computational sequences

Steps included
Method or method _ . .
. x = always included e = optional
sequence option
A B C D E F G H 1
CADIS cadis x x X x X X
FW-CADIS fwcadis x x x x x x X X
Discretize-only or
Denovo-only dx X e o o o . x
calculation

3.2 Multigroup Cross Section Libraries

The discrete ordinates calculations performed by Denovo require multigroup cross
sections. The ADVANTG distribution includes several ANISN-format coupled neutron-gamma
cross section libraries, listed in Table 3-3. For future reference, the second column of the table
lists the anisn_library input option used to select each library (see Section 5.6). The library
energy group structures are given in Appendix A. No auxiliary codes are needed to use these
libraries. ADVANTG has the capability to read ANISN-format libraries, mix cross sections, and
output a working library for Denovo.

Table 3-3. Multigroup libraries

anisn_library # ofgroups # ofisotopes

Library option (N/G) or elements Evaluation Reference

27n19g 27n19g 27 /19 393 ENDF/B-VIL.0 Wiarda et al. 2008
200n47g 200n47g 200 / 47 393 ENDF/B-VIL.O Wiarda et al. 2008
BUGLE-96 bugle96 47 /20 120 ENDF/B-VL.3  White et al. 1995

BPLUS bplus 47 /20 393 ENDF/B-VIL.O N/A

DABL69 dabl69 46 / 23 80 ENDF/B-V Ingersoll et al. 1989

DPLUS dplus 46 / 23 393 ENDF/B-VIL.O N/A

The 27n19g and 200n47g libraries are general-purpose shielding libraries based on a
weighting function that consists of a fission spectrum, a 1/E slowing down spectrum, and a
Maxwellian distribution. The BUGLE-96 library was developed for light water reactor shielding
and pressure vessel dosimetry applications. The broad-group cross sections were generated by
collapsing the VITAMIN-B6 library using five different weighting spectra calculated from a 1-D
model of a reactor cavity and bioshield. The DABL69 library was developed for use in defense-
related radiation shielding applications. It was created by collapsing the VITAMIN-E library
using a weighting function similar to the 200n47g library, but with an added 14 MeV fusion
peak.

The BPLUS and DPLUS libraries, developed by the ADVANTG team, are updated versions of
the BUGLE-96 and DABL69 libraries, respectively. These libraries were generated using the
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same group structures and weighting spectra as their older counterparts, but include all 393
isotopes in the ENDF-B/VIL.0 evaluation data files. The BPLUS and DPLUS libraries have not yet
been thoroughly validated, but have been used to generate effective variance reduction
parameters for many problems.

3.3 Material Composition Mapping

For discrete ordinates calculations, a multigroup cross section working library must be
generated based on the material compositions defined on the m cards in the MCNP input file.
This task requires mapping MCNP ZAIDs (e.g., 26056 for 56Fe) to ANISN cross section table ids.
For this reason, each of the multigroup libraries distributed with ADVANTG has an associated
ZAID-to-index mapping file (. zaid file) that defines the default mapping. Users can override
and/or add mappings using the anisn_zaid_map keyword (see Section 5.6).

The ZAID-to-index mapping process can require one or two steps. The ZAID is first located
in the mapping database and, if an associated ANISN table exists, it is used immediately. If the
ZAID was not found in the database, the next step will depend on the type of multigroup library
being used:

o I[fthelibrary is a coupled neutron-photon or neutron-only library and the ZAID refers to
an element (e.g., 26000), then the element is expanded into its naturally occurring
isotopes based on the abundances listed in Rosman and Taylor (1998). A search is then
performed to find mappings for all of the isotopes. If the total abundance of isotopes
that are not found in the database is less than 0.5%, then the abundances for the
remaining isotopes are renormalized and used. If the fraction of missing isotopes is
greater than 0.5%, the expansion process is aborted and an error is generated.

e [fthelibrary is a photon-only library, then a search is made to find a ZAID with the same
Z number (proton number). If one is found, its mapping is used. Otherwise, an error is
generated.

In all other cases, an error message is generated. For convenience, ADVANTG attempts to
convert all materials before issuing an error message. If a mapping error does occur, all of the
missing ZAIDs are listed in the message.

3.4 Material Region Mapping

The Denovo discrete ordinates code solves a discretized form of the transport equation on a
structured, rectangular mesh. The MCNP5 code uses a combinatorial geometry, in which
material cells are described as volumes bounded by several possible types of surfaces (planes,
cylinders, spheres, cones, etc.). A fundamental task in creating an approximate representation
of the Monte Carlo model for Denovo is mapping the combinatorial geometry onto a user-
specified structured grid.

To illustrate the material mapping process implemented in ADVANTG, consider test
problem INP12 from McKinney and Iverson (1996), shown in Fig. 3-1. This problem models an
oil-well logging scenario in which an iron sonde containing two 3He detectors and a neutron
source is inserted into a water-filled borehole within a limestone formation. (The geometry of
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the problem is divided into mesh-like cells to utilize cell-based weight-window parameters
from a diffusion code. The input file for this problem was created before mesh-based weight
windows were available in MCNP.) For demonstration purposes, the original point source
defined in the problem was changed to a volume source that fills the source cell.

limestone
formation sonde|

far
detector

) . & . far
near [

source

Fig. 3-1. Geometry of problem INP12 with modified source.

ADVANTG performs material region mapping by ray tracing through the MCNP geometry
model. The starting points of rays are randomly sampled on the exterior -x, -y, and -z faces of
the mesh. Rays are then traced in the +x, +y, and +z directions to the opposite side of the mesh
from the starting location. As each ray is traced, tallies record the track length through each
material within each voxel of the structured grid. This process is illustrated in Fig. 3-2, which
depicts two rays that started from the same external voxel face and were traced in the +x
direction through the borehole region of problem INP12. In the figure, the gray dashed lines
represent mesh boundaries and the blue and red crosses denote locations where the rays cross
a mesh plane and an MCNP cell surface, respectively.

Once the ray tracing is completed, the track-length tallies are used to estimate the volume
fractions of materials within each voxel. The material fractions are then used to generate a
mixed-material specification for the Denovo calculation. Materials with volume fractions that
differ by less than a tolerance value are combined to minimize the total number of mixed
materials generated. The tolerance can be decreased to obtain more accurate material maps in
problems where the response is sensitive to the total volume of one or more materials.

The material maps generated by ADVANTG can be displayed using the Vislt visualization
software. The material map generated for problem INP12 on an 81 x 57 x 81 voxel non-
uniform mesh is shown in Fig. 3-3. In the figure, two images are displayed, both of which are
clipped at z = 0 to show the geometry at the center of the borehole region. In the left image,
distinct material interfaces were reconstructed by VisIt before displaying the plot. (Vislt
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applies this treatment by default.) The right image uses a “clean zones only” option, which
displays voxels with mixed materials as white. No interface reconstruction is performed in
either ADVANTG or Denovo, so it is important to consider the impact that material mixing will
have on the discrete ordinates calculation. For this reason, examining both types of material
plots is recommended.

Fig. 3-2. Ray tracing in the +x direction through problem INP12.

By default, ADVANTG will trace a minimum of ten rays from each external voxel face on the
-x, -y, and -z edges of the mesh. Increasing the number of rays will produce more accurate
material volume fractions and thus a more accurate deterministic calculation. (See Section
5.3.1 for a description of the ray tracer settings.) The computational time consumed by the ray
tracing is proportional to the number of rays. The average cost of tracing a single ray can vary
greatly between MCNP models. Ray tracing is generally more expensive in models with a large
number of cells and in models that contain complicated cells (i.e., cells that are defined using the
union or complement operators).

Denovo supports specularly reflective boundary conditions, but only on boundaries that are
perpendicular to one of the coordinate axes. ADVANTG provides the capability to unfold
reflected geometries that cannot be modeled directly by Denovo (see Section 5.3.1 for the
associated input options). For example, many MCNP models of the ITER tokamak include only a
sector of the reactor with reflective boundary conditions on the external azimuthal surfaces.
Fig. 3-4 shows the discretized geometries generated for a 40° sector ITER model with and
without the unfolding option (Ibrahim et al. 2011). Note that for certain geometries, it may be
necessary to extend the boundaries of the model in order for the unfolding to work properly. In
all cases, carefully inspecting the unfolded geometry in Vislt is highly recommended.
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Fig. 3-3. Mixed material distribution of problem INP12. The left and right images were generated
using the default material interface reconstruction technique and the “clean zones only” option,
respectively.

Fig. 3-4. ITER 40° sector model (left) and unfolded model (right).

3.5 Source Mapping

For forward, as opposed to adjoint, discrete ordinates calculations, the MCNP general fixed
source (SDEF source) must be converted to a form acceptable to Denovo. ADVANTG maps the
source spatial distribution by sampling source particles and tallying the voxels in which they
appear. Source energy spectra are mapped onto the energy groups of the multigroup cross
section library using numerical integration.

ADVANTG provides two different schemes for setting the number of source samples to be

drawn; the number of samples can either be set explicitly by the user or parameters can be set
for ADVANTG to adaptively determine this. Because the number of samples required to
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accurately map the source onto the spatial grid is problem dependent, ADVANTG uses the
adaptive scheme by default. ADVANTG will initially sample 10,000 source particles. If fewer
than ten particles were sampled in any voxel that received at least one score, an additional
20,000 particles are sampled. This process is repeated, with a doubling of the number of
samples per stage, until either the target number of particles per voxel or the maximum number
of samples is reached. The number of particles per stage, the target number of samples per
voxel, and the maximum number of samples can all be changed from their default values. (See
Section 5.3.1 for a description of the source sampling settings.) Note that a different sampling
procedure, with different settings, is used to generate biased source distributions.

The discretized source generated by ADVANTG can be displayed in Vislt. The source region
generated for problem INP12 is shown in Fig. 3-5.

Pseudocolor
Var: source_ids

‘ 1.000

—0.7500
— 0.5000

— 0.2500

0.000
Max: 1.000
Min: 0.000

Fig. 3-5. Source regions in problem INP12.

3.6 Response (Tally) Mapping

To construct adjoint source distributions for the Denovo Sy calculations, ADVANTG maps
surface, cell, and mesh tallies onto the user-specified spatial grid. Tally region mapping is done
simultaneously with material region mapping to avoid ray-tracing through the geometry
multiple times. The discretized tally regions generated by ADVANTG can be displayed in Vislt,
as shown in Fig. 3-6 for problem INP12. In the figure, the tally ids correspond to the order in
which they are listed in the ADVANTG input file. In this example, the near detector was listed
before the far detector. ADVANTG supports cell tallies with multiple cell bins and talli