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Abstract

A new deterministic three-dimensional neutral and charged particle transport
code, MultiTrans, has been developed. In the novel approach, the adaptive tree
multigrid technique is used in conjunction with simplified spherical harmonics
approximation of the Boltzmann transport equation.

The development of the new radiation transport code started in the framework of
the Finnish boron neutron capture therapy (BNCT) project. Since the application
of the MultiTrans code to BNCT dose planning problems, the testing and
development of the MultiTrans code has continued in conventional radiotherapy
and reactor physics applications.

In this thesis, an overview of different numerical radiation transport methods is
first given. Special features of the simplified spherical harmonics method and
the adaptive tree multigrid technique are then reviewed. The usefulness of the
new MultiTrans code has been indicated by verifying and validating the code
performance for different types of neutral and charged particle transport
problems, reported in separate publications.
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Scalar flux

Angular flux

Position vector
Energy

Direction vector
Nabla operator

Total cross section
Scattering cross section

Source term
Fission spectrum

Number of neutrons emitted per fission

Fission cross section

Multiplication eigenvalue
Fraction of fission neutrons born delayed
Index for Legendre order

Maximum Legendre order in the Legendre expansion or
tree multigrid subdivision level

Incident angle
Legendre polynomial

Energy group index
Maximum energy group number

Group angular flux

Group total cross section
Group-to-group scattering cross section
Group source term

Effective group source term

Fission source

Group value for the fission spectrum

Index used for discrete direction or for indexing spherical
harmonics
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ql,m(l_;’E)
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4
Gal

Maximum number of discrete directions
Set of discrete directions

Set of quadrature weights

Direction cosine

Direction cosine

Direction cosine

General direction cosine set

Constant

Spatial index
Spatial index
Spatial index

Total group cross section in discrete ordinates formalism
Angular flux in discrete ordinates formalism

Source term in discrete ordinates formalism

Cell volume

Cell face area
Cell face area
Cell face area
Cell face area
Cell face area
Cell face area

Polar angle
Azimuthal angle

Associated Legendre polynomial

Angular flux expansion coefficient in spherical harmonics
Angular flux expansion coefficient in spherical harmonics
Source expansion coefficient in spherical harmonics

Source expansion coefficient in spherical harmonics

Group transport cross section
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Hg Sobolev space

w(r ,ﬁ) Arbitrary angular flux belonging to Sobolev space
( f, g) Inner product

< 7, g> Inner product at boundary

Ko Collision operator

Sh Finite element subspace

v (7,Q) Local basis function

A Matrix

¥ Flux solution vector

S Source vector

X Spatial co-ordinate

Y7 Angular direction cosine

v, (x) Spatial one dimensional basis function
v, (1) Angular one dimensional basis function
v, (x, 1) Direct product of spatial and angular basis functions
s Distance

¢ Random number

uf ik Cell in octree

Xin Minimum x co-ordinate of the root cell
Yoin Minimum y co-ordinate of the root cell
Zomin Minimum z co-ordinate of the root cell
Xomin Minimum x co-ordinate of an octree cell
Vimin Minimum y co-ordinate of an octree cell
Zomin Minimum z co-ordinate of an octree cell
Xomax Maximum x co-ordinate of an octree cell
Vimax Maximum y co-ordinate of an octree cell
Zmas Maximum z co-ordinate of an octree cell
A Side length of the root cell

Ao Minimum cell side length of an octree

u Column vector

h Mesh size

S, Discretised source vector

u, Approximate solution of the discretised system
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Dye

0 (7)
874 (F)
"8 (7)
SP#(F)
$34(F)

n
Y (7, E,Q)
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Exact solution of the discretised system
Error of the solution

Approximate error of the solution
Residual

Mesh size on a coarser grid

Restriction operator

Prolongation operator

Number of two-grid iterations

Angular flux in slab geometry

Kronecker delta

One-dimensional angular flux expansion coefficient in
Legendre order /

Three-dimensional angular flux expansion coefficient in
Legendre order /

One-dimensional source expansion coefficient in
Legendre order /

Three-dimensional source expansion coefficient in
Legendre order /

Variable defined relative to scalar flux and second
moment term of the angular flux

A diffusion coefficient

A diffusion coefficient

Order / moment terms of the source

Order / moment terms of the effective group source
Scalar effective group source

A modified group source term

A modified group source term
Normal vector of a surface

Uncollided angular flux

Uncollided angular flux spherical harmonics expansion
coefficient
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3D
BFP
BNCT
BNCT rtpe
BUGLE
CAD
CEPXS

c.p.e.
CSD
CSDA
CT
DORT

EGS

EGS4
EGSnrc
EMERALD
ENDF

FBR

Uncollided angular flux spherical harmonics expansion
coefficient

Uncollided angular flux Legendre expansion coefficient

Delta function in angle
Source point

Number of mean-free-paths

Average total group cross section along the path
Cell surface element

Fission source after n iterations

Multiplication eigenvalue after » iterations

Variable used for criticality convergence criterion
Variable used for fission source convergence criterion

One-dimensional

Two-dimensional

Three-dimensional

Boltzmann-Fokker-Planck

Boron neutron capture therapy

A Monte Carlo simulation code, predecessor of SERA
Coupled neutron and gamma-ray cross section library
Computer-aided design

A multigroup coupled electron-photon cross section
generating code

Charged particle equilibrium

Continuous slowing down

Continuous slowing down approximation

Computed tomography

A two-dimensional discrete ordinates (deterministic)
transport code

“Electron Gamma Shower”, a Monte Carlo simulation
system

A Monte Carlo code from the EGS system

A Monte Carlo code from the EGS system

Past project of the SAFIR research programme at VT T
Evaluated nuclear data file

Fast breeder reactor
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FEM

FiR 1
Fluental™
GEANT4

ICRU

IMRT
INL
IRDF
KUCA
LET
LWR
MCNP
Mesh2d

MIT

MOX

MRI

MSU
MultiTrans

NCT_Plan
NEA
NMF
OECD

P,
P;
PMMA
Py

PSG

PTV
PWR
SAFIR

Finite element method
Nuclear research reactor located in Otaniemi, Espoo
Neutron moderator material developed at VIT

A toolkit for the simulation of the passage of particles
through matter

International Commission on Radiation Units and
Measurements

Intensity modulated radiotherapy

Idaho National Laboratory

International reactor dosimetry file

Kioto University Critical Assembly

Linear energy transfer

Light-water reactor

General Monte Carlo N-Particle Transport Code

An adaptive two-dimensional unstructured mesh
generator

Massachusetts Institute of Technology
Mixed-oxide

Magnetic resonance imaging

Montana State University

A three-dimensional simplified spherical harmonics
(deterministic) transport code

A Monte Carlo simulation code based on MCNP
Nuclear Energy Agency
Nuclear metrology file

Organisation for Economic Co-operation and
Development

Spherical harmonics approximation of Legendre order
one, congruent with diffusion theory approximation

Spherical harmonics approximation of Legendre order
three

Polymethyl-methacrylate
Spherical harmonics approximation of Legendre order N

“Probabilistic Scattering Game”, a Monte Carlo transport

code developed at VTT
Planning target volume
Pressurised water reactor

Finnish Research Programme on Nuclear Power Plant
Safety
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SAND-II
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S

SP,

SP;
SPy
SSx
STL
Tekes

TLD
TORT

TPS
TRIGA

VENUS

VENUS-2
VENUS-3

VTT
X333

A fine multigroup structure of neutron cross sections
A simulation environment for radiotherapy applications
Discrete ordinates approximation

Simplified spherical harmonics approximation of
Legendre order one, congruent with diffusion theory
approximation

Simplified spherical harmonics approximation of
Legendre order three

Simplified spherical harmonics approximation of
Legendre order N

Simplified discrete ordinates approximation
Stereolitography file format

Finnish Funding Agency for Technology and Innovation
Thermoluminescent dosimeter

A three-dimensional discrete ordinates (deterministic)
transport code

Treatment planning system

“Training, Research, Isotopes, General Atomics”, a
research reactor type

“Vulcain Experimental Nuclear Study”, zero power
critical reactor located in Mol, Belgium

VENUS reactor with mixed-oxide fuel, a NEA benchmark

VENUS reactor fuelled with partial length shielded
assemblies, a NEA benchmark

Technical Research Centre of Finland
A utility program for multigroup data condensation
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1. Introduction

Ionising radiation is radiation in which an individual particle carries enough
energy to ionise an atom or molecule by completely removing an electron from
its orbit. Ionising radiation can cause DNA damage and mutations, and is
therefore potentially dangerous to human health.

There are both natural and artificial radiation sources, which are identical in their
nature and their effect. Despite the potential dangers, sometimes the benefits in
the utilisation of radiation sources outweigh the drawbacks. Ionising radiation
can be used, for instance, in medicine to kill cancerous cells. Nuclear fission is
used as an efficient source of power production to benefit all mankind, but as a
harmful by-product also direct ionising radiation as well as long-term
radioactive waste is produced.

In many areas dealing with ionising radiation, it is important to be able to
calculate the particle transport through matter. In radiotherapy applications it is
required to estimate the radiation dose to the patient in order to ensure the safety
and success of the therapy. In reactor physics one is interested in criticality
safety, radiation shielding issues, activity inventories, and radiation damage
induced to materials and components important for safety.

Neutral and charged particle transport — referred hereinafter less strictly also as
radiation transport — is a complicated problem especially in 3D, and generally
requires the use of sophisticated computer codes. A variety of such computer
codes exists, based on the development work of many person-years. These codes
are used, for instance, in radiotherapy treatment planning and nuclear
engineering, where the computational accuracy can be vital for safety.
Therefore, many of these codes are carefully validated and verified for the
purpose they are intended.

Why should a new radiation transport code be developed, especially if it requires
many years of development and validation work? Much of the answer depends
on how well the current codes perform in different applications, and whether
there are some new techniques that might supplement the computational
radiation transport field. Naturally, the research and development process itself
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has an educational aspect, and can give a much deeper insight into the already
existing codes and their usage.

The transport solution method described in this thesis is based on the tree
multigrid technique, not utilised before in radiation transport.

The development of the new radiation transport code started in the framework of
the Finnish boron neutron capture therapy (BNCT) project. Patients suffering,
e.g. from malignant brain tumours or head and neck cancer, are treated with
epithermal neutrons obtained from FiR 1 TRIGA research reactor [1-5]. The
radiation damage is chemically intensified in tumour cells by a boron carrier
agent that accumulates into cancer tissue. The incident epithermal neutrons slow
down to thermal energy range (E < 0.5 eV) in tissue, and have a high probability
to be captured by the 19B isotope, producing short, cell range high-LET radiation
(a-particle and 7Li recoil nucleus, see Figure 1) [6]. In addition to the chemical
targeting of the dose, it is important to direct the epithermal beam (usually two
fields have been used from two different directions) in an optimal way to
produce a good thermal neutron field in the planning target volume (PTV) and to
minimise the radiation risk to sensitive organs. To make an anatomical model of
the patient with PTV, tomographic data of the patient is required. In BNCT,
treatment plans are made individually for each patient based on computed
tomography (CT) or magnetic resonance imaging (MRI), and detailed radiation
transport modelling [7-10].

For treatment planning in Finland, the SERA code and its previous version
BNCT rtpe have been used [8, 9]. Both codes are based on the Monte Carlo
method, and they have been developed by Idaho National Laboratory (INL) and
Montana State University (MSU).
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Figure 1. Nuclear reaction utilised in BNCT. A "B nucleus absorbs a thermal
neutron and promptly emits a *He (alpha) particle. Together with the recoil "Li
nucleus, the resulting particles have a combined average kinetic energy of 2.33
MeV and limited path lengths in tissue (59 pm) similar to cell dimensions [6].

The BNCT rtpe code that was initially used in BNCT treatment planning was
rather time consuming: each field calculation took about 7 hours, and the whole
optimisation procedure for two field irradiation setup for each patient took about
one week [11]. Since then (BNCT trials in Finland started May 1999) the SERA
code has experienced a speed up due to some BNCT-specific algorithm changes
and the general performance improvement of computers. To be more detailed,
the SERA code uses integer arithmetic in the particle tracking method through
uniform volume elements (univels), which has accelerated the transport
calculations notably [9]. However, at that time when the first clinical protocols
in Finland were about to start, there seemed to be an urgent need for a fast
deterministic radiation transport code that could be used in BNCT to shorten the
production time of treatment plans.

There was some previous in-house experience (by Pawel Simbierowicz, a former
research scientist at VTT) in solving elliptic differential equations (for instance
diffusion equations) by using the novel tree multigrid technique [12, 13, 14]. It
was soon realised that this technique might also be used for radiation transport
problems.
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During 1998-2001 a research and development project financed by VIT and
Tekes, the Finnish Funding Agency for Technology and Innovation, was
conducted. The aim of the project was to demonstrate the applicability of the
tree multigrid technique to radiation transport modelling, especially in varying
phantom geometries used in BNCT dosimetry.

Radiation transport theory for neutral and charged particles [15, 16, 17] is
discussed later in this thesis, but it is worth noting that, in practice, the basic
transport equation is too ill-formed for a direct numerical deterministic solution
and needs to be approximated. Therefore, full spherical harmonics approximation
(Py) was first studied [18, 19], but the resulting equations were still found to be
very complicated in 3D, and a simpler but somewhat more restricted, simplified
spherical harmonics approximation (SP;) was adopted instead [20-25].

For treatment planning purposes, an algorithm for construction of the
computation grid (tree multigrid) directly from segmented CT images was
implemented.

As a result of the project, a new code called MultiTrans was developed, capable
of solving 3D radiation transport problems with the efficient tree multigrid
technique, as reported in Publications I and II. The application of the new code
to BNCT dose planning was also studied further in the BNCT dosimetry project
co-ordinated by the University of Helsinki and funded by the Finnish Academy.

It should be noted that 5 % accuracy of the patient dose is recommended by
ICRU for external radiotherapy [26]. This is because the therapeutic window for
the patient dose is usually quite narrow: often the adverse effects start to appear
in the healthy tissue before the complete tumour control (Figure 2). Thus, the
accuracy requirement for any new dose planning code is very strict, and careful
verification of the code performance is needed.
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Figure 2. An example of the effect of radiotherapy on the tumour and healthy
tissue. The effect (cell kill) is a sigmoidal function of radiation dose. For a
therapeutic dose, there is often only a narrow window before adverse effects in
healthy tissue start to appear (this figure is freely modified from the book by
Perez and Brady [27]).

Obviously, MultiTrans as a 3D radiation transport code is not restricted to any
specific BNCT problem, but is far more generic in nature. Algorithms for
generating a 3D octree grid from stereolitography (STL) files already existed.
These STL files can be exported from practically all computer-aided design
(CAD) systems. The ability to generate octree grids directly from CAD models
offers a flexible state-of-the-art interface for construction and upgrading of the
calculation geometry.

Since the first application of the MultiTrans code to a BNCT dosimetry planning
problem, the applicability of the MultiTrans code in coupled photon-electron
transport problems encountered in conventional radiation therapy planning was
studied (Publication V). This work was financed by Varian Medical Systems
Finland Oy.

Lately, the MultiTrans code has also been applied to reactor physics problems,
where the radiation transport codes are most commonly used. This has been
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done within the EMERALD project of SAFIR, the Finnish Research Programme
on Nuclear Power Plant Safety. For instance, a multiplication eigenvalue search
algorithm has been implemented (Publication III). It should be noted that the
accuracy requirement of computer codes is high in reactor physics as well. Some
well-known 3D neutron transport benchmarks have therefore been conducted,
such as the VENUS-3 reactor dosimetry benchmark (Publication V).

This thesis first provides the reader with a short introduction to the
computational methods of radiation transport. After that, the basis of the new
MultiTrans code — the tree multigrid technique and the simplified spherical
harmonics approximation — are reviewed. The objective is to give a somewhat
more general overview of radiation transport, in order to be able to piece
together the special features of the new method. Finally, the applications of the
new radiation transport code to various transport problems are reviewed, and
both the benefits and the drawbacks of the new method are discussed.
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2. Aims of the study

The study aimed to develop and test a new 3D deterministic radiation transport
code. The specific aims were:

1. To study radiation transport theory in order to find a suitable
deterministic 3D transport approximation to be used in conjunction with
the tree multigrid technique. (Theoretical overview presented in this
thesis)

2. To apply the tree multigrid technique for the first time in 3D neutron
transport modelling. (Publication I)

3. To test the applicability of the new code in BNCT neutron and photon
dose-planning problems. (Publication II)

4. To extend the applicability of the new code to rector physics problems
with multiplicative systems. (Publication III)

5. To verify the accuracy of the code in reactor physics problems by
calculating dosimetric responses for a real nuclear reactor. (Publication
V)

6. To extend the applicability of the new code to coupled photon-electron

transport problems and to test the code in conventional radiotherapy
dose planning. (Publication V)

23



3. Overview of radiation transport theory

The term “transport theory” is commonly used to refer to the mathematical
description of the transport of particles through a host medium [15]. Transport
theory arises in a wide variety of disciplines. The foundation of transport theory
lies in the kinetic theory of gases developed by Austrian physicist Ludwig
Boltzmann (1844—1906). In fact, there are at least three equations named after
Boltzmann: a famous equation for entropy, an equation concerning particles in a
gravitational field, and an equation for particle transport. The latter one is often
called the Boltzmann transport equation.

When time-dependence is suppressed, the Boltzmann transport equation for
neutral particles — such as neutrons and photons — has a static form

V- Q¥ E,.Q)+0" (F, E,Q)W¥(#,E,Q) =
O, E, Q)+H05(F,E,E’,f),ﬁ’)\P(F,E’,f)’)dﬁ'a’E’ . 3.

where Y(7, E, Q) is angular flux (function of position 7 , energy £ and angle
Q), o' (F,E,Q) is total cross section, o (7, E,E',f),f)') is scattering cross
section, and Q(7, E ,Q) is a source term. The direction vector € is illustrated
in Figure 3 in the Cartesian co-ordinate system. The fundamental equation (3.1)
can also be seen as an expression of the equation of continuity:

losses + leakage = production. (3.2)

The Boltzmann equation is an integro-differential equation, which means that
the integral scattering source term on the right-hand side depends on the solution
itself. It is said that, in this form, the Boltzmann equation is almost impossible to
handle [28]. Exact analytical solutions exist only for some very special cases,
such as for point, line or plane source in an infinite homogeneous medium or for
the so-called Milne problem (for an infinite homogeneous half-space) [16]. The
complexity of the equation usually forces one to implement numerical (i.e.,
computer-based) methods of solution. For this purpose it is practically necessary
to do mathematical approximations, which are always compromises between
physical accuracy and feasibility.
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X

Figure 3. Direction vector Q illustrated in Cartesian co-ordinate system.

Numerical methods in radiation transport can be divided into deterministic and
stochastic methods. In the deterministic methods, the radiation transport of
neutral particles is described by solving the Boltzmann equation numerically. In
stochastic methods, i.e. the Monte Carlo method, individual particle trajectories
are followed through the geometry, until particle escape or absorption. The latter
method does not use the Boltzmann equation at all: instead it uses simple
probabilistic laws for each emission, scattering and absorption event that the
particles undergo in their history. Thus, the stochastic nature, the random walk in
which particles stream in reality, is imitated by statistical computer simulation.
As the Boltzmann equation represents the collective behaviour of the particles,
simulating a large number of particle trajectories will lead to statistical flux
density that will be the solution of the Boltzmann equation within the obtained
statistical uncertainty.

Neutrons and photons deposit their energy into matter indirectly through
creation of secondary charged particles. The Boltzmann equation (3.1) holds for
neutral particles. If charged particles are concerned, the situation is more
complicated. Charged particles, such as electrons, interact with the matter
through the long-range Coulomb force. Charged particle transport is in general
described by the Boltzmann-Fokker-Planck (BFP) equation.

Electrons are often those secondary particles which actually deposit the energy
into material, e.g. induce the primary dose to the tissue in radiotherapy. If a
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sufficient local secondary charged particle equilibrium (c.p.e.) condition exists,
one can use mass-energy absorption coefficients (for photons) or kerma factors
(for neutrons) to directly convert the calculated fluence rate to dose rate [29]. In
other words, under the c.p.e. condition, the dose is equal to collision kerma
(kinetic energy released in material subtracted by bremsstrahlung fraction).
However, if the c.p.e. condition is not met, the transport of electrons might have
a vital effect on the dose distribution, e.g. in a case with strong tissue
heterogeneities [30, 31].

One approximative form of the BFP-equation is the Boltzmann-CSD
(continuous-slowing-down) equation. It is possible to include the CSD-term into
electron “pseudo” cross sections and the Boltzmann equation for neutral
particles can be applied for electrons as well [32]. The deterministic solution of
the electron transport can then be based on essentially the same concepts as the
neutral particle transport.

Also statistical simulation can be used to solve the charged particle transport. It
should be noted that the stochastic Monte Carlo method is often very time
consuming. The reason is that in order to get results — fluence or dose values for
instance — with sufficiently low statistical uncertainty, usually a huge number of
particle tracks have to be simulated. Especially the tracking of electrons is tedious,
as the long-range Coulomb force results in a large number of scattering events.

Whereas electron transport is sometimes important in radiotherapy, in reactor
physics one is often dealing with fissionable material. This leads to a new class
of problems, where instead of solving flux values for a certain fixed source
distribution, the principal target is to solve the criticality eigenvalue for the
multiplicative system of fission neutrons. This eigenvalue problem can be
formulated with the Boltzmann transport equation by just adding a fission
production term on the right-hand side:

V- Q¥ E.Q)+0" (F, E,Q)W¥(#,E,Q) =
O(F,E,Q)+ j j oS (7,E,E', Q.Y (7, E,Q)dVdE'

+M.”'V(f;’Ev)o.f(’j:,E!)T(F,E!’Q')dﬁ'dE' . (33)

ko
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In equation (3.3), y(¥,E)is the fission spectrum, v(7,E) is the number of
neutrons emitted per fission, o’ (7, E)is the fission cross section, and ke is the
multiplication eigenvalue. The k. parameter is introduced in order to bring the
equation to a stable solution: physically the k. value can be interpreted as a ratio
of the production rate of neutrons due to fission to the loss rate due to absorption
and leakage.

The system (e.g. a nuclear reactor or a nuclear fuel transportation cask) is said to
be sub-critical when k. < 1. In this case, the fission power, i.e. the total energy
released by fission events, and amount of neutrons are decreasing to zero, unless
the system has already reached the zero power level. If k. = 1, the system is
critical and maintains a constant chain reaction at a constant power level. In
order to make the fission power increasing, e.g. to raise the power of a nuclear
reactor, the k. value has to be > 1, where the system is called overcritical.

Here one can make a general remark, not related to transport theory, but to
reactor kinetics: a certain fraction £ of fission neutrons is born delayed, in
contrast to prompt neutrons which are released immediately in the fission event.
For °U, f/=0.65%. These delayed neutrons make it possible to control a
nuclear reactor, as they slow down the exponential time behaviour of the number
of neutrons, and give control systems sufficient time to react to the changing
power level. If all the fission neutrons were born promptly, a controlled chain
reaction and the production of electricity in nuclear power plants would be
impossible.

Naturally, the radiation transport problems related to reactor physics are not only
restricted to criticality problems, but there are many other types of problems as
well. For example, calculated neutron flux is important for estimation of the
embrittlement of reactor materials, such as the pressure vessel. The integrity of
the pressure vessel is vital for nuclear safety. Or, as another example, calculated
neutron flux distribution might be required for estimation of induced
radioactivity of different reactor internals after an irradiation period. In these
kinds of problems, a fixed source distribution (core power distribution) is
usually used as a source term, without doing any criticality eigenvalue search.

Criticality and other issues of nuclear safety naturally require reliable and well
benchmarked computational systems with known accuracy in order to be able to
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use large enough safety margins. It has already been mentioned that 5 %
accuracy in dose determination is also recommended for radiotherapy in order to
ensure the safety and the success of the therapy [26]. Thus, in almost every
application of radiation transport, the computational methods used have a high
accuracy requirement.

3.1 Deterministic methods

The numerical solution of the Boltzmann transport equation (3.1) in realistic
heterogeneous 3D problems always requires some approximations. There are a
few approximations which are common for all deterministic methods, such as
the Legendre expansion and the multigroup approximation of the cross sections.

With an assumption that scattering depends only on incident angle, an expansion
of anisotropic scattering cross section can be made with the use of Legendre
polynomials up to order L

S [aYa Y 20 +1 S ’
o’ (F,E,E',Q,Q) ~ ?B(,uo)o; (F,E,E") (3.4)

1=0

where the incident angle is
1 =Q-Q . (3.5)

Another approximation that is always used in deterministic methods, also related
to cross sections, is called the multigroup approximation. As the Boltzmann
transport equation is energy-dependent, there has to be some way to reduce the
problem involving scattering from one energy to another into a manageable form
for numerical solution. In the multigroup approximation (Figure 4), the
continuous (point-wise) cross sections are condensed into some energy group
structure, in which each group has different energy width. The group flux
denoted with index g becomes
E,
PE(7,Q) = j ¥, E,Q)dE (3.6)

EH
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and the group total cross section, for instance, will be

Eq
[o" 7.E.Q)@(F, E)E
of (F) ="

j (7, E)dE

; (3.7)
where

O(7,E) = j ¥ (7, E,Q)dQ (3.8)
4r

is the scalar flux.

Similarly, the group scattering cross section becomes

Egy  Eg,
[dE [0} (7, E,END(F, E')dE'
O_i;—)g(;:)z Eg' Eg -

Tq:(?, E)dE
E

8

(3.9)

It is worth noticing that, in equations (3.7) and (3.9), the scalar flux is used to
weight the group cross section in order to define the exact and equivalent
multigroup representation of the original transport equation. That is to say, to
obtain the solution, ®(7,E), one needs the solution, ®(7,E). In practice, a
certain approximative weighting spectrum has to be used in order to estimate the
average group constants correctly. These weighting spectra are case-specific, i.e.
they should represent a typical flux spectrum in the material and in the problem
for which they are to be used. For instance, a very different weighting spectrum
is used for the reactor core than for the concrete of the biological shield far from
the core. The basic nuclear data also varies, some cross sections having strong
resonance peaks within very small energy width. The multigroup approximation
therefore always introduces some source of error, depending on how fine or
broad the energy group widths are, and how accurately the used weighting
spectrum represents the actual flux.
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Figure 4. Division of the energy domain into G energy groups.

The Legendre expansion coefficients of the microscopic scattering cross sections
are tabulated in multigroup format for different isotopes in the standard cross
section libraries, such as BUGLE-96 (with 47 neutron groups and 20 photon
groups) for instance [33]. The macroscopic cross sections can be calculated with
corresponding coefficients (atomic densities) for different material constituents.

For a multigroup structure having G energy groups, the Boltzmann transport
equation becomes

V-Q¥4(F,Q) + ot (F)PE(F, Q) =

G L o S
0.8+ 33 2] oo () BG- G (7. 0)dSY
'=11=0

ZG: (r)vg (Pt (7) [ W (7, )dY

‘é

(3.10)

The terms W¢(7,Q) and Q%(#,Q) above are actually components of 1xG
vector functions, where G is the total number of energy groups in the multigroup
approximation. The group-to-group scattering cross sections Gﬁ}”g (F) are
components of GxG (possibly full) scattering matrix.

One can solve the multigroup equations successively as a sequence of effective
one-group problems [34] by treating the contribution from other groups as an
effective source term:

S4(F,Q) = 0%(7.Q)

Iy e )| B(Q-Q)WE (F,Q)deY | (3.11)

g'#gl=0 472-
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The fission source can be defined as
G ' ' ' — —
S 1 (F) = D vE (F)o¥ () j PE (7,0)dCY (3.12)
g'=1
It is important to note that the spatial dependence of the fission source is

identical in each group equation [34]. The “in group” transport equation
becomes

V- QW (F,Q) + of (F) ¥4 (F,Q) = S¢ (F,Q)

L o . . - g (i
> 2 o (] P iy + £ s, ),
= 4z o (3.13)

3.1.1 Discrete ordinates method

In the discrete ordinates method (also known as Sy method), the angular variable
is discretised into a small number of directions or rays [15, 16, 35, 36]. The
particle transport equation is written for each ray, including various coupling
terms describing ray-to-ray transfer. In the following sections, the Sy formalism
presented in the book by Duderstadt and Martin [15] is more or less quoted.

A set of M discrete directions {f)m} and corresponding quadrature weights
{wm} need to be chosen. The quadrature weights can be thought to represent an
area on the unit sphere of direction cosine triplets (,,7,,¢, ). The numerical
integration over angle in the Boltzmann transport equation can then be estimated
as a weighted sum.

The choice of discrete directions is not obvious in many cases — particularly in
multidimensional geometries. In the following, only 3D Cartesian co-ordinate

system is considered.

Since f)m is a unit vector, the directions cosine triplet (4,7, ,&, ) must satisfy
equation

o+, +En=1. (3.14)
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Furthermore, if no a priori information on the angular flux solution exists, a
symmetric distribution of direction cosines can be assumed. The angular
direction set should then be invariant under arbitrary 90° rotations about the co-
ordinate axes, and 180° reflections about the xy, xz, or yz planes. This means that
only one octant of the unit sphere needs to be considered. The direction cosine
sets have to be identical, i.e. { m} = { m} = {fm}, and lie on latitudes on the
unit sphere (Figure 5). Otherwise, the point arrangement would not be invariant
under rotation of one axis into the other. The reflection property implies that
each set {am} is symmetric about a=0. Therefore, one needs to choose only
terms oy, 0, ...,Qyp.

The equation (3.14) means, for instance, that

2

2 2 2 2 2
a+a;+ap =1, o +a;,+a; =1.

Subtracting these two equations and noting that 7, j, and & are arbitrary, one finds
that

2 2 2 2
a —a, =a;,—a; = C,
or

al =’ +(i-1)C. (3.15)

There is a direction flm corresponding to (ay,0,Qy,), since there are M/2
points for &>0. This implies

al +al +a,,,, =1. (3.16)
Combining equations (3.15) and (3.16) gives
ay,=a;+(M/2-1)C=1-2a..
Now one can calculate the constant C to derive a recursive relation
o g 20 3a})

T=a t——— . 3.17
i i-1 M—2 ( )
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This means that choosing ¢; will determine explicitly the direction cosine sets
{ m} = { m} = {fm } By choosing «; to be large or small, the points (Figure 5)
can be clustered close to =0 or near the poles a==*1.

From a practical point of view, a variety of quadrature sets is usually supplied
with the discrete ordinates transport computer codes. Actually, the sets can also
be “biased” or “asymmetric” in &, e.g., additional directions can be supplied
along the -Z direction in order to give fine detail to polar streaming.

Figure 5. Symmetric point arrangement on one octant of unit sphere.

In addition to the selection of suitable quadrature sets, the resulting transport
equations for each discrete direction have to be written as a set of algebraic
equations adequate for numeric solution by computers. The Sy equation in the
3D Cartesian co-ordinate system has the form

i+5,j ke m.g i—L.jk i—g,j,k,m,gJ

Hon Ai+%, ik N,

+n,1B. ... N, N. .,

l,j+%,k l,j+l2,k,m,g _Bi,j—%,k i,j—i,k,m,gJ

+&.1C. .. N,

ikt i ke bmg

C

i,j,k—gN i.jk—Lm.g J

+o’ V.. N

ijskg" Lk L)k m.g

=V, .S, (3.18)

i,j.km.g *
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Subscripts such as i+1/2 refer to the internal boundaries and N represents the
angular flux. The coefficients 4, B, and C are cell face areas perpendicular to the
axes from which the direction cosines g, 7, and & are measured, and o{j’k’ ¢ 18

the total cross section. ¥, ; , is the cell volume and S is the source term.

i i,jkom.g
Whereas the integro-differential form of the Boltzmann transport equation can
be converted to a set of algebraic Sy equations by treating the angular integration
with a weighted sum over discrete angular directions, this approach also causes
certain problems. The rotational invariance of the original transport equation no
longer holds for the Sy approach, due to angular discretisation. This sometimes
leads to so-called “ray effect”, i.e. non-physical artefacts in the flux solution by
the discrete ordinates method [37, 38].

Another problem with the Sy method is that also false negative flux values can
easily be generated. Non-physical negatives can cause wrong overall results and
thwart convergence [36]. There are different fix-up methods for preventing this
to happen. The easiest fix-up is to set all emerging negative flux values to zero,
but this will underestimate the true result. Additionally, if false negatives are
easily generated, it is apparent that inaccurate positive numbers can also be
generated, and these errors are much harder to detect. The prevention of negative
flux values is a characteristic problem for the Sy method. The undesired side
effects of this problem can be avoided or at least minimised with a proper
solution technique and by choosing suitable input parameters.

There are several numerical flux evaluation strategies for the Sy equations, such
as the linear or diamond difference model, step model, linear zero and weighted
difference model, as well as some semi-analytical methods like nodal and
characteristic methods [36]. Details of these methods are beyond the scope of
this review. However, the accuracy of the Sy approximation depends a lot on the
solution method used and all the input parameters, including the discrete
ordinates set. A user of the Sy codes should be aware of all the drawbacks and
benefits of the different solution methods in order to be able to use these codes
both efficiently and reliably in various transport problems.
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3.1.2 Spherical harmonics method

The angular flux can be expanded by using spherical harmonics. The
trigonometric form (instead of the imaginary exponential form) is used here to
obtain more practical real equations for the flux. The flux expansion can be
written as [18]

Y(7,E,0,p)

© /
> > QI+DP" (cosO)y,, (7, E)cosmp+y,, (7, E)sin mep)
=0 m=0 (3.19)

where B (cos®) is an associated Legendre polynomial [28]

m

d
B(x)=(1-x")"

o P (x) (3.20)

Polar angle 6 and azimuthal angle ¢ of the spherical co-ordinate system are
illustrated in Figure 6.

»
>

to]l!

Figure 6. Direction vector Q in spherical co-ordinate system with polar angle
6 and azimuthal angle ¢.

Substituting the flux expansion (3.19) into the Boltzmann transport equation (3.1),
multiplying it with an associated Legendre polynomial, and then integrating the
resulting equation over direction space, a set of Py transport equations can be
derived for each associated Legendre polynomial by using the orthogonality of the
base functions. For ¢-terms the orthogonality integrals [28] are
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2z

j sin(mg)sin(m' @)dgp = 75, .
0 5
2

I cos(me)cos(m' p)dp = 76, ,,
0

and
2r

J‘ sin(me) cos(m’ @)dp =0

0

and the orthogonality integral for the associated Legendre polynomials is [28]

TP’”( 0) P (cos 0) si pag— > Lrm! s
) i cosd) P (cosf)sin =201 U—m) O

The resulting streaming terms

J‘dQP,,’"' (cos@)cosm'p QP,’" (cos@)cosmep

and

IdﬁP,’” (cos@)sinm'¢p QP,’" (cos@)sinme
are calculated by writing the direction vector in the form
Q =sinfcosp e, +sinfsinge, +coste,
and using the trigonometric identities
coSm@cosQ = %[cos(m + 1)@ + cos(m — 1)(0] ,
cosmpsing =1 [sin(m +1)p —sin(m — 1)(p] ,
sinme@cos @ = %[sin(m -1 —sin(m + 1)(0]
and

sinm@sin@ = %[cos(m —1)p —cos(m + 1)(0]
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and the recurrence relations [28] of the associated Legendre polynomials

cosd P = Z+mP,TI+Z_m+1 "
21 +1 2/ +1

: m 1 m+ m+
sing ' = (P~ Ay

and

1+1

sin@ P" :ﬁ[(nm)(nm—l)g"ql —(I=m+ (I -m+2)P" ]
+ .

The scattering integral
[[o°F E B Q.0 E",Q)dCYdE"
is calculated with the use of the addition theorem [28]
P (uo> = P, (cos8)P, (cos )

z g: P’" (cos@)P" (cosO)cosm'(p — ')

and the trigonometric identity

cosm(p —@') =cosm@pcosme' +sinmesinme’ .

Separate equations are obtained for sine and cosine terms. The resulting Py
equations (derived by the author) are

Ol Ol
2(l+ m +1) WH] m + 2(l_m) Wl—l,m + l//l—l,m—l . @/l—l,m—l
c P o &
_ ﬁl/ylﬂ,m—l _ ﬁ}/Hl,m—l + (Z +m+ 2)(1 +m+ 1) ﬁl)yhl,mﬂ + ﬁ}/Hl,mH
25 24 O &
17,
—(=m-1)I - m)( Vi ma + 0’7/1—1,"”1 j
& ¥
£201+ 10"y, =220 +1)q,, + 2+ D[ o}y, dE 55
0

37



and

2 Z
2(1 +m+ I)M + 2(1 _ m) a;/l—l,m + l//l—l,m—l n @/l—l,m—l
& Z4 &» &
o o
| Y rma + Y 1mar cd+m+2)A+m+1) — Vi me N O 1t
& ox Y Ey
7
(U -m1- m)(— Vs | P ]

#2204 1)077, =200+ D5, + 200+ D[017,0dE 5

for each / € [0, N] and m e [~1,1], with the constraints that
Wim=Vim=0forl<Oor/>N.

The explicit spatial and energy dependency of the terms has been removed from
the notation, for simplicity: e.g. the term ¢ stands for the total cross section
o’ (#,E) . It should be noted that also the source has been expanded in spherical
harmonics

O(#,E,Q)

0 l
= 2(21 +1)P" (cos 6’)(q, (P E)cosmep+s,, (7, E)sin m(p)
120 m=0 ’ ’ (3.23)

Fletcher [18] has derived equations which are very similar to equations (3.21)
and (3.22), except that Fletcher’s equations do not take anisotropic source terms
into account. Similar (mathematically equivalent) Py equations have also been
derived for imaginary exponential form of the flux expansion [15], leading to a
somewhat simpler approximation from the mathematical point of view, but less
suitable for numerical solution (due to the resulting imaginary part).

It can be seen from equations (3.21) and (3.22) that a set of 15 coupled equations
for 15 unknowns is obtained for Legendre order 3 approximation (i.e. Pj
approximation). For numerical solution, the first-order equations (3.21) and
(3.22) are problematic, as the first-order derivatives will not be positive definite.
However, by substituting odd moment terms (with / odd) into the even order
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equations, it is possible to obtain equations in the second-order form, and also
reduce the number of equations and unknowns. For instance, in the second-order
multigroup P; approximation, “only” 6 coupled equations with 6 unknowns
result:

26500 — |02 +02 407 ]y/oo A +02 =20,
30 308

al

4 4 8
__gé’xé,zy/Z] - [Of)2 é) }/’22 y 0.7 __gé,xé’y}/ZZ =q6
O O G (3.24)

2 2 2
- 02 10> 202y |02 v 07 + 40y 0.0,
O-a] 364;] O-a]

4 2 8 .
+O__g[ax2 —55]%2 _G_gayé’z%l +O__gaxay7/22 +1005,1 5,

al al

12 6
7(7 +0; ]'/’20 ﬁ z 20_70_53 0.0y

12 6 24
52 > ﬂ 7 ——J70 =0
70 [ }sz 70 Vat 70% OV n (3.25)

- 30_51 x“z - 0'51 é)xé)ZWZO - Ufl [é)x + é’z }/IZI
4 2 4 .
T . 2.0Yy = 2 2.0,V — 2 2,07y +1005y,,
al O-al O-al
2 1 2 2 2
G 20w, —E[max +1082 1657y,
_ 0.0y~ ° —— 0V~ = ——0,0.7, =0
To8 To8 © 7 1ot 77
a3 a3 a3 (326)
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(3.27)
4 2 2 4
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6 12 1
OOt 2 00 1062 +1667 +160 ]y,
a3 a3 a3
12 0,075 =0
708 (3.28)
2 2 1 1
35 s —— 0.0 Wy + 35¢ —— 0.0 Wy _G_gayazl/lzl _O__géxézyﬂ
al al al
22 or), 41008y, + -2 0.0 3 50
ot x vV a2Vn Tt 764, wWa — 70% O W
3
— 00 v, — +160% +108% y,, =0
705} X z}/21 £ X y z jb/22 (329)

The group transport cross sections are defined by subtraction of the
corresponding Legendre component of the group scattering cross section from
the group total cross section:

of=0f-0f7% . (3.30)
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To the author’s knowledge, these second-order P; equations (3.24)—(3.29) have
not been explicitly published elsewhere. Fletcher has derived similar equations
by setting extra constraints for the transport cross sections, that is, all o, are set
equal except for o, [18].

It is worth noticing that only the scalar source term ¢, is taken into account in
the source expansion (3.23) in the above second-order P; approximation,
equations (3.24)—(3.29), for simplicity. The higher source moment terms can be
included, but they increase the complexity of the equations even more.

The Py approximation has been well established in transport theory [16].
However, for numerical solution it is rather ill suited. Py equations have been
used primarily for theoretical (i.e., analytical) investigations of solutions of the
transport equation [15]. Especially in 3D, the complexity of the equations makes
it very hard to construct a numerical algorithm. Despite these difficulties,
Fletcher introduced as early as in the 1970s a small computer programme to
derive second-order (odd) Py equations of different Legendre orders for slab
geometry, and also obtained numerical P, and P; multigroup solutions in XY and
XYZ geometries [18, 19].

There are certain features that make the application of the Py approximation for
radiation transport problems very tempting. With the spherical harmonics
approximation, the angular dependency of the flux actually becomes a property
of the pre-Hilbert space with spherical harmonics as base polynomials of the
vector function space. Thus, the resulting equations and unknowns depend only
on energy and spatial co-ordinates. This is mathematically an elegant way to get
rid of the problematic integro-differential form of the basic transport equation
which contains implicit angular dependency! In addition, by using a higher
Legendre order approximation, the solution will, in principle, approach the exact
solution of the transport equation. Furthermore, the spherical harmonics base
polynomials are rotationally invariant, so the rotational invariance of the original
Boltzmann transport equation is also preserved. Thus, ray effects — encountered
with the Sy method — will not emerge in the Py approximation.

One drawback of the Py approximation is that no exact vacuum boundary
condition can be defined [16]. At the vacuum (or free surface) boundary,
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particles escape from the geometry with no possibility to return. The problem is
that this vacuum boundary condition [15, 16]

Y(Q)=0 for Q-7i<0, (3.31)

where 7 is an outward normal to external surface, means that the flux is
discontinuous at Q-7 = 0, which cannot be exactly represented by the
continuous spherical harmonics base functions. Many approximative conditions
are possible, though. Mark or Marshak boundary conditions are the most well-
known [16, 39, 40, 41]. For instance, the Marshak vacuum boundary condition
[41] is defined as

j dQP" ()Q - 7#W(Q) =0. (3.32)
Qi<

0

Concerning the second-order form of the Py equations, it is worth noticing, that
by solving all the unknowns, only even moment terms are actually solved.
Naturally, this includes the scalar flux (the ,term), which is probably the
most interesting quantity. However, if the angular flux has to be determined as
well, then the odd moment terms should be solved in addition. As a final remark,
it should be noted that spherical harmonics are sometimes used also with the
discrete ordinates method discussed in the previous section in order to store the
angular flux during the computation in a more compact manner. However, this
has nothing to do with the actual Py approximation of the transport equation.

3.1.3 Finite element method

The finite element method (FEM) is the name commonly applied to the
expansion of the solution to a set of partial differential equations in a set of local
basis functions [15, 17]. Finite element methods can be adapted to problems of
great complexity and unusual geometry.

In radiation transport, the finite element method can be applied to both first and
second-order forms of the transport equation. However, in the latter case, it is
extremely difficult to implement anisotropic scattering in multidimensional
geometries [15]. In the following, the theoretical background of the finite
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element method found from radiation transport literature is briefly reviewed. The
application of the method to second-order form of the transport equation will,
however, not be covered in this context any further. In addition, the first-order
form will only be covered superficially, just to give the reader a general idea of
how the finite element method works.

The finite element method is always applied to an integral formulation of the
original partial differential equation of interest. The Boltzmann radiation
transport equation can also be written in so-called integral law (or weak) form.
Multiplying the Boltzmann transport equation (3.1) with an arbitrary angular
flux belonging to Sobolev space W (7, Q)eH » and integrating over the phase
space, one can rewrite (considering for simplicity only one-speed form) the
transport equation (3.1) as [15]

(Q-V¥,p) + (K. p) = (Q.9). (333)
Here, the real inner product has been defined as
(f>2) = ][ 1. Qe Ddrd®
where fand g are two elements of the Sobolev space
- A - A 2 2 —
H, = \y(7.©0) s real y (7.9 such that [[ [ +|V v 1dFdSh < o]

which ensures that phase space integrals exist. In addition, a collision operator K
has been introduced

KOEJT(F)o—IaS(?,Q,Q')o .
If one assumes inhomogeneous boundary conditions

Y(F,Q) =¥, (7,Q), Q-ii<0
and defines the inner product to characterise the boundary

(f.g)=][, fF. Qe Q- i)dSdO
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divided further for incoming and outgoing directions Q-7i<0 and Q-7 >0 as

(.8)=(f.8).-(/.8).

then (after some manipulation including integration by parts of the streaming
term) equation (3.33) can be rewritten in a form [15]

(F.Q-Vy)+(F.p), +(KY.p) = Q) +{¥w) . (B34
This is known as the integral law or weak form of the transport equation.

It is worth noticing that the boundary condition is included in the integral law
(3.34). This is an example of a so-called natural boundary condition, and is a
consequence of integration by parts.

In the finite element method one seeks the solution in a finite element subspace
S" c H,, i.e., a solution ‘I’h(F,f)) € S” such that equation (3.34) is satisfied
for all 1//”(7,52) e S". §" is a specially constructed subspace with local basis
functions l,y[h (r ,Q), i=1,2,...,N, where N is the dimension of §", typically the
number of nodes in the mesh. In other words, the solution is expanded as a series

P (F,Q) = ZN:‘P].;//J'? (7,Q) ,
=1
which is then inserted into equation (3.34), and a matrix system is obtained [15]
AY =S , (3.35)
where
A==, Q-Vyl)+(ylw!) +(Kylyl)
S =)

¥ =col(¥,,¥,,...,' ) .

There are different ways to construct the finite element subspace S”. Just to
illustrate how the basis functions could be chosen, a 1D triangular mesh is
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considered next as an example. It should be noted that for multidimensional
elements one can also formulate basis functions that are direct products of
simple 1D basis functions [15].

Let x be the spatial co-ordinate and g the angular direction cosine: a basis
function for global node 7 is then defined [15] as a direct product of 1D basis
functions for the spatial node i and angular node j

v, (1) =y (D (1) -

Continuous standard “tent” functions can be used as local basis functions (see

Figure 7):
X=X,
ELox, <x<x,
X, =X
X, —X
w,(x)=—2—— x <x<x,
Xign =X
0, otherwise
and
H—H;
——, M, Susy
Hi—Hj
M —H
w ()=1—"———, p,<pu<pu,,
/'l_j+1 - /u_j
0, otherwise
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Figure 7. Standard “tent” basis functions of 1D triangular finite elements.

There are also other possibilities to construct the basis functions, such as using a
higher order polynomial over a general element such as a triangle, or using a
product of higher order 1D polynomials. For instance, in 1D one can introduce
an additional node and define quadratic basis functions instead of triangular.
However, higher order elements increase the coupling between the neighbour
elements. For cubic elements the interaction would extend over the three nearest
neighbours on either side. The increased coupling is undesirable, as it will also
increase the bandwidth of coefficient matrix 4 of the matrix system (3.35).

The advantages of the first-order FEM approach to radiation transport are the
ease of incorporating anisotropic scattering, mitigation of the ray effect, and
convenient treatment of boundary conditions as natural. The major disadvantage
is that the resulting asymmetric matrix system has to be solved by using direct
matrix inversion methods, which are time consuming and in large problems
severely limited by the memory requirements.

In the second-order FEM approach (not covered any further in this context) the
resulting matrices are symmetric and positive definite, which makes it possible
to use iterative solution techniques [15]. However, implementation of
anisotropic scattering in multidimensional geometries is far from trivial. In
addition, voids can present a problem because of the ()" term [15]. Ray-
tracing has been used to overcome this problem [42].

The major advantage of FEM is the possibility to model complicated geometries
with a variably sized, unstructured mesh (Figure 8). For instance, an adaptive
tetrahedral finite element mesh can be used in 3D, providing gains in efficiency
that may not be realisable on uniformly defined grids. In many cases, also
dynamic mesh refinement can be used, based on local error estimate of the
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solution [43]. Thus, the mesh is locally refined, not only to adapt to the
geometry, but to ensure accuracy of the solution everywhere based on feedback
from the obtained error estimate.
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Figure 8. An illustration of an unstructured triangular finite element mesh
(a Mesh2d example picture with permission from UCL Département de
mécanique http.//www.mema.ucl.ac.be/~wu/mesh2d/mesh2d.html).

There are also hybrid schemes where FEM has been combined with discrete
ordinates or spherical harmonics solutions [42, 44—46]. FEM has been applied to
reactor physics problems already for a long time [47-49]. FEM has been applied
also to radiotherapy calculations, including solution of the Boltzmann-Fokker-
Planck equation for charged particle transport [50, 51]. The applicability of the
FEM for inverse problems encountered, for instance, in intensity modulated
radiotherapy (IMRT) has also been studied lately [52, 53].

An interested reader can find in-depth studies, e.g. from the book by Ackroyd
[49], concerning the use of FEM in reactor and radiation physics. In general,
FEM is widely used in structural analysis, electromagnetics and computational
fluid dynamics.
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3.2 Statistical methods
3.2.1 Monte Carlo method

Monte Carlo methods [54, 55] and deterministic transport methods are
fundamentally very different. Deterministic methods solve the transport equation
for the average particle behaviour. By contrast, Monte Carlo does not solve an
explicit equation, but rather obtains answers by simulating individual particles
and recording some aspects of their average behaviour.

The Monte Carlo methods are based on statistical sampling techniques, and the
term “Monte Carlo” naturally refers to the games of chance. It was Nicholas
Metropolis who named this mathematical method during World War II at Los
Alamos, where the first nuclear weapons were developed. However, the idea of
random sampling to solve mathematical problems is much older: the method was
used as early as in 1772 by Compte de Buffon, and in 1786 Laplace suggested
that m could be evaluated by random sampling. Eventually, it was the
development of computers that really made the Monte Carlo method a
breakthrough.

The Monte Carlo method can be used to duplicate theoretically a statistical
process, such as the interaction of nuclear particles with materials. The
individual probabilistic events for each particle are simulated sequentially, in
order to produce a particle track through the problem geometry. The particles are
followed until escape or absorption, or some other terminal category. Probability
distributions are randomly sampled for each particle interaction. The probability
distribution for scattering angle, for instance, can be found from the primary
sources of nuclear data, such as the Evaluated Nuclear Data File (ENDF) system
[56].

The probability of a first collision for a particle between s and s+ ds along its
line of flight is given by

p(s)ds=e " o'ds (3.36)
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where o’ is the macroscopic total cross section of the medium and is
interpreted as the probability per unit length of a collision. The distance to the
next collision can then be calculated from the expression

_In©)
¢

where ¢ is a random number uniformly distributed between 0 and 1.

(3.37)

After a collision occurs, the collision nuclide is identified, based on probability
proportional to weight fractions of each material constituent. Then the collision
type (absorption, elastic scattering, inelastic scattering, etc.) is sampled based on
cross sections (i.e. probabilities for different events) taken from the material
cross section library. In the case of the elastic scattering, for instance, the
scattering angle is further sampled from the probability tables. The velocity of
the scattered particle is then dictated by two-body kinematics, and the particle
track can be continued.

Monte Carlo methods are very time consuming: in order to get results with
sufficiently low statistical uncertainty for some tally volume, generally a huge
number of source particles and particle tracks have to be simulated. Especially
the tracking of electrons is tedious, as electron transport is dominated by the
long-range Coulomb force, resulting in large numbers of scattering events.
Additionally, Monte Carlo methods very seldom provide comprehensive data on
flux details, but merely give answers in some user-specified points or geometry
volumes. On the other hand, Monte Carlo methods can be considered very
reliable when sufficiently low statistical uncertainty is achieved.

MCNP is the well-known successor of the early Monte Carlo codes developed at
Los Alamos [57]. Among the radiation transport codes used in nuclear
engineering, it has almost obtained the status of a standard, but there are also
many other transport codes using the Monte Carlo method. In the medical
physics community, Electron Gamma Shower (EGS) codes (e.g., EGS4 and
EGSnrc) are widely used for photon and electron transport problems [58, 59, 60].
In electron transport problems, for example, in simulation of ionisation chamber
responses in cases where c.p.e. condition is not met, EGSnrc seems to produce
the most accurate results [60]. MCNP is capable for electron transport as well,
but uses somewhat different algorithms from EGS codes, and can produce quite
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inaccurate electron dose results with default options [60, 61]. This poses some
extra difficulties for ionisation chamber modelling in BNCT beams, as EGS
codes are not capable for neutron transport, and therefore MCNP is in practice
the only viable option for coupled neutron-photon-electron simulations.
However, it seems that with suitable input parameter options, also MCNP can
produce good results for electron dose, and is also widely used in radiation
dosimetry applications [62]. For high-energy physics, on the other hand, a
special Monte Carlo code GEANT4 exists, having unique capabilities to
simulate all kinds of particle interactions and heavy particle transport [63]. Quite
recently the capacity of GEANT4 to simulate neutron transport in the thermal
energy region has also been tested [64].

A new Monte Carlo code has been recently developed also at VTT. It is called
PSG (named after Probabilistic Scattering Game), and it uses a modification of a
fast Woodcock tracking method [65, 66]. The Woodcock tracking method is
based on introducing virtual collisions in such a way that the effective total cross
section (majorant cross section) can be set equal in all material regions.
Therefore, when simulating particle tracks, it is not necessary to calculate the
shortest optical distance to the material boundaries each time the path length is
sampled, which makes the code performance more effective. PSG is used for
calculation of multiplication eigenvalues, group constants, reactor kinetic
parameters, pin-wise nuclear fuel power distributions, discontinuity factors and
other parameters needed for nodal diffusion calculations and nuclear reactor
analysis [34, 67, 68]. It is also planned to be used for burnup calculations. For
many applications, the new PSG code is considerably faster than MCNP, for
instance. The PSG code is, however, still at an early stage and needs further
development.

In BNCT treatment planning, the Monte Carlo code SERA and its predecessor
BNCT rtpe have been used in Finland [7-10]. In SERA, uniform volume
element (univel) reconstruction of the patient geometry is used, allowing integer
arithmetics to be utilised in calculation of the distance to boundary, in order to
speed up the particle tracking. In addition, SERA uses multigroup cross sections
to improve efficiency even further.

The NCT Plan system [69] has also been used by the BNCT community.
NCT Plan has been developed in connection with the clinical research
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programme centred at Harvard and MIT. NCT_Plan has algorithms for creating
voxelised patient geometry and uses customised radiation transport routines of
MCNP, with a significant increase in the execution speed of the calculations [70]
compared to the standard version of MCNP.

The Monte Carlo method has become more and more important over the years,

due to increased computer capacity. Particle tracking by Monte Carlo method is
also well suited for parallel computing.
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4. Tree multigrids and simplified spherical
harmonics approximation

4.1 Tree multigrid technique
4.1.1 Construction of the spatial tree structured domain

The simplest way to discretise a spatial domain is naturally to divide it into
uniform, equidistant mesh. However, a very fine mesh might be required in
problems which are large but contain small geometrical details. This will both
affect the memory allocation required for the data storage of the unknowns, as
well as the total amount of required arithmetical operations in order to solve the
original numerical problem. Especially when using uniform mesh in complicated
3D problems, the required computational work and the overall dimension of the
problem might become too demanding even for modern computers.

In the majority of practical problems there are sub-domains which require fine
discretisation, but there may be other sub-domains that allow a considerably
coarser grid. For instance, a fine grid is required near the borders and material
interfaces, but a coarse grid can be used elsewhere. In such a case, the traditional
finite difference methods, which introduce the simplest discretisation process
and equations, can lead to an unnecessarily large discrete system.

There are methods in which the computational domain is divided into finite
elements [15, 42-53], as already discussed in Section 3.1.3. These finite elements
are often made triangular or polygonal. As the finite element method offers an
elegant way to represent the geometry, the numerical algorithm for radiation
transport is far from trivial, especially with anisotropic scattering in
multidimensional geometry [15]. Also the generation of a suitable finite element
mesh is more or less a difficult and time-consuming task, even though several
algorithms and freeware codes exist.

The method discussed here is somewhat different from the FEM approach. In
this method, the resulting tree structured grid is called quadtree or octree,
depending on whether one is focused on a 2D or 3D method, respectively [71].
The basic mesh elements are quadratic or cubic. The idea is to use a conditional
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subdivision procedure to generate a nested non-equidistant, non-uniform cell
system through adaptive meshing [13]. Here we concentrate on the 3D octree
method. One starts from a cube (called a root cell) which embodies the original
geometry. This is then conditionally divided into eight sub-cubes. The sub-cubes
are called children of the parent cell. Each child-cube can become a parent and
have their own children. The subdivision procedure is continued until a pre-
defined subdivision level is reached. The subdivision criteria can be based on
some static geometrical features, such as number of points in a cell, or some
dynamic features such as error estimate or flux gradient of some partial
differential equation. The adaptive meshing is illustrated in Figure 9.

L=0 L=1 L=2

L=3 L=4
I
|
|
|

L=7 L=8

Figure 9. Adaptive meshing. L = subdivision level.

In 3D the octree cell structure can be indexed by spatial indexes i, j, and & and
subdivision level L. Thus, if u is a cell in octree, it is indexed as uf}.’ .- Eight
children cells of this octree cell would be indexed as

L+1
Upinjok
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L+1
Upii12)2k

L+1
Up;izii,2k

L+1
Usii1,2)41,2k

L+1
Upinjok+

L+1
Upii12),2k+1

L+1
Uy 2 j41,2k41

L+1
Upji1241,2k41

The parent of each cell can be found simply by subtracting 1 from the
subdivision level L and by dividing each i, j, and k integer index by 2 (and
forgetting the modulus). A 1D example of the discretisation of the spatial
domain is shown in Figures 10 and 11, as an additional illustration of the
subdivision and cell indexing.

When the minimum co-ordinates X, Ymin, and Z,,;, of the root cell are known,
.o . . L
the minimum and maximum co-ordinates of any octree cell u; ; , are

X, =X, +ih-27"

Yo=Y+ jA-27"

z,. =27 +kA-27"
X, =X, +@E+D)A-27"
y =Y +(j+DA-27"
z,..=2Z +(k+D)A-27"

where A is the side length of the root cube.
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L+1 L+1 L+1 L+1
Uy, Ui Uyin Uiz

Figure 10. Division of the spatial domain in ID.

3 3 3 3
uO ul u4 u5 u6 u7
\ ./ \ 2/ N/
uo ul u2 u3
1 / \ 1 /

U, U
\ O/

Figure 11. Tree structure of the spatial domain as a 1D example. Each cell
division forms a branch, and the leaf cells are the cells which are not divided
any further (e.g. ug and ”12 are both leaf cells).

In principle, the recursive subdivision of octree cells can be continued
unlimitedly. In practice, the computer memory and the numerical efficiency of
the iterative solution set constraints on the maximal subdivision level L. Usually
a subdivision level L=7 or L=8 already gives a very fine mesh. The minimum

cell side length A . is relative to the overall dimension of the geometry

n

Amin =A- 27L
where A is the side length of the root cube (which embodies the original
geometry). For instance, for a human head geometry (Figure 9), the minimum
cell side length is 1.55 mm for subdivision level L=7 and 0.77 mm for L=8.

The octree structure makes it possible to easily find parent or children cells and

to build recursive functions for data handling on nested grids with different grid
size (coarseness).
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Self-adaptive quadtree or octree meshing is often used also as an intermediate
stage in generation of the finite element mesh. However, this theme will not be
covered in more detail here.

The advantage of the octree grid compared to more sophisticated finite element
mesh is that, as the resulting cell system can be made regular, it is much easier to
construct straightforward difference schemes, which will also have lower
computational cost [13]. It is also worth noticing, that the octree grid algorithm
automatically produces all the coarser grids at the same time (as illustrated in
Figure 9), which enables the utilisation of fast multigrid acceleration methods in
the numerical iteration [13].

4.1.2 Multigrid acceleration methods

Practical multigrid methods [72, 73] were first introduced by Brandt [74] in the
1970s. These methods can solve partial differential equations discretised on N
grid points in O(N) operations. For example Gauss-elimination would require
O(N*) operations, and even “rapid” direct elliptic solvers require O(NlogN)
operations for solving elliptic equations. Thus, the multigrid method is very
efficient for large problems (number of grid points N being large).

The efficiency of the multigrid methods is based on discretisation of the original
problem on coarser and finer grids, i.e. with different mesh sizes. A multigrid is
formed by nested grids with refined mesh size. On a coarse grid, much less
iterations are required to obtain a converged solution. These coarse solutions can
be interpolated into finer grids, and thus be used to accelerate the iteration
process of the fine-grid solutions. In the multigrid methods, data is transferred
both from coarser grids to finer grids, and backwards, in so-called multigrid
cycles.

If we consider a linear elliptic problem

Aii =8 (4.1)

where A4 is the matrix of the corresponding linear elliptic operator, u is the
column vector, and S is the column source vector. If this problem is discretised
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on a uniform grid with mesh size 4, it can be written in a set of linear algebraic
equations as

A, =S, . (4.2)

Let u#, denote some approximate solution of the equation, and let u, be the
exact solution. Then the error of the approximate solution is

v, =u, —Uu, (4.3)
A quantity called residual can be defined as
r, =S, —Au, (4.4)
As A is assumed to be linear, also the error satisfies the equation
A4v, =r, (4.5)
This residual equation can be approximated on a coarser grid with mesh size H
Ay, =71, (4.6)
where H=2h, for instance. Since this equation has a smaller dimension, it will be
much easier to solve. To define the residual on the coarser grid, some restriction
operator ‘R is needed:
r, =Rr, 4.7)

Once the equation (4.6) is solved on a coarse grid, the error can be interpolated
to the finer grid by a proper prolongation operator

Both R and ¢ are chosen to be linear operators. Finally, the approximation #,
can be updated:

~new ~ ~
u,” =u,+v, (4.9)
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Thus, a solution on a next coarser grid can be used to accelerate the solution on a
finer grid. By constructing a sequence of nested grids (fine and coarse grids),
one can define the multigrid cycle, which recursively leads the discrete problem
from finest grid to coarser grids and back to finest grid again. The exact structure
of the cycle depends on the number of two-grid iterations y at each intermediate
stage. If y=1 the structure is called V-cycle, and if y=2, W-cycle (Figure 12).

Figure 12. Structure of V and W multigrid cycles. S denotes smoothing while E
denotes exact solution on the coarsest grid (the root cell). Leaf cells are at the
top level of each diagram. Each descending line corresponds to restriction, and
each ascending line to prolongation.

4.2 Simplified spherical harmonics approximation
4.21 Theory
Spherical harmonics Py approximation has been already discussed in Section

3.1.2. Now, if only one-dimensional slab geometry is considered, the angular
flux expansion can be made by Legendre polynomials

W(x.0)= i%@, (x)P(cos 6)

1=0

(4.10)
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Inserting this into a 1D Boltzmann transport equation, whose directional
derivative becomes now

V-Q¥(F,Q) = cos@di‘{’(xﬁ) ;
X

multiplying the resulting equation by Legendre polynomial and integrating over
the angle, one can derive the corresponding Py equations in 1D slab geometry.
The recurrence relation

I+1 /
cos@P(cos@)=——P,_  (cos@)+——P_ (cos@ 4.11
1(cos 0) 1 1 ( ) 171 7 ( ) (4.11)

and the orthogonality integral

n . 2
! P(c0sO)F, (cos O)sin 0 =— =3, (4.12)

are needed. The Py equations in one-dimensional planar geometry simply
become
d

I+1 d /
il g Y@ R () o ® (1) =¢f () 1=0,..,N -] (4.13)

where the group transport cross sections are defined by equation (3.30) as
before. Also the source on the right-hand side of equation (4.13) has been
expanded as a Legendre series.

Now, solving the odd moment terms and inserting them into even-order
equations, the second-order equations can be derived in a similar manner as
explained in Section 3.1.2 for the full Py approximation. Furthermore, by
replacing the 1D derivative in a formal manner with a 3D nabla operator V, as
suggested by Gelbard [20-22], the simplified spherical harmonics 3D
approximation is obtained (in a general form derived by the author):
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1(1-1)

- V2L (F
Q-1 +1)o%,, (")
. (l+1)2 + lz VZ(Dg(’j;)
QI+ +3)cf,, (2I-DQ2I+)o,, :
(+D(+2) ;o ;g =
T D130 V20§, (F) + 05D (F)
O-a,l+1
. I ~ (I +1) _
=¢(F)-——V -~V
%( ) (21+1)(7§,H ‘IH(’”) (2l+1)0'(i[+1 QHI(V) @14

for each [ = 0,2,... up to arbitrary (odd) Legendre order N with constraints that
®,(F)=¢q,(F)=0 for /<0 or />N .

To the author’s knowledge, such general second-order SPy approximation for
arbitrary (odd) Legendre order N, equation (4.14), has not been published
elsewhere. From equation (4.14) one can derive also the SP; approximation,
which has been used in the MultiTrans code as an approximation to Boltzmann’s
transport equation. SP; approximation is the lowest odd-order approximation
after the diffusion theory. It is worth noticing that diffusion P, and SP; equations
are congruent. In matrix form, the SP; equations are

-D,V’ +0,, -20,, o @, (F) "
_%O-ao _Dzvz 0, +%O-a0 D, ()
NG

[ 1 =3D,V 0 0 1"ls,¢)

-2 0 1 -ID,V| |5()
S5(r) . (4.15)

The variable (i)O(F ) is defined as

D, (7) = D, (F) + 2D, (F) . (4.16)
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The diffusion coefficients are defined by the transport cross sections as

, 1
Dy* = e
3o, (4.17)

and

i,g __ 9

P 3500 (4.18)
The effective source moment terms are

i, ST - P I
NG I AGIN o fOF(F)

S| _|o@) v | ol TEer ()
;| “lo@| T Z o8 EDS ()
S5(r) 0,(r) oL TEDE (7) (4.19)

where also anisotropic group-to-group scattering is taken into account through
the sum terms. Actually, anisotropic source terms or anisotropic group-to-group
scattering are usually not taken into account. Second-order SP; approximation
including only scalar source terms and anisotropic in-group scattering would
reduce to form

Lgra~ . b8
~D,V?+0,, ~20,, } [d)o(r)} =S"’g(F){ 1}

2 2 4 = _2
—%50.4 -D,V +0,+50, D, (r) 5

(4.20)

The approximation (4.20) has been used in MultiTrans for most of the cases.
However, in some cases it is useful to take the anisotropy of the source and the
anisotropic group-to-group scattering into account. The first-order derivatives on
the right-hand side of the equation (4.15) are in this form problematic for the
numeric solution, as they distort the positive definite nature of the second-order
SP; approximation. In Publication V, a solution to this problem has been
suggested. By using the first-order equations (4.13) for the odd-moment terms
(with V operator),
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D () = DE BSE (F) - VD (7)) (4.21)

and

g
@1 (7) =2

(S§(7) ——VCDg 7)) , (4.22)

it is possible to transform the equation (4.15) into the form

Lgr~ L8
-D,V’ +0,, -20,, D, ()
_%O-ao _Dzvz +0, +%O-aO @, ()

S, (7]
_{1 3D, 0 OT S (F)
-2 0 1 D,| |S5:()
S,(F) . (423)

This matrix equation we have called in Publication V “the extended SP;
approximation”. The group source terms S;*(7) and S;*(7) containing
group-to-group scattering are now

§ () =-vorr )+ Yot [y +35F )] @
g'=l.g'#g

and

S’g(r)———VQég( )+— ZG’g >gD’g[V2CD;’g(17)+S3"’g’(?)] (4.25)
g'=lg'#g
where these odd-order source moment terms depend on the second-order
derivatives of the even flux moment terms, and are much easier to solve
numerically.

To further clarify equations (4. 24) and (4. 25) one can remark that these
equations are not recursive: the S #(r) and S #(7) terms on the right-hand
side of the equations are to take into account group-to-group scattering, i.e. with
different energy group index g (inside sum terms) as on the left-hand side of the
equations.
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In addition to the ability to treat anisotropic group-to-group scattering, also
anisotropies of any internal source terms can be treated by the variables
O/4(F), 0% (F), and Qy¥(F): in this case, however, a first-order derivative is
still encountered in source terms equations (4.24) and (4.25). Such anisotropic
internal source terms emerge from first collision source algorithms, for instance.
However, if an analytical solution exists for the uncollided flux in calculation of
the first collision source, the derivatives can be calculated directly without problems.
Also, if the uncollided flux is monotonically decreasing (which is true for an
external beam source for instance), these source terms will always be positive.

Brantley and Larsen have derived material interface conditions and Marshak-like
boundary conditions for second-order SP; approximation from the variational
principle [25]. The material interface conditions for SP; approximation are:

b (7) = b (), 7 e OV (420
Dy* (i, VYD (F) = D (i, - VDG (F) , FedV,,  (4.27)
L (F) = Dy(F) , 7 edV, (4.28)

and
D2 (i, - V)DL (F) = DI*® (7, V)YDLE(F) , Fe ov, . (429
The Marshak-like boundary conditions suggested by Brantley and Larsen [25] are:

SO )+ D G VD )

3 i - 270 ~
and = g(Dig (r)+ sz|ﬂ|V/b(V7ﬂa @)dudg (4.30)
0 -1
2 w4 (7) + DY (- V) ()
40
3 o 3 270 s
_ 2 Hiermya > =
=70 D% (r)+ 5 ![ZQ(I/JI)&// (F, u, @)dpd g (4.31)

where y” (7, 1, ) is the incident flux at boundary.
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In the above, odd-SPy approximations (SP;, SPs, etc.) have been examined. It is
also possible to solve even moment terms and insert them into odd-order
equations, obtaining even-SPy approximations (SP,, SP,, etc.). The SP,
approximation, for instance, consists of one diffusion-like equation instead of
two, and would therefore have even lower computational cost compared to SP;.
The problem is that, in even-SPy approximations, the flux will be discontinuous
at material interfaces, which poses some extra problems for numerical solution.
Brantley has suggested quite recently an approach where diffusion and SP,
approximations are combined to solve these discontinuity problems [75, 76].
This mixed P;—SP, synthetic method has given quite comparable results with
SP; approximation for some cases. A similar approach using mixed P,—DP,
diffusion theory has also been suggested [77].

The original “derivation” of the SPy equations by Gelbard by simply replacing
the 1D derivative operator in slab equations with a 3D operator has been viewed
with suspicion [23, 25]. That is, the theoretical basis of the SPy approximation
has historically been weak, though the numerical results obtained by the
approximation have appeared promising. However, the theoretical basis of the
SPy approximation has evolved. An asymptotic derivation of the SPy equations
in the case of an inhomogeneous medium with multiple energy groups and
anisotropic scattering was first provided by Larsen, Morel, and McGhee [23].
Pomraning has shown that SPy equations with odd N are a variational
approximation to the transport equation in an infinite homogeneous medium
with one-group isotropic scattering [24]. Neither Pomraning’s variational
approximation nor the asymptotic derivation mentioned above produce outer
boundary conditions. Only recently has it been shown by Brantley and Larsen that
SP; equations with Marshak-like boundary conditions can be derived from
variational principle for an inhomogeneous medium with multigroup anisotropic
scattering [25]. These boundary and material interface conditions, equations (4.26)—
(4.31), have been utilised for SP; equations in MultiTrans code, as explained earlier.

It should be noted that in a very similar manner compared to derivation of the
second-order SPy approximation, one can also derive simplified discrete
ordinates SSy approximation. Once again, one starts from the 1D slab equations,
now written as a second-order Sy approximation, which are then generalised to
3D. Such Even-Parity SSy approximation, for instance, has been studied by
Longoni et al. [78-81].

64



There are certain limitations for the applicability of the SP; approximation. Both
the particle absorption probability and the particle escape probability from the
system should be <0.5, and the mean scattering cosine should not be too close to
unity [23]. Also, when the system is heterogeneous, the transport solution should
have only weak tangential derivatives at material interfaces [23]. For problems
that have strong multidimensional transport effects, the SP; approximation is
less accurate [23]. It is also well-known that with the spherical harmonics
method in general, no exact vacuum boundary condition can be determined [15],
and therefore the utilised Marshak-like boundary conditions are also
approximative. For the above reasons, it has been necessary to test MultiTrans
on various computational problems, in order to be able to see the applicability
range of the SP; approximation in practice.

4.2.2 First collision source method

The first collision source method has been used in MultiTrans to process an
external beam source into a distributed fixed source. The reason is that the
collided flux emerging from a highly anisotropic (even monodirectional) beam
source will become at least to some extent more isotropic when treated in this
manner, and can be better approximated with a low-order spherical harmonics
approximation. Similar first collision source methods have been applied earlier
as a source processing option also in other codes [82, 83].

In the first collision source method, the uncollided flux (the flux of photons that
have undergone zero collisions) is solved analytically. This uncollided flux is
then used to generate the distributed fixed source terms for the collided flux. The
collided flux can be solved by the SP; approximation with vacuum boundary
conditions [25]. Total flux is then calculated as a sum of the collided and
uncollided flux for each energy group.

The spherical harmonics Py expansion of the uncollided flux in trigonometric
form would be

Y (F,E,Q) =YY" (F,E,0,0)

N I
~ > Q+1)P" (cosﬁ)(y/},;’)(?,E)cosm¢)+ 7 (F,E)sin mgp)
1=0 m=0 (4.32)
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where the expansion coefficients of the uncollided flux can be calculated (using
orthogonality of the base functions) from integrals

2w
p(0e = J.j(l m) Pm(cosé’)cosm(/)‘f’(”)g(r 0,p)sin0dO dp

(4.33)

and

yne T” (I—m)!
T =g > (1 +m)!

P" (cos@)sinme P4 (7,0,p)sin 0 d6 do

(4.34)
where P"(cos@) are associated Legendre polynomials.

In the case of the simplified spherical harmonics SPy approximation, the
azimuthal dependency of the angular flux is suppressed:

— N
¥ (F,EQ) =Y (F,E0) ~ Y (2l +1)P/(cosO)®" (F,E) . (435)

1=0

In this sense, the SPyn approximation is more restricted than full Py
approximation. Therefore, in the SPy approximation, the moment terms of the
uncollided flux can only be calculated when the uncollided flux has no
azimuthal dependency:

®"%(7) = [ P (cos )% “* (7.0)sin 6 dO) - (4.36)
0

Here P, (cosf) are the Legendre polynomials. It can be easily seen, that this
equation also results in setting m=0 in equations (4.33) and (4.34).

The first collision source moment terms are
O (F) = o [ (F) (4.37)
where o¢ is the Legendre expansion coefficient of the order / of the within-

group scattering cross section and ® "¢ (¥) is the corresponding moment term
of the distributed uncollided flux.
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For an isotropic point source the uncollided flux is
— . . 6718(?9’_’;)
WO (,0) = 6O - Q)g* (R
4nli -7,

(4.38)

where ¢*(7,) is the point source strength in energy group g, 5(Q —Qr) isa
delta function in angle, and S(7,r,) is the number of mean-free-paths between
the source point 7, and point 7 .

As an azimuthal dependency exists, only the scalar term can be calculated from
the integral equation (4.36). Thus, for an isotropic point source the first collision

) ) e‘ﬂ(?ai‘;)
0 (F)=0iq°(r)——
47z|r 7,

source is

(4.39)

and the higher moment terms cannot be taken into account. In other words, the
SP; approximation cannot treat the anisotropy of the uncollided flux emerging
from a point source, as the angular representation of the flux in the SP;
approximation is in a sense one-dimensional. In a homogeneous case, a problem
with an isotropic point source would naturally reduce to a one-dimensional
problem in spherical geometry: the intention is, however, to develop
deterministic transport methods for true three-dimensional heterogeneous
problems, without limiting the applicability to some special cases.

Here we can remark that the underlying SP; equations are rotationally
symmetric. For a point source one could rotate the base functions locally to
eliminate the azimuthal terms, but this cannot be accomplished in the entire

domain in a uniform manner.

For a monodirectional incident boundary surface flux, the uncollided flux is

PO () = 5@ -0, gt (7 )e P U (4.40)

where ¢*(7,) is the surface source strength in energy group g, and QS is the
direction vector of the source surface.
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Now the rotational symmetry of the SP; equations can be used to make the
incident monodirectional beam oriented to the z-direction. Then the equation
(4.40) becomes

PO ) = 50 (7 )e P (@41)

and the first collision source moment terms can be calculated to be
01 (7) = otq* ) P G -F) e, - (4.42)

In a case of the extended SP; approximation, the first-order derivatives needed
for equations (4.24) and (4.25) are simply

-VQ*(r) = E,gaj;gqg(a)e‘ﬂ (7.7 (F—7) e, (4.43)

where & is the average total cross section along the path between the source
point 7, and point 7 , parallel to z-axis.

Additionally, second-order derivatives of the uncollided flux are needed for the
even moments of the source terms (in order to consider the total flux in group-
to-group scattering, not only collided flux):

Vi (7) = (6 P g 7)e PO Goryle . @an

The first collision source produced by several point sources is easily calculated
by superposition. In practice, the source is never exactly point-like, but will
instead occupy a certain source volume. The first collision source method for
point sources might therefore be more useful in computational exercises than in
practice. As noted above, the SP; approximation cannot treat the anisotropy of
the uncollided flux emerging from a point source, and the first collision source
method for (more mathematical than real) point sources in conjunction with the
SP; approximation is generally not so useful. Instead, small volumetric isotropic
sources could be directly inserted as scalar source terms.

With the beam geometry (an accelerator source for instance) the first collision

source method should be applicable also in practice. The methodology described
above has been restricted to monodirectional beams, albeit arbitrary shaped. For
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divergent beams, the azimuthal dependency cannot be defined by the first
collision source method: however, the source moment terms can, in principle, be
calculated in the direction of beam orientation. The calculation of the uncollided
flux would require some additional ray tracing technique in this case.

4.3 Numerical transport algorithm

For a numerical solution, it is necessary to discretise SP; equations into the
octree grid structure. The octree grid has been made regular, that is, the ratio of
the sizes of any adjacent cells is restricted to be at most 2, which facilitates the
discretisation of the equations. The tree structure still makes the grid non-
uniform, and some proper difference scheme must be used. In the MultiTrans
code, the so-called integrated difference scheme has been chosen.

Integrating the Laplacian of the function u over a cell C and applying Green’s
formula, one obtains

[Viuda= [(i-Vudr (4.45)
C oC

where 7 is the normal vector of the cell surface. This is the basis of the
integrated scheme. When the face neighbour cells are the same size, flux over
the side of the cell is approximated by using central difference

- 1
(n -V)u zZ(MN —uc) (4.46)

where /4 is the mesh size; u. and u, are the flux values in the cell and its
neighbour, respectively. Otherwise, the parent of the smaller cell is used:

1

(i -Vu~ 21h
—upyy —Ue ), neigbour N is smaller than C (4.47)

2h

(uN —Up(c ), neigbour N is bigger than C

where the value of the parent cells u,, and u,, is the average of their
children’s values. This averaging can also be seen as a special choice of the fine-
to-coarse restriction operation of the multigrid technique.
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The discretised standard SP; approximation solved by MultiTrans code in
iterative diagonal form is

[— D (ii-V)+ Ko, 0 }Téo}”g’m

0 ~D,R(ii-V)+ ko, | |,

h h

3 2(1)2 e 3 Qi 1
=ho,l,. | +hSE
:0,-359, -3 (4.48)

h

where (ﬁ . V) denotes the central difference determined by equations (4.46) or
(4.47), depending on the local octree grid structure. Similarly, the discretised
extended SP; approximation is:

{_ D -V)+ Ko, 0 Hq»
0 -D,i*(ii-V)+h'o, | |@,]
So i.g
Lo el A
=h30'aoLq32(f)zicp } g +h3{_1; 310)0 (1) l()) } g ?
0,5, |, 3 ]S
S, p o (4.49)

Now the multigrid acceleration technique from Section 4.1.2 can be utilised for
these discretised matrix equations.

Starting from an initial flux guess (usually set to zero) one first calculates the
residual at the leaf cell level from the right-hand side of equation (4.48) or
(4.49). Then the residual is restricted into coarser grids by simple averaging. The
error terms are smoothed by using the diagonal part of the matrix on the left-
hand side of the equations. The error terms are then prolongated to finer grids.
This is done in multigrid cycles: eight V-cycles have been used as a default in
MultiTrans, but this value can be modified by the user. At the leaf cells, the flux
terms are updated. The whole procedure is repeated until the total error at the
leaf cells is small enough, that is, below pre-specified convergence criteria.

The multigroup transport problem is solved by solving a nested sequence of one-
group problems, starting from the highest energy group. The down-scattering
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from higher energy to lower energy groups is taken into account through an
effective source term on each one-group problem, calculated with the use of
corresponding group-to-group scattering cross sections. However, if up-scattering
exists (at low thermal neutron energies this is the case), outer source iterations are
required. In other words, the sweep through the multigroups has to be restarted
from an energy level where up-scattering still has a contribution and repeated until
the source converges. A similar need for outer source iterations is encountered also
in the case of photon-electron calculation with full coupling, that is, when photons
create electrons, but electrons also create photons (e.g. bremsstrahlung), and
therefore “up-scattering” from electron groups to photon groups also exists.

The outer source iteration strategy is required also in the multiplication
eigenvalue search. The multiplication eigenvalue for criticality problems is
solved by the MultiTrans code with an algorithm similar to the standard source
iteration method for multigroup diffusion equations [34]. First, some initial
guess for the fission source and the multiplication eigenvalue are set. Next, the
multigroup SP; equations are solved iteratively with the tree multigrid technique,
by starting from the highest energy group and proceeding towards the lowest.
Having done so, a new fission source

G
1) = " g e )
SPF) =D vEo 0V (F)
g'=1
and a new multiplication eigenvalue
[s9@dr

kO =
k(lo)js;‘” (F)d’r

are calculated, and a new sweep for solving the multigroup SP; equations is
started. The whole procedure is repeated until the multiplication eigenvalue and
the fission source converge. The convergence criterion is defined as

k(n) _k(n—l) S;n) _S;n—l)
— 1 <¢& and/or max————|<¢&,.
k(n) S(n) 2
S

The solution strategy for multigroup problems including outer source iterations
is shown on a general level in Figure 13.
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Figure 13. Flow chart of the iteration strategy in the MultiTrans code for

solving multigroup and outer source iteration problems (on a general level).
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5. Applicational scope of the new radiation
transport code

The new MultiTrans radiation transport code — having no especial geometrical
restrictions — could in principle be applied to any 3D radiation transport
problem. However, the applicability range of the used SP; approximation limits
the accuracy of MultiTrans, and therefore careful validation between different
computational methods and verification against measurements are required for
different applications. The validation and verification process has been the major
objective of the research work reported in Publications II-V. The main results
and some application specific issues are reviewed and discussed in the following
sections.

5.1 Dose planning in BNCT

BNCT patients can be different in their size and shape and have tumours in
different locations. Individual treatment planning is therefore required for
accurate absorbed dose delivery. The primary aim of the treatment planning is to
ensure a high enough tumour dose for meaningful and ethically acceptable
treatment, with sufficiently low radiation risk to sensitive organs and tissues
outside the planning target volume (PTV). The accuracy requirements of
radiation therapy have already been briefly discussed in the Introduction,
Section 1. It is worth repeating, that 5 % accuracy is recommended for absorbed
dose delivery in radiotherapy [26]. An important limiting factor is the
narrowness of the therapeutic window for the patient dose: often the adverse
effects start to appear in the healthy tissue at lower absorbed doses before the
complete tumour control (see Figure 2 in Section 1).

A treatment planning system (TPS) suitable for BNCT requires a verified beam
model, methods for handling the patient geometry — e.g. software to create a
voxelised geometry from computed tomography (CT) or magnetic resonance
imaging (MRI) —, and some radiation transport algorithm to calculate the dose to
various parts of the geometry [84]. The construction of an FiR 1 epithermal neutron
beam model and dose calculations for verification of TPS used at the Finnish BNCT
facility have been described in the academic dissertation of Tiina Seppild [10].
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In addition to treatment planning, computational methods are required for
dosimetrical purposes, e.g. for planning different measurement setups and
suitable irradiation times for detectors. Comparison of the dosimetrical results to
the dose planning calculations can supply important knowledge on the accuracy
of the computational method. This is vital for verification of the computational
system used for treatment planning.

The whole MultiTrans code development started from the intention to replace
the time-consuming Monte Carlo method in BNCT dose planning with a fast,
deterministic and accurate radiation transport method. The tree multigrid
technique was recognised as a promising tool for this purpose, as the self-
adaptive meshing could be used to model the complicated structure of organs
and tissues with great accuracy. As one of the first progresses, the self-adaptive
meshing was tested for segmented CT images of a human head. The cross
section of the resulting tree multigrid is shown in Figure 14.
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Figure 14. Segmented CT image (left) and a cross section of the corresponding
tree multigrid (right).

As a radiation transport approximation, second-order P; equations, Egs. (3.21)—
(3.26), were first considered. However, the implementation of these equations
into an iterative tree multigrid algorithm was found too complicated. Especially
the discretisation of the mixed derivatives (8x8y for example) in an effective
way on a regular but non-uniform 3D tree multigrid was far from trivial. For this
reason, it was decided to implement a simpler but less accurate SP; transport
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approximation. However, the implementation of full P; approximation with an
iterative tree multigrid solver should not be entirely excluded.

For BNCT dose planning purposes, it was necessary to be able to read the
boundary source, i.e. the FiR 1 treatment planning source plane, into MultiTrans
for dose-planning calculation. The treatment-planning source has been first
derived by 2D calculations with the discrete ordinates code DORT [85],
including the FiR 1 core model and subsequent transport calculation through the
moderator and collimator structures of the FiR 1 epithermal beam [10]. The
design of the Finnish BNCT facility is described elsewhere [4, 5, 10], but generally
speaking, the fast fission neutron spectrum of the reactor core has been moderated
into a more suitable energy range and collimated into a purpose-built treatment
room. Special moderator material, Fluental™, has been developed at VIT in
order to obtain a good epithermal neutron flux with high enough intensity and
low, fast neutron and gamma contamination, even with a small research reactor
such as FiR 1 TRIGA Mark II with 250 kW nominal power [4, 86].

Separate aperture plates of the FiR 1 BNCT collimator structure, made from
lithiated polyethylene, can be easily added or removed, giving beam diameter
options of 8, 11, 14, 17 and 20 cm. The 14 cm aperture has most often been used
in patient treatments. The treatment-planning source for a 14 cm diameter beam
aperture is situated 5 cm inwards of the beam direction into the collimator
structures. It has been first calculated by DORT and then further processed for
use in TPS by averaging the forward current over a 22 cm diameter circular area
for each BUGLE energy group (47 neutron groups and 20 gamma groups) of
DORT calculation [10]. Separate angular distributions by 10 cosine cut points in
the forward direction have been defined for each energy group.

The treatment planning source for a 14 cm aperture has been used in MultiTrans.
However, for some reason, using the source plane directly in the boundary
condition seemed to thwart the convergence with the tree multigrid technique.
This was perhaps just due to some mistake in the implementation of source
values on different grid levels. Yet, instead of defining the source as a boundary
condition, it was decided to use the first collision source method. The first
collision source method has already been discussed in Section 4.2.2. The
advantage of the first collision source in conjunction with the SP; approximation
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is that the collided flux is more isotropic than the uncollided one, and therefore
can be better approximated with a low-order spherical harmonics approximation.

As a suitable benchmark for validation and verification of the MultiTrans code, a
cylindrical polymethyl-methacrylate (PMMA) phantom situated in the FiR 1
epithermal neutron beam with a 14 cm aperture was chosen. The solid PMMA
phantom has a 20 cm diameter and 24 cm length, and PMMA is one of the tissue
substitutes used in radiation dosimetry [87]. The phantom has removable centre
pieces with 2 cm diameter and various shapes, e.g. to attach ionisation chambers,
thermoluminescent detectors (TLD’s) or small diluted manganese-aluminium
(Mn-Al) or gold-aluminium (Au-Al) foils at different depths at the central axis
of the phantom.

To be more specific, the above-mentioned Mn-Al and Au-Al foils are used for
neutron activation measurements: Mn and "’Au have a large probability to
capture neutrons and as a consequence to become activated. The activation
products emit gamma radiation with distinctive energies. These photo-peaks can
be measured after the irradiation with a gamma spectrometer, and taking the
decay and the geometry of the measurement setup into account, the specific
saturation activity of the foils can be defined [88]. The reason why Mn and Au
ingredients have been diluted in Al is to avoid self-shielding in the neutron field
due to strong neutron absorption, i.e. capture reaction.

The neutron activation measurements are a very accurate method to measure the
neutron field, and insensitive to other radiation qualities, which is usually not the
case with other measurement techniques. If the energy cross sections for neutron
capture reactions are known, it is possible to calculate the corresponding
responses from neutron energy spectra. Thus, it is possible to directly compare
the measured and calculated activation reaction rates. It is also possible to adjust
a calculated spectra based on measurements over a large set of different
reactions with different response energies: such a procedure has been applied for
the TPS source of the FiR 1 epithermal neutron beam, to further improve the
source model [10, 89-92].

An extensive number of measurements have been performed in the FiR 1 beam

with different phantom geometries and phantom materials, and multiplicity of
measurement techniques [89-102]. The cylindrical PMMA phantom has been
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perhaps most widely used. For instance, in each week having patient irradiation,
diluted Mn-Al (1 wt-% Mn) and Au-Al (1 wt-% Au) foils are irradiated in the
PMMA phantom at 2 cm depth, in order to check the neutron activation for
quality assurance of the beam monitors used to control irradiation [103].

In Publication II, MultiTrans calculations have been compared to measured and
calculated '”’Au(n,y) and *’Mn(n,y) reaction rates at the central axis of the
PMMA cylinder. The computational comparison included the discrete ordinates
(Sy) code DORT and the Monte Carlo codes MCNP and SERA, the SERA
calculations being made by Tiina Seppéld. Also different physical dose
components, such as fast neutron hydrogen proton recoil dose, proton dose from
nitrogen neutron capture reaction '*N(n,p), and the gamma dose (mainly from
hydrogen neutron capture), were compared to the values calculated by DORT.
The same BUGLE-80 cross section library with 47 neutron and 20 gamma
energy groups was used with both MultiTrans and DORT.

It was noted for instance, that '*’Au(n,y) and *Mn(n,y) reaction rates at 2 cm
depth in the phantom (at thermal maximum) calculated by MultiTrans
differed -3 % and +1 % from the measured values, respectively, and were within
the measurement uncertainty, approximated to be 5 %. The total neutron dose at
2 cm depth in the phantom calculated by MultiTrans differed -4 % compared to
the DORT result. The major disadvantage in the MultiTrans calculations was the
inability to calculate the neutron-induced gamma dose accurately enough. A
notable discrepancy was found in the gamma dose calculated by MultiTrans,
being -16 % at 2.5 cm depth (at gamma dose maximum) compared to the DORT
result. The shape of the depth curve of the gamma dose calculated by MultiTrans
was also different from that calculated by DORT. The reason for this
discrepancy was probably the long mean free paths of energetic 2.2 MeV
photons induced from the hydrogen neutron capture reaction: the transport
problem for energetic photons might not be optically thick enough for SP;
approximation to be valid.

The MultiTrans calculations took 14 minutes on a desktop PC with a 200 MHz
Pentium processor. The minimum octree cell side length was 0.38 cm. The
MCNP and SERA simulations were run on a Sun Ultra60 SPARC station. The
MCNP simulation was run for five days resulting in over 150 million particle
histories. The SERA calculations took one hour with 10 million particle histories
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and 1 cm’® voxel size. It should be noted, however, that in order to produce the
same statistical uncertainty with SERA having a 0.38 cm voxel side length
(0.055 cm’ volume) instead of 1 cm (I ¢cm’ volume), approximately 18 times
longer running time and amount of particle histories would have been required.
With the same resolution, MultiTrans would therefore be about 2 magnitudes
faster. However, this value is only speculative.

5.2 Radiation transport of photons and electrons in
conventional radiotherapy

Despite the difficulties encountered in calculation of the gamma dose in BNCT
by MultiTrans, it was decided to study further the applicability range of SP;
approximation in photon transport problems of conventional radiotherapy. In
addition, also transport of electrons as secondary charged particles was
considered. This work was done in collaboration with Varian Medical Systems
Finland Oy, and the main results have been reported in Publication V.

The idea was that, even though the photon transport seemed not to work so well
for high-energy photons such as 2.2 MeV gammas from hydrogen neutron
capture in BNCT, the SP; approximation might still work for low-energy photon
sources, used for instance in brachytherapy. The specific goal was to find out the
applicability range of the SP; approximation in coupled photon-electron
transport problems.

Brachytherapy, also known as sealed source radiotherapy or endocurietherapy, is
a form of radiotherapy where a radioactive source is placed inside or next to the
area requiring treatment [104]. Encapsulated '*I, "*'Cs, and '’Ir are currently
the most widely used sources in brachytherapy and are used to treat localised
malignancies in nearly every body site. However, the influence of tissue and
applicator heterogeneities on brachytherapy dose distributions is not well
understood, despite widespread use of shielded applicators in intracavitary
therapy [30, 31, 105-107].

Electrons induced in photon interactions are the secondary particles which

finally deposit the energy into tissue and after all cause the physical dose. It is
possible to estimate the dose from photon fluence by using mass-energy
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absorption coefficients [29]. However, for this estimation to be valid, a sufficient
local secondary charged particle equilibrium (c.p.e.) condition is required. By
calculating the electron transport in detail, and then converting the electron
fluence into deposited energy, the absorbed dose can be calculated more
accurately, without the requirement of the c.p.e. condition. This is an important
issue with strong material heterogeneities.

Electron transport is in general described by the Boltzmann-Fokker-Planck
equation, but using the continuous-slowing-down approximation (CSDA) and
defining electron “pseudo” cross sections, the Boltzmann equation for neutral
particles can be applied for electrons as well [32]. Thus, it was realised, that by
suitable modification of the cross sections, it was possible to solve also electron
transport by MultiTrans without any code changes, except for the library
routines for handling the coupled photon-electron cross sections. The
modification of the electron cross sections into “pseudo” cross sections was done
with the CEPXS code [108].

Calculations were performed for different coupled photon-electron transport
problems, which are described in detail in Publication V. These test problems
included monoenergetic photon point sources from 10 keV to 2 MeV in water
[109] representing a simplified brachytherapy source in homogeneous media,
and different dose-planning problems for monoenergetic monodirectional beam
sources, including also some heterogeneous test problems. Comparison
calculations were performed by Varian using the EGS4 Monte Carlo code
system [58, 110]. Both standard and what we have called “extended SP;
approximation” (Section 4.2.1 and Publication V) were used in the MultiTrans
calculations, the latter one taking also anisotropic group-to-group scattering into
account. For example, in the case with monoenergetic photon point source, the
dose calculated by MultiTrans agreed within 6 % compared to the EGS4 results
with 25, 35, 70 and 125 keV energies. However, with higher energies the results
were in larger disagreement, with maximal +18 % difference between
MultiTrans and EGS4 for 1.75 MeV source photons, at about 10 cm distance
from the point source. As another example, with a monodirectional 125 mm x
125 mm beam source of 7 MeV photons exposed to a large water cylinder, the
dose at 2, 5 and 10 cm depths along the beam centreline calculated by
MultiTrans differed -6 %, -6 % and -9 % with extended SP; approximation, and
+7 %, 0 % and -4 % with standard SP; approximation, respectively, compared to
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EGS4 results. Even though the extended SP; approximation disagreed more than
the standard approximation from the absolute value of the EGS4 solution, the
conclusion of the study was that the extended SP; approximation seemed to be
advantageous when compared to the standard formulation, as it better duplicated
the shape of the depth-dose curve, the position of the dose build-up maximum
and the profile shape of the off-axis ratios (Publication V). However, with high
photon energies both approximations failed to produce accurate results.
Therefore we further concluded that the method was not directly applicable for
treatment planning in conventional radiotherapy, where the uncertainty of the
dose to the patient should not exceed 5 % [26].

In the future, the accurate Monte Carlo method will probably be more and more
applied in clinical radiotherapy treatment planning. At the moment, computer
capacity limits the wider use of the Monte Carlo method, and semi-empirical
methods (utilising measured dose distributions in water) are still often used for
clinical dose planning. It is worth noting, that clinical treatment-planning
software using the Monte Carlo method do exist [111, 112]. Fast deterministic
transport methods such as MultiTrans would be advantageous compared to the
semi-empirical approach, especially in the case of strong tissue heterogeneities
that cannot be correctly taken into account with the traditional methods.
However, the accuracy of the SP; approximation used in MultiTrans seems not
to be good enough for treatment-planning purposes. This is especially the case
with the accuracy of the photon transport. For electron transport, the SP;
approximation might work much better, as for electrons one can expect the
system to be optically thicker. In Publication V we have suggested a hybrid
scheme where photon transport would be solved by Monte Carlo and subsequent
secondary particle (electron) transport by MultiTrans. This would use the best
sides of both methods, as the Monte Carlo method is capable for accurate photon
transport but handles electron transport very slowly due to Coulomb
interactions; this electron transport might be solved by MultiTrans in an accurate
and efficient way. Accuracy of the transport of secondary electrons with SP;
approximation in 3D, however, remains to be seen.
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5.3 Reactor physics

Radiation transport codes have been traditionally developed and applied in the
field of reactor physics. Typical radiation transport problems are, for instance,
criticality safety analysis, radiation protection calculations, determination of
various detector responses, and out-of-core neutron dose calculations.

Fission source and neutron transport calculations of the reactor core are often
handled by simplistic 1D or 3D nodal methods: the core is divided into
homogenised segments and only few-group (for instance 2-group) nodal
calculations are performed. Such simplistic but efficient methods for neutron
transport and fission source modelling are especially needed in transient and
accident analysis, where fission source and related power density and heat
generation is coupled with thermal hydraulics in order to model the overall
dynamic behaviour of the reactor core under different operating conditions.

In more detailed calculations, such as 3D modelling of (unhomogenised) fuel
bundles or modelling of the axial and radial leakage terms of the core, more
sophisticated radiation transport methods are required. Especially 3D out-of-core
calculations with streaming and deep penetration of the radiation are very
demanding. Such calculations are needed, for instance, to estimate the pressure
vessel steel embrittlement or in activity inventory calculations of a nuclear
power plant for decommissioning planning. It should also be noted that reactor
physics problems are not restricted to the reactor core, but often the problem is
to determine the criticality safety, radiation protection or heat generation in
transportation casks or fuel storage pools, etc. Such problems often require
detailed modelling of the criticality eigenvalue or source terms, sometimes
coupled with burn-up and depletion calculations in order to estimate the isotopic
concentration.

In the reactor physics field, the MultiTrans code was first applied to a simplistic
two-group pressurised water reactor (PWR) benchmark with a fixed source,
reported in Publication 1. Since the demonstration of the applicability of the
MultiTrans code to various dose-planning problems in BNCT and conventional
radiotherapy, MultiTrans has increasingly been tested also in traditional reactor
physics problems. Implementation of an outer source iteration method for
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multiplication eigenvalue problems, for instance, has been described in
Publication III, and discussed in Section 4.3.

For testing the multiplication eigenvalue search algorithm, two problems were
chosen from the proposal of 3D neutron transport benchmarks by the Osaka
University to OECD Nuclear Energy Agency (NEA) Committee on Reactor
Physics [113, 114]. The first one is a small light-water reactor (LWR) with a
core model of Kyoto University Critical Assembly (KUCA), and the second one
is a small fast breeder reactor (FBR). The LWR and FBR geometries and the
cross sections of the corresponding octree grids are shown in Figures 15 and 16,
respectively.

The LWR benchmark was a 2-group problem, and the FBR benchmark a 4-
group problem. In both benchmarks, the objective was to calculate the control-
rod-worth. In the LWR benchmark the control rod was either inserted or
withdrawn, the control rod position being empty void in the latter case. In the
FBR benchmark the control rod was inserted or half inserted, the empty position
being replaced by sodium coolant. The control-rod-worth was defined to be the
value

1 1

eff rod in keﬂ .

rod out

For the FBR benchmark, the calculated multiplication eigenvalues and the
corresponding control-rod-worth agreed well with Monte Carlo results reported
by Takeda and lkeda [114]. For the case with the control rod half inserted, the
difference in MultiTrans results for k. was +0.37 %, and for the case with
control rod inserted +0.32 %, compared to the Monte Carlo results, respectively.
For calculated control-rod-worth, the difference between the MultiTrans and
Monte Carlo results was +3.4 %. Also for the LWR benchmark, the k¢ agreed in
the case when the control rod was inserted, with +0.24 % difference between the
MultiTrans and Monte Carlo results. However, in the LWR rod-out case with
void region, the MultiTrans value for k.; was inaccurate with -2.6 % difference
compared to the Monte Carlo result, which also led to negative control-rod-
worth. This inaccurate result for the rod-out case was concluded to happen due
to long neutron streaming paths in the void region, which is problematic for the
SP; approximation.
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Figure 15. CAD model of the KUCA LWR core benchmark (left) and cross
sections of the corresponding octree grid (right).
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Figure 16. CAD model of the FBR core benchmark (top left) and cross sections

of the corresponding octree grid.

The calculated LWR and FBR benchmarks demonstrated the applicability of the
new MultiTrans code to criticality problems for the first time. However, in order
to test more thoroughly the applicability of the MultiTrans code in reactor
dosimetry problems, two VENUS benchmarks were calculated.

The VENUS Ceritical Facility is a zero power reactor located in Mol, Belgium,
used to study LWR core designs. Measured data exists for verification of the
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computational results, and benchmarks have been calculated with several
different codes, offering a good resource for experimental and computational
data to test a new transport code.

Many commercial power plants in Europe and Japan use reprocessed mixed
oxide (MOX) uranium and plutonium fuel (UO,-Pu0O;) in addition to the
uranium oxide (UO,) fuel. The use of MOX fuel in LWRs presents different
neutron characteristics, and therefore the VENUS-2 MOX-fuelled reactor
dosimetry benchmark [115] was launched by OECD NEA in 2004 to test the
current state-of-the-art computation methods of calculating neutron flux to
reactor components against the measured data of the VENUS-2 MOX-fuelled
critical experiments.

Twelve groups worldwide participated in the VENUS-2 blind benchmark
providing 15 different solutions [116]. VTT attended with 3 different codes:
MultiTrans, TORT and MCNP [116, 117]. The task was to calculate **Ni(n,p),
In(n,n’), "“Rh(n,n’), “Zn(n,p), *'Np(n,f), and *’Al(n,a) reaction rates and the
corresponding equivalent fission fluxes measured on the core mid-plane at
specific positions outside the core of the VENUS-2 MOX-fuelled reactor. The
benchmark geometry is shown in Figure 17. In the MultiTrans calculations, all
material regions were modelled in detail, except that the fuel pin, fuel cladding,
and water regions were homogenised over each fuel zone. The external regions
outside the jacket inner wall (air, jacket outer wall, reactor vessel, water, and
reactor room) were omitted from the model, as they can be assumed to have no
significant effect on the responses at the measurement points.

The BUGLE-96 cross section library with 47 neutron groups was used in the
transport calculations by MultiTrans. *°U and **’Pu fission spectra were taken
also from the BUGLE-96 library, weighted by the relative portions of the main
fissile isotopes in the VENUS-2 core. The International Reactor Dosimetry File
(IRDF) was used in calculation of the dosimetry responses. IRDF-90 version 2
dosimetry cross sections for reactions >*Ni(n,p), '"“In(nn’), '“Rh(nn’),
%Zn(n,p), *'Np(n,f), and *’Al(n,a) were condensed into the BUGLE energy
group structure from the SAND-II energy group structure (640 groups) by using
X333 utility program from the neutron metrology file NMF-90 [118]. The
combined Maxwell, 1/E, and fission weighting spectrum was used. The
MultiTrans criticality calculation with 2,530,817 mesh cells took 16.0 hours on a

85



desktop PC with a 3.0 GHz Pentium4 processor [117]. TORT criticality
calculation with 648,270 mesh cells took 18.7 hours on an AlphaServer ES45
workstation with four EV6.8CB 1.0 GHz processors [117].

Figure 17. CAD model of the VENUS-2 MOX-fuelled reactor dosimetry
benchmark (left) and a cross section of the corresponding octree grid at core
mid-plane (right).

The results obtained by MultiTrans were fairly comparable to other reported
results of the VENUS-2 benchmark [116]. For instance, equivalent fission fluxes
calculated in 32 **Ni(n,p) detector positions by MultiTrans were all within
+20 %, and most of them within £10 %, compared to measured values. The
equivalent fission flux values calculated by MultiTrans for the '“In(n,n’)
detector positions, on the other hand, showed about £20 % of scatter band in
stainless steel zones and about +£30 % in water zones [116]. Especially,
discrepancies were noted in the MultiTrans results in the detector positions
where the solution starts to behave more transport-like and the applicability of
the SP; approximation becomes more limited.

In Publication IV, application of the MultiTrans code to VENUS-3 benchmark
has been reported. The core loading in VENUS-3 is completely different from
the VENUS-2 benchmark described above. VENUS-3 is a LWR pressure vessel
steel benchmark with partial length shielded assemblies [119], and the results of
the computational benchmark have been published by NEA [120]. The well-
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documented experimental and computational data has been a good resource to
test the performance of the MultiTrans code.

The VENUS-3 benchmark geometry is shown in Figure 18. Again, the material
regions were modelled in detail, except that the fuel pin, fuel cladding, and water
regions were homogenised over each fuel zone and external regions outside the
jacket inner wall were left out of the model, as their effect is negligible.

Figure 18. CAD model of the VENUS-3 LWR pressure vessel steel benchmark
with partial length shielded assemblies (left) and a cross section of the
corresponding octree grid at 10 cm below the core mid-plane (vight).

The partial length shielded assemblies make the VENUS-3 benchmark
especially a 3D radiation transport exercise. The task was to calculate **Ni(n,p),
"In(n,n’), and *’Al(n,a) reaction rates in specific in-core and out-of-core
detector positions distributed also axially: a total of 244 detector positions were
defined for nickel, 104 detector positions for indium, and 38 positions for
aluminium. The reaction rates calculated by MultiTrans agreed well with the
experimental values: the majority of the values were within 5 % for Ni and Al,
and within 7 % for In. The deviation was larger than 20 % only in 2 detector
positions of Ni in the uppermost region of the partial length shielded assemblies,
and in one detector position of In and Al in the core barrel near the corner of the
partial length shielded assemblies. In these positions, the solution behaves
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probably more transport-like and the SP; approximation is, once again, less
valid. In this VENUS-3 benchmark, the results obtained by MultiTrans are very
comparable to the reported results obtained by other computational methods
[120]. The MultiTrans calculations for 47 BUGLE neutron groups took 70
minutes on a desktop PC with a 3.0 GHz Pentium4 processor.

For the VENUS-3 benchmark, a fixed source from venus3.src file from NEA-
1517/69 SINBAD-VENUS-3 distribution CD was used. This required
implementation of a new source routine that could read the source file and
distribute the source into the octree cell structure with correct weighting. That is,
the average source in each octree cell is calculated from an arbitrary source
distribution given in an external file, with no need that this source distribution
data should match the boundaries of the octree cells. The use of this source
routine is not restricted to the VENUS core, but can be used to describe the
power distribution of any reactor in a very general format.

In addition to the distributed source routine, a special interpolation algorithm
was developed and implemented into MultiTrans for both VENUS benchmarks.
In order to be able to define the reaction rate in the precise detector position, the
cell averaged values had to be interpolated correctly. Interpolation would be
rather straightforward in an equidistant mesh, but in a non-uniform octree mesh
the interpolation becomes more complicated. A kind of 2-step linear
interpolation method was implemented, where one first interpolates the vertex
values of the cubic voxel containing the specific point, and then uses these
vertex values for the final linear interpolation inside the cell.

An attempt to use MultiTrans code in the calculation of the C5G7 MOX
benchmark extension has also been made [121, 122]. However, in this particular
benchmark, no results could be obtained due to memory limitations. In the C5G7
benchmark geometry the fuel assemblies are non-homogenised, that is, each fuel
rod is included in the model, see Figure 19. With cubic elements the required
number of octree cells becomes extremely high if one tries to distinguish the
heterogeneous fuel and moderator material regions, resulting in an inevitable
computer memory overflow.
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Figure 19. CAD model of the NEA C5G7 MOX benchmark extension, excluding
the moderator region. In the picture the different fuel pins of the core are shown,
as well as the control rods and the fission chambers extending above the core
into the upper axial reflector.

The cubic cells are problematic in the C5G7 benchmark, as the axial meshing
becomes oversized for heterogeneous fuel bundles. It might be possible, with
some modifications to use a different axial length for the octree cells. The octree
cells could perhaps be made rectangular in the axial dimension. In this way, the
required number of octree cells for modelling a non-homogenised fuel bundle
could be greatly reduced and the application of the MultiTrans code to such
problems might become feasible. This would require further studying, however.

In general, the applicability of the MultiTrans code to reactor physics problems

has been demonstrated. The VENUS-2 and VENUS-3 benchmarks show that the
calculated results by MultiTrans are fairly comparable to the results obtained by
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other methods. Void regions are problematic for the SP; approximation, though,
as shown by the KUCA LWR rod-out case. At the moment, the ability of
MultiTrans to model heterogeneous fuel assemblies is also restricted due to large
memory requirement encountered in such cases: application of a deterministic
code to such heterogeneous 3D problems would represent the real state-of-the-art.
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6. Summary and conclusions

Neutral and charged particle transport theory in conjunction with the tree
multigrid technique has been studied. A new deterministic radiation transport
method, based on the tree multigrid technique and simplified spherical
harmonics SP; approximation, has been developed and applied to 3D neutron
transport modelling (Publication I) and to BNCT neutron and photon dose
planning (Publication II). The applicability of the novel MultiTrans radiation
transport code has been further extended to multiplicative systems (Publication
III) and to coupled photon-electron transport problems (Publication V). In order
to validate and verify the code performance, MultiTrans has been tested for a
wide variety of different types of neutral and charged particle transport problems
encountered both in radiotherapy and in reactor physics (Publications [-V).

The results obtained with the new MultiTrans code are somewhat twofold: in
some cases the results are pretty good and promising, but in some other cases
obviously inaccurate. For instance, in BNCT dose-planning problems, the
neutron dose and related dosimetric responses seem to be modelled rather
accurately, but the calculated photon dose is in disagreement with other
computational methods and measurements. The problems have been related to
the used SP; approximation of the transport equation. Especially geometrical
areas with low density — or low optical thickness for the radiation quality, to be
more specific — have been problematic for the simplified spherical harmonics
approximation. For air inhomogeneities, some ray-tracing technique might
overcome this problem [42].

Sometimes combining different methods can lead to the best results [123]. For
example, deterministic radiation transport methods (even quite approximative)
can be used to solve the adjoint flux and thereby determine the optimal
importance distribution for Monte Carlo variance reduction [124, 125]. Then the
accurate Monte Carlo method can be used in an effective manner to solve the
actual forward problem. Another combination of different methods is to use an
approximative solution (such as diffusion solution) as a preconditioner for some
more accurate deterministic method. In other words, the problem is first solved
with one method, and the solution is then used as an initial guess to accelerate
the iterative solution by the more accurate method. Recently, Even-Parity SSy
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approximation (very similar to SPy) has been used as such a preconditioner for
Sy method with great success [78—81]. The multigrid acceleration can also be
seen as sort of preconditioner.

In Publication V we have suggested a combination of Monte Carlo method and
deterministic solution of SP; approximation with the tree multigrid technique.
The idea would be to solve the photon flux by the accurate Monte Carlo method,
and then do the subsequent electron transport calculation by MultiTrans. The
electron transport calculations are handled very slowly by the Monte Carlo
technique, while MultiTrans might produce the solution both fast and accurately.
The combined performance of the methods might prove to be both fast and
accurate, and could be useful in radiotherapy dose planning, especially in the
cases with strong material heterogeneities.

As a conclusion, it seems that SP; approximation is best suited for radiation
transport problems which are diffusion-like and have low void fraction, such as
homogenised PWR core calculations. In that kind of transport or criticality
problems the SP; approximation should produce much better results than simple
diffusion theory. For out-of-core calculations SP; approximation is less suited,
especially if there is streaming or deep penetration of radiation, that is, if the
solution behaves very transport-like. For such cases, more accurate methods
exist and should be applied. In radiotherapy applications some hybrid methods
would be required to meet the required accuracy. Such methods might be worth
further study.

The tree multigrid technique has proved to be efficient. The CAD interface
makes MultiTrans a flexible design tool. The CT interface enables radiotherapy
applications. The usefulness of the new MultiTrans code has been indicated by
verifying and validating the code performance for different types of neutral and
charged particle transport problems, reported in separate publications
(Publications I-V).

92



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Bibliography

Kankaanranta, L., et al., “First clinical results on the Finnish study on
BPA-mediated BNCT in glioblastoma”, in 9th International Symposium
on Neutron Capture Therapy for Cancer, Program & Abstracts, (Osaka,
Japan, 2000), pp. 31-32.

Joensuu, H., et al., “Boron neutron capture therapy of brain tumors:
clinical trials at the Finnish facility using boronophenylalanine”,
J. Neuro-Oncol. 62 (2003), pp. 123-134.

Kouri, M., et al., “Undifferentiated sinonasal carcinoma may respond to
single-fraction boron neutron capture therapy”, Radiother. Oncol. 72(1)
(2004), pp. 83-85.

Auterinen, 1. and Hiismiki, P., “Epithermal BNCT neutron beam design
for a Triga II reactor”, in A. H. Soloway and R. F. Barth (Eds.),
Proceedings of the 5th International Symposium on Neutron Capture
Therapy, (Columbus, Ohio, 1992), Advances in Neutron Capture
Therapy, (Plenum Press, New York, 1993), pp. 81-84.

Auterinen, L., et al., “Metamorphoses of a 35 year-old Triga reactor into
a modern BNCT facility”, in M. F. Hawthorne, K. Shelly and R. J.
Wiersema (Eds.), Frontiers in Neutron Capture Therapy, (Kluwer
Academic, New York, 2001), pp. 267-275.

Barth, R. F., et al., “Boron Neutron Capture Therapy of Cancer: Current
Status and Future Prospects”, Clin. Cancer Res. 11(11) (2005),
pp- 3987-4002.

Nigg, D. W., “Methods for radiation dose distribution analysis and
treatment planning in boron neutron capture therapy”, Int. J. Radiat.

Oncol. Biol. Phys. 28 (1994), pp. 1121-1134.

Nigg, D. W., et al., “Computational dosimetry and treatment planning for
boron neutron capture therapy”, J. Neuro-Oncol. 33 (1997), pp. 93—104.

93



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Nigg, D. W., “Computational dosimetry and treatment planning
considerations for neutron capture therapy”, J. Neuro-Oncol. 62 (2003),
pp. 75-86.

Seppdld, T., FiR 1 Epithermal Neutron Beam Model and Dose Calculation
for Treatment Planning in Neutron Capture Therapy, Ph.D. thesis,
University of Helsinki (2002), Report Series in Physics, HU-P-D103,
46 p. + appendices.

Seppéld, T., et al., “Aspects of dose planning and patient positioning for
BNC-treatment at FiR 17, Med. Biol. Eng. Comput. 37 (1999), pp. 402—403.

Simbierowicz, P. and Olin, M., “Investigation of the influence of
heterogeneous porosity on matrix diffusion: A novel approach using
adaptive tree-multigrid technique and real porosity data”, in W. Gray
and 1. Triay (Eds.), Scientific Basis for Nuclear Waste Management XX,
Symposium Proceedings, vol. 465, (Materials Research Society, Pittsburgh,
1997), pp. 847-854.

Gaspar, C. and Simbierowicz, P., “Difference schemes in tree-structured
multigrid context”, Computational Methods in Water Resources IX,
vol. 1, (Elsevier Applied Science, 1992), pp. 555-562.

Gaspar, C., Jozsa, J. and Simbierowicz, P., “Lagrangian modelling of the
convective diffusion problem using unstructured grids and multigrid
technique”, in L. C. Wrobel and C. A. Brebbia (Eds.), Proceedings of the
Ist International Conference on Water Pollution, (Southampton, 1991),
Water Pollution: Modelling, measuring and prediction, (Elsevier Applied
Science, Computational Mechanics Publications, 1991), pp. 299-312.

Duderstadt, J. and Martin, W., Transport Theory, (Wiley, New York, 1979).

Davison, B., Neutron Transport Theory, (Oxford University Press,
London, 1957).

Lewis, E. E. and Miller, W. F. Jr., Computational methods of neutron
transport, (Wiley-Interscience, New York, 1984).

94



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Fletcher, J. K., The Solution of the Multigroup Transport Equation Using
Spherical Harmonics, UKAEA TRG-Report-2547 (R), (United Kingdom
Atomic Energy Agency, Risley, 1974).

Fletcher, J. K., Further Work on the Solution of the Static Multigroup
Neutron Transport Equation Using Spherical Harmonics, UKAEA
TRG-Report-2849 (R), (United Kingdom Atomic Energy Agency,
Risley, 1976).

Gelbard, E. M., Application of Spherical Harmonics Methods to Reactor
Problems, WAPD-T-1182, (Bettis Atomic Power Laboratory, 1961).

Gelbard, E. M., Simplified Spherical Harmonics Equations and Their Use
in Shielding Problems, WAPD-T-1182, (Bettis Atomic Power Laboratory,
1961).

Gelbard, E. M., Applications of the Simplified Spherical Harmonics
Equations in Spherical Geometry, WAPD-TM-294, (Bettis Atomic
Power Laboratory, 1962).

Larsen, E. W., Morel, J. E. and McGhee, J. M., “Asymptotic Derivation
of the Multigroup P; and Simplified Py Equations with Anisotropic
Scattering”, Nucl. Sci. Eng. 123 (1996), pp. 328-342.

Pomraning, G.C., “Asymptotic and Variational Derivations of the
Simplified Py Equations”, Ann. Nucl. Energy 20 (1993), pp. 623-637.

Brantley, P. S. and Larsen, E. W., “The Simplified P; Approximation”,
Nucl. Sci. Eng. 134 (2000), pp. 1-21.

International Commission on Radiation Units and Measurements,
Determination of absorbed dose in a patient irradiated by beams of X or
gamma rays in radiotherapy procedures, ICRU Report 24, (ICRU
Publications, Bethesda, 1976).

95



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Perez, C. A. and Brady, L. W., Principles and Practice of Radiation
Oncology, (Lippincott—Raven Publishers, Philadelphia, 1997), third ed.,
13 p.

Artken, G., Mathematical Methods for Physicists, (Academic Press, San
Diego, 1985), third ed., 867 p.

International Commission on Radiation Units and Measurements,
Photon, Electron, Proton and Neutron Interaction Data for Body
Tissues, ICRU Report 46, (ICRU Publications, Bethesda, 1992).

Hunt, M. A., Desobry, G. E., Fowble, B. and Coia, L. R., “Effect of low-
density lateral interfaces on soft-tissue doses”, Int. J. Radiat. Oncol.
Biol. Phys. 37 (1997), pp. 475-482.

Wong, J. W. and Purdy, J. A., “On methods of inhomogeneity corrections
for photon transport”, Med. Phys. 17 (1990), pp. 807-814.

Josef, J. A. and Morel, J. E., “Simplified spherical harmonic method for
coupled electron-photon transport calculations”, Phys. Rev. E 57 (1998),
pp. 6161-6171.

White, J. E., et al., BUGLE-96: Coupled 47 Neutron, 20 Gamma-Ray
Group Cross Section Library Derived from ENDF/B-VI for LWR
Shielding and Pressure Vessel Dosimetry Applications, RSICC Data
Library Collection, DLC-185, (Oak Ridge National Laboratory, 1996).

Duderstadt, J. J. and Hamilton, L. J., Nuclear Reactor Analysis, (Wiley,
New York, 1976).

Carlson, B. G., Solution of the Transport Equation by Sy Approximations,
LA-1599, (Los Alamos Scientific Laboratory, 1953).

Rhoades, W. A. and Simpson, D. B., The TORT Three-Dimensional

Discrete Ordinates Neutron/Photon Transport Code (TORT Version 3),
ORNL/TM-13221, (Oak Ridge National Laboratory, 1997).

96



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Lathrop, K. D., “Ray Effects in Discrete Ordinates Equations”, Nucl.
Sci. Eng. 32 (1968), pp. 357-369.

Lathrop, K. D., “Remedies for Ray Effects”, Nucl. Sci. Eng. 45 (1971),
pp. 255-268.

Davis, J. A., “Transport Error Bounds Via Py Approximations”, Nucl. Sci.
Eng. 31 (1968), pp. 127-146.

Mark, J. C., The Spherical Harmonic Method, Technical Report, CRT-340,
(Atomic Energy of Canada, Ontario, 1947).

Marshak, R. E., “Note on the Spherical Harmonic Method As Applied to
the Milne Problem for a Sphere”, Phys. Rev. 71 (1947), pp. 443—446.

De Oliveira, C. R. E., Eaton, M. D., Umpleby, A. P. and Pain, C. C,,
“Finite element-spherical harmonics solutions of the 3D Kobayashi
benchmarks with ray-tracing void treatment”, Prog. Nucl. Energ. 39
(2001), pp. 243-261.

Babuska, 1., Zienkiewicz, O. C., Gago, J. and Oliveira, E. R. de A.,
Accuracy Estimates and Adaptive Refinements in Finite Element
Computations, (John Wiley & Sons, Chichester, 1986).

Wareing, T.A., McGhee, J.M., Morel, J.E. and Pautz, S.D.,
“Discontinuous Finite Element Sy Methods on Three-Dimensional
Unstructured Grids”, Nucl. Sci. Eng. 138 (2001), pp. 256-268.

De Oliveira, C. R. E., “An Arbitrary Geometry Finite Element Method
for Multigroup Neutron Transport with Anisotropic Scattering”, Prog.
Nucl. Energ. 18 (1986), pp. 227-236.

Keller, S. E. and de Oliveira, C. R. E., “Two-Dimensional C5G7 MOX

Fuel Assembly Benchmark Calculations Using the FEM-PN Code
EVENT”, Prog. Nucl. Energ. 39 (2001), pp. 243-261.

97



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Martin, W. R. and Duderstadt, J. J., “Finite Element Solutions of the
Neutron Transport Equation with Applications to Strong Heterogeneities”,
Nucl. Sci. Eng. 62 (1977), pp. 371-390.

Ackroyd, R. T., “A finite element method for neutron transport. Part I.
Some theoretical considerations”, Ann. Nucl. Energy 5 (1978), pp. 75-94.

Ackroyd, R. T., Finite Element Methods for Particle Transport:
Applications to Reactor and Radiation Physics, (John Wiley & Sons,
Chichester, 1997).

Boman, E., Tervo, J. and Vauhkonen, M., “Modelling the transport of
ionizing radiation using the finite element method”, Phys. Med. Biol. 50
(2005), pp. 265-280.

Gifford, K. A., Horton Jr., J. L., Wareing, T. A., Failla, G. and
Mourtada, F., “Comparison of a finite-element multigroup discrete-
ordinates code with Monte Carlo for radiotherapy calculations”, Phys.
Med. Biol. 51 (2006), pp. 2253-2265.

Tervo, J., Kolmonen, P., Vauhkonen, M., Heikkinen, L. M. and Kaipio, J. P.,
“A finite-element model of electron transport in radiation therapy and a
related inverse problem”, Inverse Probl. 15 (1999), pp. 1345-1361.

Tervo, J. and Kolmonen, P., “Inverse radiotherapy treatment planning
model applying Boltzmann-transport equation”, Math. Mod. Meth. Appl. S.
12 (2002), pp. 109-141.

Hammersley, J. M. and Handscomb, D. C., Monte Carlo Methods, (John
Wiley & Sons, New York, 1964).

Dupree, S. A. and Fraley, S. K., 4 Monte Carlo Primer: A Practical
Approach to Radiation Transport, (Kluwer Academic, New York, 2002).

Kinsey, R., Data Formats and Procedures for the Evaluated Nuclear

Data File, ENDF, BNL-NCS-50496, (Brookhaven National Laboratory,
1979).

98



[62]

[63]

[64]

[65]

Briesmeister, J. F., MCNP — A General Monte Carlo N-Particle Transport
Code, Version 4C, LA-13709 M, (Los Alamos National Laboratory,
2000).

Bielajew, A. F., Hirayama, H., Nelson, W. R. and Rogers, D. W. O.,
History, overview and recent improvements of EGS4, Technical Report
PIRS-0436, (National Research Council of Canada, 1994).

Kawrakow, 1. and Rogers, D. W. O., The EGSnrc code system: Monte
Carlo simulation of electron and photon transport, Technical Report
PIRS-701, (National Research Council of Canada, 2000).

Rogers, D. W. O., “Fifty years of Monte Carlo simulations for medical
physics”, Phys. Med. Biol. 51 (2006), pp. 287-301.

Jeraj, R., Keall, P. J. and Ostwald, P. M., “Comparisons between
MCNP, EGS4 and experiment for clinical electron beams”, Phys. Med.
Biol. 44 (1999), pp. 705-717.

Solberg, T. D., et al., “A review of radiation dosimetry applications
using the MCNP Monte Carlo code”, Radiochim. Acta 89 (2001),
pp. 337-355.

Agostinelli, S., et al., “GEANT4 — a simulation toolkit”, Nucl. Instrum.
Meth. A 506 (2003), pp. 250-303.

Enger, S. A., Munck af Rosenschold, P., Rezaei, A. and Lundqvist, H.,
“Monte Carlo calculations of thermal neutron capture in gadolinium: A
comparison of GEANT4 and MCNP with measurements”, Med. Phys.
33 (2) (20006), pp. 337-341.

Woodcock, E. R., Murphy, T., Hemmings, P. J. and Longworth, S. C.,
“Techniques used in the GEM code for Monte Carlo neutronics
calculations in reactors and other systems of complex geometries”, in
Proceedings of the Conference on Applications of Computing Methods
to Reactor Problems, ANL-7050, (Argonne National Laboratory, 1965),
557 p.

99



[70]

Leppénen, J., “A new assembly-level Monte Carlo neutron transport code
for reactor physics calculations”, in Proceedings of the International
Topical Meeting on Mathematics and Computation, Supercomputing,
Reactor Physics and Nuclear and Biological Applications, American
Nuclear Society (2005), on CD-ROM, 12 p.

Zweifel, P. F., Reactor Physics, (McGraw-Hill, New York, 1973).

Lamarsh, J. R., Introduction to Nuclear Reactor Theory, (Addison-
Wesley, Reading, 1972).

Zamenhof, R. G., et al., “Monte Carlo based treatment planning for
boron neutron capture therapy using custom designed models
automatically generated from CT data”, Int. J. Radiat. Oncol. Biol. Phys.
35 (1996), pp. 383-397.

Goorley, T., McKinney, G., Adams, K. and Estes, G., “MCNP
enhancements, parallel computing, and error analysis for BNCT”, in
M. F. Hawthorne, K. Shelly and R.J. Wiersema (Eds.), Frontiers in
Neutron Capture Therapy, (Kluwer Academic, New York, 2001),
pp. 599-604.

Cheng, J. H., Finnigan, P. M., Hathaway, A. F., Kela, A. and Schroeder,
W. J., “Quadtree/Octree Meshing with Adaptive Analysis”, in Numerical
Grid Generation in Computational Fluid Mechanics, (Pineridge Press,
Swansea, 1988), pp. 633—642.

Hackbusch, W., Multi-grid Methods and Applications, (Springer, Berlin,
1985).

Wesseling, P., An Introduction to Multigrid Methods, (Wiley, New
York, 1992).

Brandt, A., “Multi-level adaptive solutions to boundary-value problems”,
Math. Comput. 31 (1977), pp. 333-390.

100



[76]

[79]

Brantley, P. S. and TomaSevi¢, D. 1., “Spatially continuous mixed
simplified P,—P; solutions for multidimensional geometries”, in
Proceedings of the International Topical Meeting on Mathematics and
Computation, Supercomputing, Reactor Physics and Nuclear and
Biological Applications, American Nuclear Society (2005), on CD-
ROM, 10 p.

Prinsloo, R., Tomasevi¢, D. 1., Albornoz, F. and Brantley, P.S.,
“Application of SP, and the spatially continuous SP,-P, equations to the
PBMR reactor”, in Proceedings of the International Topical Meeting on
Mathematics and Computation, Supercomputing, Reactor Physics and
Nuclear and Biological Applications, American Nuclear Society (2005),
on CD-ROM, 8 p.

Brantley, P. S., “A mixed P,—DP, diffusion theory for planar geometry”,
Ann. Nucl. Energy 32 (2005), pp. 1525-1545.

Longoni, G. and Haghighat, A., “The Even-Parity Simplified Sy Equations
Applied to a MOX Fuel Assembly Benchmark Problem on Distributed
Memory Environments”, in PHYSOR 2004 — The Physics of Fuel Cycles
and Advanced Nuclear Systems: Global Developments, American
Nuclear Society (2004), on CD-ROM.

Longoni, G., Advanced Quadrature Sets, Acceleration and Preconditioning
Techniques for the Discrete Ordinates Method in Parallel Computing
Environments, Ph.D. thesis, University of Florida (2004), UF Online
Dissertations, 202 p.

Longoni, G., Haghighat, A. and Sjoden, G., “A New Synthetic Acceleration
Technique Based on the Simplified Even-Parity Sy Equations”,
Transport Theor. Stat. 33 (2004), pp. 347-360.

Longoni, G., Haghighat, A., Yi, C. and Sjoden, G., “Benchmarking of
PENTRAN-SSy Parallel Transport Code and FAST Preconditioning
Algorithm Using the VENUS-2 MOX-Fueled Benchmark Problem”,
J. ASTM Int. 3 Issue 7 (2006), 10 p.

101



[83]

[86]

[87]

[88]

[89]

Lillie, R. A., “GRTUNCL3D: A Discontinuous Mesh Three-Dimensional
First Collision Source Code”, in Proceedings of the ANS Radiation
Protection and Shielding Division Topical Conference, American Nuclear
Society (1998), pp. 368-375.

Wareing, T. A., Morel, J. E. and Parsons, D. K., “A First Collision Source
Method For ATTILA, An Unstructured Tetrahedral Mesh Discrete
Ordinates Code”, in Proceedings of the ANS Radiation Protection and
Shielding Division Topical Conference, American Nuclear Society
(1998), pp. 376-382.

Bjugg, H., BNCT-annossuunnittelun teoreettiset perusteet, M.Sc. thesis
(in Finnish), University of Helsinki (2000), 64 p.

Rhoades, W. A. and Childs, R. L., “The DORT Two-Dimensional
Discrete Ordinates Transport Code”, Nucl. Sci. Eng. 99 (1988), pp. 88—89.

Hiisméki, P. and Auterinen, ., Patent FI-92890 (1995).

International Commission on Radiation Units and Measurements, Tissue
Substitutes in Radiation Dosimetry and Measurement, ICRU Report 44
(ICRU Publications, Bethesda, 1989).

Knoll, G. F., Radiation Detection and Measurement, (John Wiley &
Sons, New York, 1988).

Kaita, K., Characterisation of the epithermal neutron beam at the Triga
BNCT-station using activation detectors, M.Sc. in Engineering thesis,
Helsinki University of Technology (1996), 65 p. + appendices.

Serén, T., et al., “A Tale of Two Beams — Comparison of the Radiation
Fields at the BMRR and FiR 1 Epithermal BNCT Facilities”, Med. Biol.
Eng. Comput. 37 (1999), pp. 396-397.

Serén, T., Auterinen, 1., Seppdld, T. and Kotiluoto, P., “Spectrum
measurements and calculations in the epithermal neutron beam at the

102



[92]

[95]

(98]

[99]

FiR 1 BNCT facility”, in Proceedings of the 15" European TRIGA
Conference, VIT Symposium 197, (VTT, Espoo, 1999), pp. 167-179.

Serén, T., Kotiluoto, P. and Auterinen, 1., “Correct Treatment of Covers
in Adjustment of Epithermal Neutron Spectra”, in Advances in Neutron
Capture Therapy 2006, International Society for Neutron Capture
Therapy (2006), pp. 474-477.

Auterinen, 1., Serén, T., Uusi-Simola, J., Kosunen, A. and Savolainen, S.,
“A toolkit for epithermal neutron beam characterisation in BNCT”,
Radiat. Prot. Dosim. 110 (2004), pp. 587-593.

Kosunen, A., Metrology and quality of radiation therapy dosimetry of
electron, photon and epithermal neutron beams, Ph.D. thesis, STUK-
A164, STUK — Radiation and Nuclear Safety Authority (1999), 50 p. +
appendices.

Aschan, C., Applicability of thermoluminescent dosimeters in x-ray organ
dose determination and in the dosimetry of systemic and boron neutron
capture radiotherapy, Ph.D. thesis, University of Helsinki (1999),
Report Series in Physics, HU-P-D77, 31 p. + appendices.

Uusi-Simola, J., Microdosimetry and Its Application in Epithermal
Neutron Beam, M.Sc. thesis, University of Helsinki (2002), 70 p.

Kosunen, A., et al., “Twin ionisation chambers for dose determinations
in phantom in an epithermal neutron beam”, Radiat. Prot. Dosim. 81
(1999), pp. 187-194.

Binns, P. J., et al., “An international dosimetry exchange for boron neutron
capture therapy, Part I: Absorbed dose measurements”, Med. Phys. 32
(2005), pp. 3729-3736.

Uusi-Simola, J., et al, “Dosimetric comparison at FiR 1 using
microdosimetry, ionisation chambers and computer simulation”, Appl.
Radiat. Isotopes 61 (2004), pp. 845-848.

103



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

Auterinen, I., Serén, T., Anttila, K., Kosunen, A. and Savolainen, S.,
“Measurement of free beam neutron spectra at eight BNCT facilities
worldwide”, Appl. Radiat. Isotopes 61 (2004), pp. 1021-1026.

Uusi-Simola, J., et al., “Study of the relative dose-response of BANG-
3® polymer gel dosimeters in epithermal neutron irradiation”, Phys.
Med. Biol. 48 (2003), pp. 2895-2906.

Aschan, C., Toivonen, M., Savolainen, S., Seppélé, T. and Auterinen, .,
“Epithermal neutron beam dosimetry with thermoluminescence
dosemeters for boron neutron capture therapy”, Radiat. Prot. Dosim. 81
(1999), pp. 47-56.

Auterinen, 1., Serén, T., Kotiluoto, P., Uusi-Simola, J. and Savolainen, S.,
“Quality assurance procedures for the neutron beam monitors at the FiR
1 BNCT facility”, Appl. Radiat. Isotopes 61 (2004), pp. 1015-1019.

Williams, J. R. and Thwaites, D. 1., Radiotherapy Physics in Practice,
(Oxford University Press, 1993).

Williamson, J. F., Perera, H., Li, Z. and Lutz, W. R., “Comparison of
calculated and measured heterogeneity correction factors for 1251 B¢,
and '""’Ir brachytherapy sources near localized heterogeneities”, Med.
Phys. 20 (1993), pp. 209-222.

Das, R. K., et al., “Validation of Monte Carlo dose calculations near 1251
sources in the presence of bounded heterogeneities”, Int. J. Radiat.
Oncol. Biol. Phys. 38 (1997), pp. 843-853.

Kirov, A. S., Williamson, J. F., Meigooni, A. S. and Zhu, Y.,
“Measurement and calculation of heterogeneity correction factors for an
Ir-192 high dose-rate brachytherapy source behind tungsten alloy and
steel shields”, Med. Phys. 23 (1996), pp. 911-919.

Lorence, L. J. Jr., Morel, J. E. and Valdez, G. D., Physics guide to

CEPXS: a multigroup coupled electron-photon cross-section generating
code, SAND89-1685, (Sandia National Laboratory, 1989).

104



[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Luxton, G. and Jozsef, G., “Radial dose distribution, dose to water and
dose rate constant for monoenergetic photon point sources from 10 keV
to 2 MeV: EGS4 Monte Carlo model calculation”, Med. Phys. 26
(1999), pp. 2531-2538.

Nelson, W. R., Hirayama, H. and Rogers, D. W. O., The EGS4 code
system, SLAC-265, (Stanford Linear Accelerator Center, 1985).

Hartmann Siantar, C. L., et al., “Description and dosimetric verification of
the PEREGRINE Monte Carlo dose calculation system for photon beams
incident on a water phantom”, Med. Phys. 28 (2001), pp. 1322—-1337.

Boudreau, C., Heath, E., Seuntjens, J., Ballivy, O. and Parker, W.,
“IMRT head and neck treatment planning with a commercially available
Monte Carlo based planning system”, Phys. Med. Biol. 50 (2005),
pp. 879-890.

Takeda, T., Tamitani, M. and Unesaki, H., Proposal of 3-D neutron
transport benchmark problems, NEACRP A-953 Rev. 1, (OECD/NEA
Committee on Reactor Physics, 1988).

Takeda, T. and Ikeda, H., 3-D neutron transport benchmarks, NEACRP-
L-330, (OECD/NEA Committee on Reactor Physics, 1991).

Han, C. Y., Shin, C.-H., Kim, H.-C., Kim, J. K., Messaoudi, N. and
Na, B.-C., VENUS-2 MOX-fuelled Reactor Dosimetry Calculations,
Benchmark Specification, NEA/NSC/DOC(2004)6, (OECD/NEA Nuclear
Science Committee, 2004).

OECD NEA, VENUS-2 MOX-fuelled Reactor Dosimetry Calculations,
Final Report, NEA/NSC/DOC(2005)22, (OECD/NEA Nuclear Science
Committee, 2006).

Kotiluoto, P. and Wasastjerna, F., “VENUS-2 MOX-fuelled reactor

dosimetry benchmark calculations at VTT”, in Proceedings of the
International Topical Meeting on Mathematics and Computation,

105



[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Supercomputing, Reactor Physics and Nuclear and Biological
Applications, American Nuclear Society (2005), on CD-ROM, 12 p.

Zsolnay, E. M., Szondi, E. J. and Nolthenius, H. J., The Neutron
Metrology File NMF-90, IAEA-NDS-171, Rev. 1, (International Atomic
Energy Agency, 1999).

Leenders, L., LWR-PVS Benchmark Experiment VENUS-3 (with Partial
Lenght Shielded Assemblies), FCP/VEN/01, (SCK, CEN, 1988).

OECD NEA, Prediction of Neutron Embrittlement in the Reactor
Pressure Vessel, NEA/NSC/DOC(2000)5, (OECD/NEA Nuclear Science
Committee, 2000).

Lewis, E. E., Palmiotti, G., Taiwo, T. A., Smith, M. A. and Tsoulfanidis,
N., Benchmark Specification for Deterministic MOX Fuel Assembly
Transport Calculations without Spatial Homogenisation (3-D extension
C5G7 MOX), NEA/NSC/DOC(2003)6, (OECD/NEA Nuclear Science
Committee, 2003).

Kotiluoto, P., “The new deterministic 3-D radiation transport code
MultiTrans: C5G7 MOX fuel assembly benchmark”, in Proceedings of
the International Conference on Supercomputing in Nuclear Applications,
Paris, France (2003), on CD-ROM, 7 p.

Haghighat, A., “Recent Advances in Hybrid Methods Applied to Neutral
Particle Transport Problems”, in Proceedings of the International
Nuclear Atlantic Conference — INAC 2005, Santos, Brazil (2005), 24 p.

Haghighat, A. and Wagner, J., “Monte Carlo Variance Reduction with
Deterministic Importance Functions”, Prog. Nucl. Energ. 42 (2003),
pp. 25-53.

Wagner, J. and Haghighat, A., “Automated Variance Reduction of
Monte Carlo Shielding Calculations Using the Discrete Ordinates
Adjoint Function”, Nucl. Sci. Eng. 128 (1998), pp. 186-208.

Appendices of this publication are not included in the PDF version.
Please order the printed version to get the complete publication
(http://www.vtt.fi/publications/index.jsp)

106



Series title, number and
report code of publication

m- VTT Publications 639

VTT-PUBS-639

Author(s)
Kotiluoto, Petri

Title
Adaptive tree multigrids and simplified spherical

harmonics approximation in deterministic neutral and
charged particle transport

Abstract

A new deterministic three-dimensional neutral and charged particle transport code,
MultiTrans, has been developed. In the novel approach, the adaptive tree multigrid
technique is used in conjunction with simplified spherical harmonics approximation of the
Boltzmann transport equation.

The development of the new radiation transport code started in the framework of the
Finnish boron neutron capture therapy (BNCT) project. Since the application of the
MultiTrans code to BNCT dose planning problems, the testing and development of the
MultiTrans code has continued in conventional radiotherapy and reactor physics
applications.

In this thesis, an overview of different numerical radiation transport methods is first
given. Special features of the simplified spherical harmonics method and the adaptive tree
multigrid technique are then reviewed. The usefulness of the new MultiTrans code has
been indicated by verifying and validating the code performance for different types of
neutral and charged particle transport problems, reported in separate publications.

ISBN
978-951-38-7016-4 (soft back ed.)
978-951-38-7017-1 (URL: http://www.vtt.fi/publications/index.jsp)

Series title and ISSN Project number
VTT Publications

1235-0621 (soft back ed.)
1455-0849 (URL: http://www.vtt.fi/publications/index.jsp)

Date Language Pages

May 2007 English 106 p. + app. 46 p.

Name of project Commissioned by

Keywords Publisher

MultiTrans, particle transport, tree multigrid, VTT

simplified spherical harmonics, boron neutron P.0.Box 1000, FI-02044 VTT, Finland
capture therapy, BNCT, radiotherapy, reactor Phone internat. +358 20 722 4404
physics, radiation transport Fax +358 20 722 4374




In many areas dealing with ionising radiation, it is important to calculate
the particle transport through matter. In radiotherapy applications the
radiation dose to the patient has to be estimated in order to ensure the
safety and success of the therapy. In reactor physics one is interested in
criticality safety, radiation shielding issues, activity inventories, and
radiation damage induced to materials and components important for
safety. However, radiation transport is a complicated problem especially in
three dimensions, and generally requires the use of sophisticated computer
codes.

In this work, a new deterministic radiation transport code, MultiTrans,
has been developed by using the adaptive tree multigrid technique and the
simplified spherical harmonics approximation. The usefulness of the new
code has been indicated by verifying and validating the code performance
for different types of radiation transport problems.

Julkaisu on saatavana Publikationen distribueras av This publication is available from
VTT VTT VTT
PL 1000 PB 1000 P.O. Box 1000
02044 VTT 02044 VTT FI-02044 VTT, Finland
Puh. 020 722 4404 Tel. 020 722 4404 Phone internat. + 358 20 722 4404
Faksi 020 722 4374 Fax 020 722 4374 Fax +358 20 722 4374

ISBN 978-951-38-7016-4 (soft back ed.)  ISBN 978-951-38-7017-1 (URL: http://www.vtt.fi/publications/index.jsp)
ISSN 1235-0621 (soft back ed.) ISSN 1455-0849 (URL: http://www.vtt.fi/publications/index.jsp)

<
—1
—
0
c
o)
—
—
@)
>
—
—
o
Z
wn
)]
w
Y]

~ruonewrxoidde sdtuowrey [eduyds payrdwrs pue spusnmuw 3311 Iandepy

010N[MoY



	Abstract 
	Preface 
	List of publications 
	Contents 
	Symbols and abbreviations 
	1.  Introduction 
	2.  Aims of the study 
	3.  Overview of radiation transport theory 
	3.1 Deterministic methods 
	3.1.1  Discrete ordinates method 
	3.1.2  Spherical harmonics method 
	3.1.3  Finite element method 

	3.2 Statistical methods 
	3.2.1  Monte Carlo method 


	4.  Tree multigrids and simplified spherical 
	4.1  Tree multigrid technique 
	4.1.1  Construction of the spatial tree structured domain 
	4.1.2  Multigrid acceleration methods 

	4.2 Simplified spherical harmonics approximation 
	4.2.1  Theory 
	4.2.2  First collision source method 

	4.3  Numerical transport algorithm 

	5.  Applicational scope of the new radiation 
	5.1  Dose planning in BNCT 
	5.2  Radiation transport of photons and electrons in 
	5.3 Reactor physics 

	6.  Summary and conclusions 
	Bibliography 


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.2
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




