Development of a Forward/Adjoint Hybrid Monte
Carlo Absorbed Dose Calculational Method for Use in
Radiation Therapy

A Dissertation Presented for the
Doctor of Philosophy
Degree

The University of Tennessee, Knoxville

Mat M. Tamimi

December 2014



Copyright © 2014 by Mat M. Tamimi
All rights reserved

il



DEDICATION

This dissertation is dedicated to
The two people that brought me to this life, my parents Abdel Jawad and Khawla;
The anchors of my being, my brothers and sisters Aminah, Imad, Rula, Mobeen and
Tasneem;
The love of my life, my wife Cristina;
The light in my life, my girls Nancy, Samira and Ayat;
and the hope for my future my grandchildren, my boys Nabeel and Yasser.

iii



ACKNOWLEDGEMENTS

I would like to thank Dr. Ronald Pevey, my faculty advisor, for guiding me through this
project and being extremely patient with my progress. I would like to thank my committee
members, Dr. Laurence F. Miller, Dr. Lawrence Townsend, for taking the time to review my
paper and attend my presentation, and Dr. Aly Fathy for his encouragement and continual
support. And I would like to thank the rest of the Department of Nuclear Engineering at the
University of Tennessee for allowing me the opportunity to complete my project. I would like
also to thank my colleagues and long term friends Mark Wyatt, Robert Drinnon, Ibrahim Attieh
and Robbie Hakeem for all valuable discussions and support throughout all phases of the project.
I also want to thank my close friends Ramadan Damiri, Mohamad Nofal and Mohamad Al
Shanquiti for their continual encouragement and support all the time. I also would like to thank
my best buddy and close relative Nihad Abdel Nabi Al Natcha and his business “Electronic
Tech” for the generosity and support dealing with all the computer and technical issues. Finally,
I would like to thank my parents, brothers and sisters, wife and the girls for their patience,

encouragement, their help and support throughout this endeavor.

v



ABSTRACT

A successful radiation therapy treatment aims at conforming (i.e., concentrating) radiation
dose to the entire tumor volume (i.e., diseased area) while avoiding surrounding normal tissue
(i.e., healthy non-diseased areas). This objective is achieved clinically by finding a set of

radiation beam parameters that successfully deliver the desired dose distribution.

In this project, a hybrid forward/adjoint Monte Carlo based absorbed dose computation
method is developed and tested, aimed at eventual implementation in a radiation therapy external
beam treatment planning system to predict the absorbed dose produced by a medical linear

accelerator. This absorbed dose calculational engine was designed to be:

1. Efficient. This is achieved by incorporating several Monte Carlo techniques used in the

Nuclear Engineering field for deep penetration and reactor analysis problem.
2. Flexible. This is achieved by using a Cartesian grid and a voxelized material map.

Currently most of the absorbed dose calculation algorithms in radiotherapy are 3-D based
predictive models. The use of such algorithms results in treatment planning quality that depends
tremendously on the planner’s experience and knowledge base. This dependence, along with
inaccuracy in predicting absorbed dose due to the assumptions and simplifications used in these
algorithms, can result in a predicted absorbed dose that under- or over-predicts the delivered

dose.

As an alternative, forward and adjoint Monte Carlo absorbed dose computation methods have
been used and validated by several authors (Difilippo, 1998; Goldstein & Regev, 1999; Jeraj &
Keall, 1999). However, in the “pure” forward or adjoint methods, each change in the radiation
beam parameters requires its own time-consuming 3D calculation; for the hybrid technique
developed in this research, a single 3D calculation for each desired dose region (tumor or healthy

organ) is all that is required.

This project also improves the Monte Carlo methodology by incorporating the use of
voxelized fictitious scattering and surface forward/adjoint coupling.  The accuracy is
demonstrated through comparison with forward and adjoint MCNP calculations of a simple

beam/patient sample problem.
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Chapter 1

Background and Introduction

1.1. History of Radiation therapy

The possibilities for therapeutic use of radiation were immediately recognized soon after the
discovery of x-rays in 1895 (Dowsett, Kenny, & Johnston, 1998). Clinicians started to use x-
rays to treat cancers while researchers investigated different x-ray production and delivery
methods. Soon after consequences of radiation misuse were observed, the medical community
realized the need to control treatment outcome and the “Radiation Therapy” field was born.
Radiation therapy is the branch of medicine that deals with the use of radiation as a method to
treat cancer. Due to the large amount of radiation and radiobiology research, a lot of

accomplishments in radiation therapy have been realized since that time.

Figure 1-1 summarizes in a pictorial format these historical accomplishments
chronologically, beginning with the discovery of x-rays by Wilhelm Conrad Roentgen in 1895
and continuing to the most recent advancements in medical linear accelerator design and imaging
methods. The field is constantly advancing and evolving due to the continual need to have better

control on treatment outcomes (Hall, 1988).

Radiotherapy is the treatment of cancer by means of ionizing radiation. The purpose of
radiotherapy is to eradicate the tumor and spare the surrounding normal tissues as much as
possible (Colvett, 2006). To achieve this objective, clinicians need to have both x-ray delivery
systems (e.g., medical linear accelerator (Linac)) and absorbed dose prediction systems (e.g.,
treatment planning systems (TPS)). The Linac should be able to produce several types of
radiation (e.g., x-ray or charged particle beams (electrons)) and employ several delivery methods
(e.g., static versus dynamic methods). At the same time, the TPS should have the ability to
account for the patient anatomy to predict delivered dose with high accuracy (Metcalfe, Kron, &

Hoban, 1997).



*Wilhelm Conrad Roentgen discovered X-rays and demonstrated X-ray properties by
producing first radiograph.

<

+ Antoine-Henri Becquerel discovered radioactivity.
1896

* Professor Freund demonstrated the first therapentic use when a hairy mole
disappear=d after treating it with x-rays.

¢

* Pieme Curie produced radium “bum™ on his forearm that took several weeks to heal.
Advantages of radiation was realized as a diagnostic tool by making X-my images and
8 treatment method o treat cancerons cells.

+*W.I. Coolidge produced the fimt electrically heated cathode tube (140 V)
*GE developed first X-ray tubes with high energy (200 &V ). used to treat chronic
tlmu{slu-catﬁdinmumchasﬂtlunﬂs, gbdomen and pelvis.

*The development of Fadiological Equipment that sided in diagnosing and locating
foreign objects in injured soldier's I:rndiF;:.E

*Higher energy X-Fay machines (one MV ) was developed that had exccellent
ouicomes when used to tneat superficial and shallow cancer. The only pitfall was the
excessive skin reactions and poor local control when treating deeply seated tumors.

*Cyclotrons and nuclear reactors available and production of synthetic radiom started.
Clinians used other radioactive clements in cancer treatment.

*Cobalt-60 (1.25 MV') machine produced using synthetic radiom . Its popularity was
due o its reliability and relatively simple design. Farther it provide reasonable skin
sparing properties, (maximum dose is achieved at (.5 cm depth).

*Rmrmmhgudumd microwave generators bMagnetrons and Klystrons. New
Linac desi r bao and five electrons energies, shorter treatment tme due
to higl:l:rcg;cmh:lmd the sharper dose fall out at the radiation field edges.

* Compater advancement led to computerized treatment ing systems, newer
imaging technologies such as CAT Scans, MRI and PET, and improved beam

Lo shaping devices such as Multi - leaf Collimator (MLC) and t=spe compensators,

S 1980 s

CCCCCE€E:

Figure 1-1 Time line for radiation therapy advancements




1.2. Radiobiology background

It is the aim of radiotherapy to minimize the damage to healthy tissue while administering a
killing dose to the tumor. The amount of dose required to achieve a particular level of cell
killing is extremely variable because cells have different radiosensitivites (Williams & Thwaites,
2000). The killing of individual cells using radiation is statistical in nature, depending on the
occurrence of individual ionizing events. However, when the effect of radiation on a large
collection of cells is considered, whether it is a tumor mass or an organ, the effect is largely

deterministic; there is a dose threshold below which no clinical effect will be observed and a

dose above which the effect will be observed in every individual.

The biological response of a cell to the amount of dose received can be illustrated in dose-
response curves, examples of which are given in the Figure 1-2. As delivered dose increases,
more cells are destroyed; these curves show that a sigmoidal relationship exists between
radiation dose and the probability of achieving tumor control. This principle also applies to
normal tissue and cells. As a result, the probability of normal tissue complications (NTCP) and
tumor control (TCP) are similar. The relationship between the NTCP and the TCP is known as

the therapeutic ratio, also illustrated in Figure 1-2.

Radioresistant 4
o, Radosei .+ oo § 00 Radloresponsive {m § 0 (Unfavorabl) 3
l (Favorable) / 3 ‘ | 3 | 3,
Ll / &05 éBUJ- 430; Q” w%‘
5| ;"“ J % £ | ' = i
g | ol 0oz 7 &l ?
= 4/ il 140 2 o &0 WE
2 o J!ﬁ 0 ¢ '50% : :
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L J | PR L 1y 9 i ‘OQ
éao !{éu |40§ 5 - £ i
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2 ‘ s ; H‘DL 420% ”c!' / :rog
' ] . | & 4 i '
| H/ Z DL.I. PEPRPRRINg) (P C s DOLSEI_ bkl g
p 0 etk ) # B DOSE=
DOSE ==

Figure 1-2 Therapeutic ratio concept from cell response curve

The probability of a favorable outcome is good when the TCP curve is to the left of the

NTCP curve. An increase in delivery and computation accuracy is required when the TCP and



NTCP curves are very close to each other, requiring very accurate delivery methods. When the
TCP curve is to the right of the NTCP curve, combined modality approaches are needed (e.g.,
chemo-radiation or interstitial/intracavitary implants). The tumors treated successfully by
radiotherapy are those in which the tumor curve lies to the left of the curve for the limiting
normal tissue. For those types of tumors, the dose required to achieve a high probability of
complete regression of the tumor is lower than the dose that produces a significant number of
complications in normal tissue. In these situations, treatment plans are desired to assure that the
high dose region conforms to the shape of the target volume as much as possible—sparing
normal tissue—by applying beams with conformal shapes from several directions (Williams &

Thwaites, 2000).

The next few sections will review the evolution of both radiation therapy techniques,

treatment planning techniques, and the corresponding absorbed dose prediction methods.

1.3. Radiation therapy treatment techniques
The control of delivered absorbed dose is achieved using radiation therapy techniques, which

have evolved over time. Figure 1-3 summarizes this development.

Initial treatment techniques were simple to plan and to deliver due to limitations in first
generation medical linear accelerators. With the advancements in computer technology,
improved designs and features of the medical linear accelerators led to developments of newer

treatment techniques (Thwaites & Tuohy, 2006).

Parallel opposed fields (high doses is delivered
il to large volumes of normal tissue).

4-field technique (less high dose delivered to
normal tissue)

Isocentric rotation (similar to bicycle wheel
spokes, dose to normal tissue reduced).

il 3D conformal (conforming the shape of the
beam to the tumor volume which confines the
dose almost exclusively to the target).

Figure 1-3 Evolution of radiotherapy techniques (Bentel, Nelson, & Noell, 1982)



The three-dimensional conformal radiotherapy (3DCRT) was introduced in the early 1980’s
(Colvett, 2006). Initially this treatment method used shielding blocks made manually from low
melting point metal (e.g., Cerrobend). With the most recent advancement in computer-controlled
Linacs, manufacturers have developed mechanical blocking systems referred to as multi-leaf
collimators (MLCs). These devices replace the need to fabricate shielding blocks and give
planners the ability to vary beam intensity and shape across a radiation field; this has given birth
to the latest treatment technique, intensity modulated radiation therapy (IMRT). Furthermore,
the recent development of digital imaging receptors have led to the introduction of the image
guided radiation therapy (IGRT) technique by adding on board imaging (OBI) systems to the
accelerators (see Figure 1-4). Clinicians are able to localize tumor position with more precision
using this technique, by imaging the patient before the initiation of treatment and by monitoring
the treatment progress through imaging during the treatment (Colvett, 2006; Thwaites & Tuohy,
2006).

On Board Imager (OBI) “

Figure 1-4 Medical linear accelerator equipped with MLC and OBI

1.4. Treatment planning techniques

1.4.1. 3DCRT process versus IMRT process
Using the 3DCRT planning methods requires the planner to compute a dose distribution and
evaluate the resulting volumetric dose using a Dose Volume Histogram (DVH) (Armstrong et

al., 1993) to see if the treatment objectives are achieved. On the other hand, IMRT uses a
5



computerized algorithm that searches for the solution and evaluates the results until a suitable

solution is found.

The optimization parameters and structure “penalty weights” are the primary variables used
to control the IMRT search for optimal dose distributions, as opposed to the beam weight or
shape optimization in the 3DCRT treatment planning search. Specification of the optimization
parameters and beam placement requires detailed knowledge of the dose calculation algorithms

and anatomical features of the patient, such as the proximity of the normal tissue to the target.

As a result, the combination of beams, optimization parameters, and beam shaping structures
needed to achieve the best plan are planning system and patient specific. Planners must develop

an intuition as to how these factors affect distributions, so the plan can be optimized.

1.4.2. Manual optimization
The processes of creating IMRT or 3DCRT treatment plans are quite similar, but the bases of
the plan designs are significantly different. The conventional 3DCRT treatment planning is

forward based and optimization is done manually.

The process starts when the treatment planner chooses initial beam parameters (i.e., number
of beams, beam energy, weighting, direction, and beam modifying devices such as blocks and
wedges). The computer then calculates the resulting dose distribution, which is evaluated by the
planner. At this point, the planner can chose to accept or reject the plan based on the physician’s
defined criterion. If the distribution is not satisfactory, the planner designs another plan by
adjusting the various beam parameters. The new dose distribution is computed and evaluated
and the process is repeated until the planner arrives at a satisfactory absorbed dose distribution.
Therefore in conventional 3DCRT treatment planning the planner arrives at the optimized dose

distribution without having to explicitly define the optimum or desired dose distribution.

1.4.3. Computer-aided optimization
Researchers have attempted to improve on the tedious trial and error nature of the manual

process by automating it using computer-driven parameter optimization.



1.4.3.1. 3DCRT process planning

In one early method the “beam’s eye view” was used for accurate delineation of treatment
volumes to avoid real or dosimetric geographic misses. This was especially useful for oblique
fields because it “facilitated the design of accurate customized blocking and avoided inadvertent
blocking of the tumor or unnecessary irradiation of normal tissues” (Vijayakumar et al., 1991).
Another method proposed by Soderstrom and Brahme used two different measures for the
selection of advantageous beam directions: “lowest entropy” and “low frequency part of the
Fourier transform” of the optimal beam profiles (Soderstrom & Brahme, 1992). Langer and
Leong described a method for “formulating and solving this optimization problem as a

combinatorial linear program” (Langer & Leong, 1987).

A method by Mageras and Mohan utilizes the simulated annealing approach to optimize
radiation treatment plans; in this method, a set of beam weights are iteratively adjusted so as to
minimize a cost function. This method was motivated by its potential for finding the global or
near-global minimum among multiple minima. This method was found to be slow, requiring
several tens of thousands of iterations to optimize 50 to 100 variables.” (Mageras & Mohan,

1993)

1.4.3.2. IMRT process planning

Treatment goals are best achieved using IMRT. The IMRT process is made of three integral
parts—an inverse treatment planning process, plan delivery design (static or dynamic delivery),

and quality assurance of the produced plans.

In the inverse planning step, the planner aims at finding the radiation beam parameters that
will produce the desired absorbed dose distribution, as shown in Figure 1-5. The IMRT planner
accomplishes this task by searching iteratively for a set of beam parameters for an optimal
fluence that will deliver the desired dose distribution. First, the planner evaluates and stops the
optimization when the optimized plan produces dose distribution that meets criterion defined at
the start of optimization. Second, the accepted optimal dose distribution is converted to a
machine deliverable treatment plan by producing a multi leaf collimator (MLC) motion sequence
that will produce this dose distribution. Lastly, the treatment plan is verified to assure that the
produced leaf motion sequence will produce the optimal calculated dose distribution in the

patient.
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Figure 1-5 IMRT solution for tumor dose

During the IMRT optimization process, the planner defines the desired absorbed doses for
the following structure volumes as described in ICRU reports 29, 50 & 71 (Morgan-Fletcher,
2001; Units & Measurements, 1978):

1. CTV (clinical target volume). This normally is the gross tumor volume and
subclinical extensions.

2. PTV (planning target volume). This is the CTV plus added margins to account
for variations in tissue positions, sizes, and shapes, as well as for variations in
patient position and beam geometries, both intrafractionally (i.e., during the
treatment) and interfractionally (from one treatment to another).

3. OAR (organs at risk). Radiosensitive normal tissues, whose radiation sensitivity
may significantly affect treatment planning (i.e., spinal cord, heart, parotids, etc.).
Dose-volume (DVH) constraints are determined by the planner through the
definition of maximum allowable doses for these organs, along with a set of

penalty weights to indicate the relative importance of the organ.

1.5. Treatment plan delivery design

Once an IMRT plan is designed, it can be delivered via several methods:



1. Physical compensators (Purdy, 1997). These are used to modify the dose
distribution to conform to irregular target shapes due to missing tissue or irregular
patient contours; the fabrication is time consuming and their use is cumbersome.

A picture of an actual compensator is shown in Figure 1-6.

Figure 1-6 IMRT Physical compensator delivery solution

2. Computer-controlled slit and multi-leaf collimators (MLCs) (Carol, 1994)

sequences as shown in Figure 1-7.

Figure 1-7 IMRT MLC delivery solution

These have made the delivery of intensity-modulated fields more practical by allowing
delivery of the IMRT plan using either multiple static fields or one dynamic field with dynamic
multi-leaf collimator (DMLC) as described in (Spirou & Chui, 1994). The static method is
commonly referred to as “Step-and-Shoot” method while the dynamic method is referred to as
the “Sliding window” method. Each delivery method has its advantages and limitations. In the
literature there exist some studies comparing delivery methods (Chui, Chan, Yorke, Spirou, &
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Ling, 2001), but there are really no available data that permit a true head-to-head comparison

between the currently available various IMRT delivery techniques.

1.6. Absorbed dose calculation techniques
Accurate knowledge of delivered absorbed dose is critical for predicting the clinical
outcomes of the prescribed radiation treatments. This goal dictates dose assessment tools that

are able to predict delivered dose with high precision and accuracy.

1.6.1. Evolution of absorbed dose calculations techniques
In the early algorithms, absorbed dose in the patient was estimated using simplifications such
as assuming that the patient was totally composed of water, ignoring all internal organs and only
using the external patient contour (Nikos Papanikolaou et al., 2004). These simplifications
introduced errors when computing the final absorbed dose distribution, due to the fact that
absorbed dose distributions are highly dependent on the differing material densities and atomic

compositions in the human body.

Advances in imaging led to the development of CT-based dose corrections methods. A full
map of the patient’s internal anatomy can be constructed from electron density map generated by
CT’s (Nath et al., 1994). This electron density map is converted into a material map through a
conversion process allowing planners to predict dose distribution that is close to the actual dose
distribution for the internal anatomy (Sontag & Cunningham, 1978). The initial calculational
methods employing CTs were one dimensional correction methods while the most recent
methods are three dimensional and aim at achieving better absorbed dose prediction accuracy

(Nikos Papanikolaou et al., 2004). Table 1-1 summarizes these calculation methods.

Table 1-1 Absorbed dose calculations method that uses CT data

Absorbed dose calculation methods that uses CT data

1-D 1. Ratio of tissue Air Ratio factors (rTAR)

Equivalent Tissue Air Ratio factors (€TAR).
Fast Fourier Transform method (FFT).
Differential scatter air ratio (DSAR).

Delta volume.

Dose spread array.

Differential pencil beam.

2-D

3-D

L= =
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These advances led to the development of the convolution superposition techniques. The
convolution superposition techniques are predictive models that simulate particle transport and
energy deposition in human tissues. The models use a database of deposition kernels calculated
using Monte Carlo techniques and mathematical expression to predict the absorbed dose
distribution. Some of the most common algorithms that use the superposition convolution
techniques are the Point Kernel model (Pencil Beam algorithm), the direct summation method,
and the collapsed cone method (Ahnesjo, 1999 #92, Papanikolaou, 2004 #68). The difference
between these models is the way they deal with the changes in the primary fluence and changes

in the spread of deposited energy when computing absorbed dose distributions.
In general, treatment planning systems algorithms are divided into two major types:

1. Lookup-based algorithms. These algorithms provide point doses estimates in
patients based on conversion factors of the doses derived from a look-up table.

2. Model-based algorithms. The collected clinical data are fitted into mathematical
physical models, which are used to predict the dose distribution in the entire

volume in question based on a superposition convolution dose algorithm.

1.6.2. Shortcomings of the predictive methods
Existing clinical practice favors model-based algorithms because they offer fast computation
speed. In general, there are two methods to calculate absorbed dose: simplified and detailed. The
simplified method is called the analytical (deterministic) method, which calculates absorbed dose
based on several assumptions (e.g., ignoring patient internal anatomy and assuming the patient is
homogenous medium). The detailed methods are Monte Carlo simulations of the actual physical
phenomenon, with the computed absorbed dose based on simulated particles transported in a

geometrically accurate model of a phantom or patient (Metcalfe et al., 1997).

When computing absorbed dose using a predictive model, dose from primary photons is
explicitly calculated and simplifications (e.g., tissue heterogeneities) are applied to compute the
dose deposited by scattered radiation. This approach is not desirable because it leads to under-
or over-estimating of the predicted absorbed dose; its accuracy needs to be increased in order for
us to be able to use these algorithms clinically. Currently, this is accomplished by collecting an

extensive set of beam data for every possible beam combination. As a result, an accurate beam

11



model is created and used in the treatment planning system to compute absorbed dose (Nikos

Papanikolaou & Klein, 2008).

1.7. Monte Carlo: The best dose calculation method

The Monte Carlo simulation methods are very accurate and are considered to be the gold
standard for dose calculation (Rogers, 2006) in medical physics, since accurate knowledge of the
delivered absorbed dose is crucial in predicting the clinical outcomes of the prescribed
treatments. Currently, any deterministic method developed is benchmarked against Monte Carlo

simulations.

The primary pitfalls of the direct use of Monte Carlo in treatment planning are the large
amount of computer time and data storage required and the extreme effort needed to validate the
results. The best solution is to improve the efficiency of Monte Carlo through improved

methodology development, as represented by this project.
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Chapter 2
Monte Carlo method background

2.1. Monte Carlo history

Use of Monte Carlo (MC) methods has increased in radiation therapy planning in recent
years due to the large gains in computer power per unit cost and the availability of many
powerful software tools. The Monte Carlo methods use statistical sampling for performing
numerical integrations and system simulations. The MC method in its form today was first
developed and named at the end of the Second World War. The main motivation behind
developing MC techniques was radiation transport for nuclear weapons design; Stanislaw Ulam
and John von Neumann saw an opportunity to develop this new statistical sampling application

because of the availability of ENIAC, the first electronic computer (Chetty et al., 2007).

The development of MC techniques has continued to parallel the exponential increase in the
power of digital computers, as they became widely available to universities, research
laboratories, and other large institutions in the 1950s and 1960s (Chetty et al., 2007). The
attention in the medical physics field was directed to Monte Carlo methods as the need for better

and more accurate dose calculation algorithms increased.

2.2. Monte Carlo as a radiation transport tool and absorbed dose calculator

Monte Carlo methods simulate radiation particle histories as random walks. In its simplest
form, each simulated particle is followed from its inception until its death, with decisions at each
particle event made based on basic physics laws to mimic actual radiation interactions in media;
the resulting measurable outcomes (e.g., dose in desired regions) are collected from the sampled

histories and statistically analyzed to estimate the expected outcomes from real particles.

This technique for calculating dose in patients is favored due to the simplicity of the
underlying physical basis when compared to the analytic (deterministic) algorithms. In addition,
this method only requires knowledge of the relative probability and outcomes of various physical
interactions that have been understood since the mid-20™ century; even though the interactions
may be complex to simulate in detail, the basic ideas of each interaction are well understood.
Hence, the overall process is easy to comprehend and implement in a computer code.
Furthermore, dose computation is straight forward and can be performed during the simulation

13



without complex approximations or models of dose deposition. This manner of computing doses

from first principles makes it superior to conventional dose calculation methods.

2.3. Modes of Monte Carlo radiation transport

We can simulate a radiation particle’s random walk using Monte Carlo methods from an
actual source to all regions of interest in a patient and then compute the expected dose to these
regions. This mode of calculation is referred to as the forward mode. Alternatively, we can
think of radiation particles starting in a region of interest and traveling backwards in time and
space towards a source. This mode of transport is referred to as the adjoint mode. Or, finally,
we can devise a hybrid mixture of the forward and adjoint calculations which combines the
advantages of each. The following subsections provide a brief description of each of these

approaches.

2.3.1. Forward Monte Carlo radiation transport

In forward Monte Carlo radiation transport, photons interactions with matter are described by
the forward Boltzmann transport equation (Bell & Glasstone, 1970). The transport process starts
with the initial position, direction, and energy determined from the particular statistical
distributions characterizing the photon beam source. The photons undergo interactions, such as
photoelectric effect, Compton scattering and pair production, as they travel through the system.
By keeping track of interaction rates in regions of interest, we can estimate average fluxes in
those regions. Other flux-based quantities can be estimated by multiplying flux contributions by
pre-calculated conversion factors (e.g., for absorbed dose, a flux-to dose response function
(ANSI/ANS-6.1.1, 1977)). In the field of medical physics, forward Monte Carlo radiation
transport is used to compute the dose rate in all voxels inside a region of interest, for a given set
of source parameters and these voxel dose rates are converted into an expected average dose in
the region. This dose rate is usually normalized to the dose delivered per source particle. For
this project the Voxel8 computer code was developed to solve the forward problem; its detailed

algorithm and description is presented in Chapter 5.

It is often stated in the medical physics literature that the forward Monte Carlo dose
calculations are too time consuming for regular clinical use. The primary reason for this is that

separate long-running forward Monte Carlo calculations through the 3D patient geometry are
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required for each of the many sets of radiation parameters considered by the planner; this makes

each step of the planning process take an inordinate amount of time to evaluate.

2.3.2. Adjoint Monte Carlo radiation transport

The adjoint transport equation (Bell & Glasstone, 1970) describes the transport of adjoint

photons

emerging from a region of interest and travelling toward the source. The adjoint

photons are transported in a fashion similar to the forward photons, with the following

exceptions:

Instead of starting in the source beam (with initial position, direction, and space
chosen according to the characteristic beam distributions), the adjoint particles start in
the region of interest (particular to a calculation) uniformly, isotropic in direction, and
with an energy distribution corresponding to the groupwise flux-to-dose conversion
factors.

Instead of starting with a particle weight that is the sum of the groupwise sources (i.e.,
total source strength), the adjoint particles begin with a weight equal to the sum of the
groupwise flux-to-dose conversion factors.

When a scattering event occurs, the group-to-group scattering matrix is inverted (i.e.,
adjointed) so that particles scatter from the original group to a final group according
to the physical cross section appropriate to scattering the other way. For example, the
normal scattering cross section from group 1 to group 3 is used to find the probability
of scattering from group 3 to group 1.

To properly normalize the previous energy group reversal, the traditional “absorption

weighting” multiplicative weight correction of:

sg
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used in the forward mode after each scatter is replaced in adjoint calculations with:
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(With the superscripts reversed like this, there is no physical interpretation of the

numerator.)

The calculated adjoint flux at a particular point, direction, and energy can be interpreted as
the expected contribution of an emerging photon with those parameters to the dose at the ROI
used as the adjoint source. As a result, the total dose to the ROI can be calculated rapidly by
multiplying the source (as a function of space, energy, and direction) times the adjoint flux and
integrating over all independent variables (convolution of the external source function with the
adjoint flux). Therefore, for a known and unchanging set of source parameters, a single adjoint
calculation for each region of interest could be calculated; specifically for each unique patient
geometry. For this project the Pixel8 computer code was developed to solve the adjoint problem;

its detailed algorithm and description is presented in Chapter 5.

2.3.3. Hybrid forward/adjoint Monte Carlo radiation transport
Direct use of the adjoint method would require that the calculation geometry include the
location of the source point, which for our application is outside the patient. Therefore,
efficiencies can be gained by performing an adjoint calculation from the region of interest to the
patient surface, a forward calculation from the source to the patient surface, and combining the

results.

The hybrid forward/adjoint Monte Carlo transport method restricts the adjoint calculation to
the patient geometry and computes the surface adjoint flux by particle type, location, direction
and energy. The resulting surface fluxes serve as surface sensitivity functions, equal to the dose
contribution that would occur to the region of interest (i.e., region that served as the adjoint
source) of a forward particle impinging on the surface at the indicated surface position, direction,

and energy group.

The advantage of this hybrid approach is that the long-running adjoint calculation is
independent of the source beam parameters, so can be precalculated for the patient’s regions of
interest as a preliminary step of the treatment planning process. Then, each source beam
arrangement that the planner wants to consider can be evaluated very quickly with a fast-running

forward transport of the beam to the patient surface - often ignoring air attenuation - using the
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precalculated adjoint surface fluxes as multiplicative flux-to-dose conversions factors to

determine the contribution to the dose in the region of interest.

The basic approach was first developed for general radiation shielding analysis in the “Monte
Carlo Adjoint Shield” (MASH) code system at the University of Tennessee (in collaboration
with the Oak Ridge National Laboratory) as part of J.O. Johnson’s PhD dissertation (Johnson,
1992). MASH performs the forward phase of the calculation with a discrete ordinates code that
“determines the fluence on a coupling surface surrounding the shielding geometry due to an
external neutron/gamma-ray source. The Monte Carlo [adjoint] calculation determines the
effectiveness of the fluence at that surface in causing a response in a detector within the shielding
geometry, i.e., the “dose importance” of the coupling surface fluence. A coupling code folds the
fluence together with the dose importance, giving the desired dose response. The coupling code
can determine the dose response as a function of the shielding geometry orientation relative to
the source, distance from the source, and energy response of the detector.” (Johnson, Emmett,

Rhoades, & Childs, 1992).

2.4. Fictitious scattering (Woodcock hole tracking) concept

Besides the use of the hybrid forward/adjoint MASH-like surface coupling, this project also
incorporates an improved particle tracking algorithm in the Monte Carlo calculations. This is an
improvement over traditional tracking approaches. For both forward and adjoint Monte Carlo
traditional tracking algorithms, the computational performance of the simulation is poor for
heterogeneous voxelized phantoms because the particle mean free path lengths (i.e., the average
distance travelled between collisions) vary between regions forcing the particle tracking
algorithm to spend time locating intersections of the particle track with region boundaries. We
can reduce the computer time spent on particle tracking for photons in a voxelized phantom by
using fictitious interaction tracking (also known as Woodcock tracking). Fictitious interaction
tracking is a sampling technique useful when the transported particles have a relatively large
mean free path length in comparison to the dimensions of the problem geometry (Brown &
Martin, 2003). This technique is also called Woodcock tracking (Carter, Cashwell, & Taylor,
1972; Cramer, 1977; Kawrakow & Fippel, 2000; Woodcock, Murphy, Hemmings, & Longworth,
1965) or delta scattering (Ljungberg, Larsson, & Johansson, 2005; Tenney, Bowsher, &
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Jaszczak, 2004). This sampling technique is expected to lead to more efficient means of

transporting beam photons through a voxelized phantom (in both forward and adjoint modes).

2.4.1. Why fictitious scattering works

In a heterogeneous medium the mean free path is not constant. As a result boundary tracking
is necessary and it will consume a lot of computer time. Reduction in computer time can be
achieved using the fictitious scattering tracking method. The fictitious scattering method make
the mean free path within a multi material region constant eliminating the boundary tracking step
from the calculation. Fictitious scattering is implemented by using the problem largest total
linear attenuation cross section Ztpnax When transporting the particles between interaction sites.
This is equivalent to adding extra linear attenuation cross section artificially to the actual total
linear attenuation cross section for all region materials. For a problem with several materials the

maximum total linear attenuation cross section is given by:
Zrmax = Max(Zry, X1, X3, o0, Epp) or
2rmax = 2r1F 2rp = 2+ 2y = 23+ 2y = e = 2+ Ay

In the formula above X1y, Zr, Zr3, -+, e are artificial cross-sections added to achieve the
constant linear attenuation cross section. As a result the total number of particle collisions is

increased but the distribution of real particle collisions remains unchanged.

Define I(x) as the intensity of particles at a point x along an axis, and X; is the total
attenuation cross section of region. The amount of particles removed due to collisions in dx

from the beam is:
# particles removed due to real collisions = [(x){Zr;dx}.
The particles intensity after traversing dx along the axis is:
I(x+dx)=1(x) — I1(x){Zr;dx} = 1(x)(1 — Xp;dx)
Using the maximum total attenuation cross section of the problem fictitious cross section is:
Zrictitious = Crmax — Zri)
The amount of particles removed fictitiously at same location is:

# particles removed due to fictitious collisions = [(xX){(Zrmax — Z7i)dx}
18



Then the accurate particles intensity after traversing dx along the axis is using the maximum

total attenuation cross section of the problem is:
I(x + dx) = 1(x) = 1) {Zrmaxdx} + I Qrmax — 2ri)dx}
I(x +dx) = 1(x)[1 = ZrmaxdX + Zrmaxdx — Zridx]
I(x +dx) =I1(x)[1 — Xp;dx]

We can also derive the first equation from the above equation. Therefore, both equations are

equivalent and hence the distribution of real collisions is conserved.
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Chapter 3

Project objective

Due to the increased use of Monte Carlo methods in medical physics as an absorbed dose
evaluator, this research aims at building software to aid in more efficient planning of cancer
patient treatments. Because the traditional use of the Monte Carlo method is too slow for clinical
use, our objective is to demonstrate the viability of a hybrid forward/adjoint Monte Carlo

technique for faster absorbed dose computations.

Our objective was to build a set of Monte Carlo codes capable of calculating forward and
adjoint Monte Carlo problems and to adapt them to hybrid forward/adjoint use; this will aid in
the design of optimized patient treatment plans. For validation, we set out to demonstrate that

the forward and hybrid approach yields the same results (within statistical error).

For increased efficiency, this objective was accomplished by implementing several Monte
Carlo techniques that have been shown useful in deep penetration and reactor analysis, but have

not yet been applied to radiation therapy. These techniques are:

1. Replacing the conventional ray tracing method used to track adjoint particles with
the “Fictitious Scattering” (commonly known as “Woodcock Tracking”) method
on a dedicated regular Cartesian grid. This has been shown to be effective for
problem geometries with material cells smaller than particle mean free paths,
which should make it an efficient technique to use with spatial geometries
described by CT-image-based Cartesian voxels.

2. Implementing the hybrid forward/adjoint capability by interfacing the external
conical beam source with a calculated adjoint surface sensitivity through an
integration procedure to predict absorbed dose in specified internal structures.
The adjoint method, commonly used in the reactor physics and radiation shielding
design, are used to produce the surface adjoint fluxes (which serve as flux-to-dose

response functions for the region of interest used as the adjoint source.
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In order to harvest the usefulness of the adjoint method for a specific geometry (patient) we

will:

1. Calculate (starting from the tumor volume) an adjoint flux @©7,mor(7,Q, E) on
each external surface of the patient body (or a box containing the patient body) as
a function of surface, pixel, direction and energy.

2. Similarly calculate the adjoint flux @p,z(r,Q, E) on each external surface for
each other region of interest (e.g., organ at risk).

3. Fold the computed adjoint fluxes @7ymor (1, Q, E) and @p (1, Q, E) with the
result of a forward transport of source particles to each visible patient surface to

compute an estimate of the delivered absorbed dose to the regions of interest.

This will represent the first time that either of these techniques have been used in a medical
physics application. Our objective is to demonstrate the viability of the approach and prepare the

way for future optimization and application in the field.
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Chapter 4
Methodology used in the Project

In this chapter, descriptions and derivations will be provided for the techniques that we use in

this project:

1. A general derivation of the multigroup Boltzmann equation with a description of
Monte Carlo algorithms used to simulate photon transport.
2. Application of fictitious scattering to particle tracking.

3. Application of the hybrid forward/adjoint coupling for dose determination.

4.1. Boltzmann transport equation for non-multiplying media

As a radiation particle traverses a medium, it interacts via different mechanisms with the
medium. As a result and depending on the particle energy, the particle releases some or all of its
energy as it is either absorbed or scattered to a new energy and direction. The amount of energy
in joules that a kilogram of the medium absorbs from the released energy at interaction sites is
defined as absorbed dose. Absorbed dose can be computed from an estimate of radiation fluxes
in the interaction multiplied by a flux-to-dose conversion factor. Therefore, estimation of fluxes

in different regions in space will enable us to predict absorbed dose at those locations.

The Boltzmann transport equation provides the mathematical relationship between radiation
particles and the medium they are interacting with. The transport equation describes the balance
of particles entering and leaving a differential volume in space, energy, and direction. As a
result, it relates mathematically medium radiological properties to radiation particle interaction
mechanisms. Our research is focused on “photon systems where no fissionable isotopes are

present” hence non-multiplying media (Lewis & Miller, 1984).

4.1.1. Continuous form of the time dependent Boltzmann transport equation

The continuous time-dependent form of the transport equation is:

1 0¢(F,Q,E,1)

S+ 0 Vo(FQ,Et) + Iredim(z £) o(7,Q,E,t) = S(FOQEL) 4D
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The term S(F, Q,E, t) is the source term and it accounts for all particle sources in the medium.

S(F, Q,E, t) is the sum of all particle sources such as sources embedded in the medium (external
sources), scattering events and fission reactions within the system. Mathematically this is

written as:
S(70,E,t) = SE(7,0,E, t)
+f dE' | dQ'zTedvm(7 Q' - 0,E' > E)e(7,2,E',t)
0 41T

+ x(E) J dE’ f D'V Zfission (T E') G, E',6)
0 4

The term Q - V(F) is the streaming operator defined by:

079 = 21250+ 0720 1 5.5 240
with
v = Particle velocity.
T’ = Particle position vector.
<p(?, QO E, t) = Particle angular flux.
dt = Differential time.
0 = Direction of particle.
V = Del operator.
pmediump gy = Medium total cross section (attenuation coefficient).
S (?, O,E, t) = The combined source term.

S*(¥,Q,E, t)

Ifet (7,9 - Q,E' > E)

External fixed source.

Scattering cross section.

x(E) = Fission neutrons energy spectrum.
v = Average number of neutrons released per fission.
2:fissionﬁ ,E') = TFission cross section.
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Our project deals with steady-state dose production from a fixed, unchanging source, so we
can remove time dependent terms from Equation (4-1) giving us the steady state transport

equation:

2-Vo@ + Ziotal™ G E) oG 0,E) = S(7,D,E,t)

S(F,02,E) = SPY(#0,E) + f dE' | d' zTedvm(z ' - 0,E' > E)o(7,2',E")

0 41T

Or, in expanded form:

Q-Vo@) + rfedvm E) o(7,0,E) = S™(#,0,E) +

o (4-2)
j dE' | dQ'z;edm(g ' - 0,E' - E)e(#, Q' E')
0 41

We need to specify a boundary condition to solve this equation. For our project, an escaping
particle cannot re-enter the problem geometry; therefore, the boundary flux is zero for all
incoming directions. If we define the boundary surface normal as 71 and pointing outward, then

the boundary condition is written mathematically as:

(p(?surface: -Q, E) =0 forn- N<0 (4-3)

The - 0 < 0 condition indicates that the source particles are incoming with respect to the
boundary surface normal A . This translates to an angle of 90° < 8 < 180° with surface

normal.

4.1.2. Multigroup form of the transport equation
An exact solution of the time-independent energy dependent transport Equation (4-2) can be
obtained by using the multigroup approximation (Duderstadt, 1976; Lewis & Miller, 1984). In

this approximation the particle energy is divided into G finite number of intervals, AE, called

“energy groups”; where E; = 0and E,is sufficiently large that the number of particles at
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higher energies is negligible. The particles in group g are taken to be just the particles with

energies between Eg and E;_;. Normally the group number increases as the energy decreases.

The group angular flux is defined as:

We proceed by dividing the nonmultiplying and time-independent transport equation (4-2)

into contributions from each group:

. G
j dE' = Zf dE’
0 g’zl g,

Integrating between Eg and Eg_;, we get g coupled groupwise balance equations:

Q-7 J dE(7,0,E) + j dE zpim (7, EY (7, 0, E) = j dESE (7, D, E)
g g g

G
+ Zf dEj dE' | do smedivm(z g 5 Q- ) (7, 0/, E")
g=1"9 g’ 4T

We need to assume that angular flux is separable in energy to express this equation in terms

of the group fluxes. We start by assuming that the angular flux can be approximated as the

product of a known function of energy f(E) and group flux ¢, (F, .(7) as follow:

o(F.Q,E) = f(E) o,(7,2), for E; <E < E;,4

Substituting this equation into the above equation, we get:

ﬁ-ﬁ( [ a f(E)>¢g(F,ﬁ) + [ dEne G @ 90(0) = [ dES™(D.E)
g g g

G
w3 | ar | ar [ a0 sgem e - B0 0)FE) 0y ()
g=1"9 g’ 41T
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If we utilize the fact that the energy dependent weighting function f (E) is normalized by the

definition of the group flux as follow:

J, dEf(E) = 1,

the above formula simplifies to:

07 ¢,(70) + f dE Epedim (7 £YF(E) g, (7,0) = f dES® (7,0, E)
g g

G
w3 [ an[ar [ a0 s GoE - B0 D)FE) 0 ()
g,=1 g 41T
If we define the group total cross sections as:

Iotarg () = [, dEXTGE ™ E)f(E) , (4-4)

the scattering cross section to group g from all other groups g’ as:

s, (7,0 0) = [, dE [, dF' [, d0' SR GLE > B0 D)FE), (4

Scatt gg

and the g group external source as:

Sg¥(7.2) = [, dES™(#,2,E), (4-6)

then the nonmultiplying and time-independent multigroup transport equation becomes:

[2-7 + zmedium(zy | o (7,02)

G
= sp(70)+ ) L 4’ s, (7 0 - ) (7, @) (4-7)
g'=1"""

4.1.3. Monte Carlo simulation of the Boltzmann equation
The following is a simplified outline of the algorithm followed to complete a Monte Carlo

history (Irving, 1971):
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1. Starting with the given source distribution, select the initial position 7’ and initial

group g', and set initial weight to:

G [ee]
Weight = Zf dsSg,(3)
gr=1"0

2. Choose distance, R, to next interaction site from the PDEF:

. - _ (Rymedium(zr o1 o/ ’
p(R) = Emedivm (i 4 R1) o™ ho Zrotarg! (K A') AR
otal,g

3. Set? = 7' + R’
a. If 7 is outside the system, particle escapes and history terminated.
4. Adjust the particle weight for non-absorption weighting

Weight = (

. di >
Previous ?Ealé?g'(r)
Weight ) y

medium =
Total,g’ (r)

and contribute to your tallies.
5. Decide on new energy group and new direction

a. Choose new group g from group to group scattering ratios

b. Choose new direction from tabulated p value for the selected new group.
6. If new weight is below cutoff weight terminate history, otherwise

a. Set? =7

b. Setg' = g

7. Go to step 2.

4.2. Applying fictitious scattering to the Boltzmann transport equation

4.2.1. Derivation of Boltzmann transport equation with fictitious scattering
The fictitious scattering (Woodcock Tracking) general model is developed by finding the

distance to the next collision site assuming that the entire system is homogenous with one total
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System

cross section Xy, o

per group for all the system materials at all spatial points. It is
System

“implemented by requiring 7.5/, 4

to be spatially independent and when practical, to be greater

than or equal to the largest cross section in the system” Zyaximum (Cramer, 1977). We start with

the conventional nonmultiplying and time-independent multigroup transport equation (4-7) and

System

add the fictitious collision term X, 7 -

(#) @4(7, 2) to both sides of the equation:

0V @ (7,0) + zpmedivm@®yg (7,Q) + Zpoete™ () @q(7,2) = SE*(7,0)

Total,g
G
SR 0o 0) + ) | a0ty (.00 D)oy ()
g'=1"""

If we move the term ZTO";%‘I“;‘ (#)@4(7,2)to the right side and collect terms, this becomes:

Q-7 y(70) + zﬁgfj{fgm(?) 0, (7,0) = SEG D)

S - L - > A
HZrotang ) = 25ty (e (7,0)

(4-8)
G
+ )| anrsmedn, 7,07 0)py(7,0')
g,=1 41T
We next rewrite the second term on the right hand side of the equation as:
Syst syst ITotarg ()
ys em di > A _ ySystem - 5 A
{ETotal g Z;ggll .lgum (T)}(pg (T‘, 'Q) - ZTotal,g (T) <Pg (T‘, 'Q) 1 - System( )
Total g

Using the definition of the Dirac delta function, the last term of (4-8) can be written as:

G medlum
A System Total,g ( ) A~ ~ 5 Ay
df’ Totalg (7 ){ o Smi()} 6([2 _)'Q) (pg'(r"Q )
=14 Totalg

And for the scattering cross section we can separate out the angular redistribution PDF to get:

Emedlum (?,f)' Q) Zmedlum(r) f(.Q’ _Q)

Scatt gg Scatt gg

Substituting all of this back into (4-8) and collecting the terms yields:
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DV, (7,0) + sy () oy(7,0) = SE(7,0)

Total,g

medium A . O
+ Z L d[z zsm @ f(2'-2) +9)

medlum

(7)

System Totalg ~ ~ 5 Ay

Totalg(){ = gt 5(2' - 0)| o7 2')
Totalg

System

Total,g () term from the square bracket to the right of equation (4-9) will

Factoring out the X

result in the following:

079 (70) + £5m () oy (7.0) = SE(7,0)

Total,g
G ymedium —>
3 [ o [Benar D )
PR PR (4-10)
medlum( )
Totalg Ay A System
+ { - System( )} 5('{2 - 'Q) Total,g’ (r)gog (T 'Q )
Total g
medium, =
Rewrite the term —gosree— as follow:
Total,g ( )
di medium di
Spesn () I () s, @) .
System System medium -
ETotalg ( ) ZTotalg 1G ) ETotalg (7")
And define the fictitious collision density term QJZyStem( r,Q ) as:
System (> Ar\ _ ypSystem _
YRR =2 P ey (7.0 (4-12)
Similar to equation (4-12), the real collision density term Lljlz?al (£, Q) is:
PR 0) = Elal o Py (7,07) (4-13)

Then the ratio of the real collision rate to the fictitious collision rate becomes:
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W) e ) -
System (= A/ System -
l/)g’ (T,.Q ) ETotal,g’( )

and the real collision rate in terms of the fictitious collision rate is:

medium ,—

ET L (T') stem [ = ~
yheo! (7.0 = e W (72) (4-15)
Totalg C)

Substituting (4-11) and (4-12) back into (4-10) we get:

27 0 (7, 8) + BT 0, (70) = SE(E D)

G

medlum medium =
" (7) @
oY o e p(ag)
gT=1"4T Totalg (7 ) Total,g’ (4-16)
medlum( )
Totalg ~ A System (> A7
+ { - SyStQWL( )} (!2 - !2) l/);, (T’Q )
Totalg

Multiplying Lbi’fsmm(?, Q') into the right hand bracket and using (4-15), becomes equation
4-17):

27 9y(7.0) + Spiiarg ) 0g(7,0) = S7(7,0)
G

medlum ( )
/ Scattgg Real(= A1 Al LA
+Zj A | X PR Q) x f(2'-2)
F | Trotatg 70 (4-17)
71:nedllum( )
ota g Al P~ System (> A7
- S la(a - 0y
Totalg’( )

The right hand side of equation (4-17) at O’ — Q is the emergent particle density for all

S stem
events (source real collisions, and fictitious collisions), which we can designate as g, Y

G
System ;TCLZ?E:;; (T') Real (> A1
(7,0) = Z ——=— x PR(# ) (4-18)
= | ZTotatg (7) 7
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System
Total 9’ ( )

;n;‘;lgll;ng,( ) System (= A1
1 - rotag Tl ysren iz, )]
Since, the emergent particle density for source real collisions is g :

G mealum,( )

5 Ay Scatt 99 Real = Al
q 7,10 = W (7,0 (4—19)
7 ( ) ZToialg (T) g ( )
Or, as shown in equation (4-10), is also equal to:
G mealum G )
S AN Scatt gg' System
g (7",.(2 ) = Z System( ) l/) 9 ( ) (4-20)

g'= Total g

Substitute equation (4-19) into equation (4-18) to get

System
Total ,g ( )

G medlum
g7 Q) = qp (D) + Z {1 - M} Yo 0) @2
g'=1

The angular flux is computed from equations (4-12) and (4-13):

. G System(» _Qr) G Real(—> _Q’) (4-22)
W8 = LT T e ®
=1 “Total,g

g'=1 Totalg

All of the above equations are valid when the absorption weighting Monte Carlo method is

used to find a solution. Further, for this type of transport (absorption weighting) the real

emergent density q, (7,2") is given by:

G mealum,( )

Scattgg Real 5 Ar
Z Zmedlum g’ (7",!2)

Totalg

(4-23)

G medlum

Scattgg System > Ay
Z System g’ (7",!2 )

Total g

And the fictitious emergent density is:
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Scatt “Scatt,gg "/ Total,g System (= A
System ( ) System ( )H ¢gy,t (T‘,.Q ) (4—24)

Zmedlum, (T) { Zmedlum , (F)
Total .9’ Total .9’

G
System (>
qg rl Z

And using (4-23) and (4-24) the flux is:

G 5 A
3 q g,(r 0} )
Pg (T‘,.Q ) - Zmedlum (773)
g'=1"Scatt 99"
_ q;ystem(F'ﬁ,) (4—25)
Emedlum ,(77.’)
G di = System Total,g
o'=1|%scattgg' @) + Zpga (7 ){ - Smi()}]

Total g

4.2.2. Use of fictitious scattering in Monte Carlo algorithms

When implementing the fictitious scattering method, the distance to the next interaction site

System (—>)

Total,g If the interaction site is within the

is computed using fictitious cross section X

problem boundary, we determine if the interaction is real or fictitious based on the ratio between
the true site attenuation coefficient and the fictitious cross section. A true scattering interaction
. . Y (F) . .
occurs with a probability of —g 77—, which indicates that a real scattering event has taken
Total,g

place with an absorption weighting correction applied. Otherwise, with probability of { 1-

medium
ZTotalg G )
System( )

} a fictitious interaction occurred and the particle continues on the same path without
Totalg

any change of direction, energy and weight.

The fictitious scattering method is implemented using a random number to determine if each
collision 1is real or fictitious (random number RN are uniformly distribution in the interval

0 < RN < 1). The algorithm is:

System

Total,g (7). This is normally chosen to be the

1. Choose a fictitious cross-section X

largest expected cross section value during any particle flight.

2. Sample trial flight distance using :
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R System
Zy

p(R) = Z0eee™, (7' + R') e o Zrotasg

,(#'-R"2') dR’

3. Move the particle that distance and find Z%ﬁ%"(?) at the new location.

medium .z
ZTot:al,g (T)

System o *
ZTot:al,g (T)

4. Compute P =

5. Draw a random number RN and test for type of collision:

Z?etdilum(f;)
a. A real collision occurs if RN < =g5Z—

— and ordinary collision
ZTotal,g @

mechanisms are used to determine post collision parameters:

i. New photon Energy;
ii. New particle direction.
_— . . YT (F) . . .
b. A fictitious collision occurs if > 253’“—9’"(*) , and the particle continues with
Totalg r

the same direction, energy, and particle weight.

System

Totalg (7) is much larger than the

The fictitious scattering tracking becomes inefficient if X

typical cross-section; otherwise it is a very powerful Monte Carlo technique.
For adjoint transport, the fictitious scattering algorithm is the same.
4.3. Hybrid forward/adjoint technique
The hybrid forward/adjoint technique is best described using operator notation for the

forward and adjoint transport. We start by defining the traditional forward solution of the

transport equation as a groupwise solution of the forward operator:

Lg 909(77'!7) = Sg(F'ﬁ)

where:
G
—A.T Medium 2\ _ rymedium (2 3 . Al
Ly =0V + Sf5E @) Z A0’ Eget oo (7,0 2")
g'=1 41
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For a standard shielding problem with both sources and detectors located inside the system
boundary and non-reentrant boundaries, the forward flux solution is found for zero inward

boundary flux:

@g(Fsurfaces2) =0 forfi-2< 0 forall # € Surface

Once we have an estimate of (pg(?, ﬁ) we then fold it into the detector response function

R, (7, .(7), to get the desired response in the volume (i.e., Absorbed Dose D ) using:

G
D = f dVZf 0 ¢, (7 0) Ry(F0) = (90 Ry) (4-26)
14 g=0 4T

The “bra-ket” notation used in equation (4-26) is a simple way to express full integration (or

summation) over all independent variables.

Similarly, we can define a solution of the adjoint transport equation as a groupwise solution

of the adjoint operator:

Ly 95(70) = Ry(7.2)
where
Ly= =07 + sedim@) - | do'spediun (7,0 0)

g,=1 41T

The reason for the use of the response function for the adjoint source becomes apparent when
we consider that the mathematical relation between the forward and adjoint operators is given

by:

G
(@irLy 0g) = (09 Ly03) + j av’y f 4007 {p,(7 )0y (72} @27
14 g=0 4

The last term can be put in a more convenient form using the divergence theorem, which

transforms a volume integral into a surface integral as follow:
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f dvif,(#02) = f ds if, (7, 2) (4-28)
74 S

Using the divergence theorem, Equation (4-27) can be written as:

(@5, Lg 0g) = @y, Lyos) + (027 @405 )s (4-29)
where
G
(D7 ggp5)s = [ ds Y [ a8y (0)05(0) (430)
S 41T
g=0

The usefulness of this can be shown when we expand the definition of the dose rate (4-26):

D = (¢ ,R)
= (p ,L¢") (from adjoint solution is L*¢* = R)

= (", Lp) — (A-0 @,9")s (fromoperators relationship) 431
= (p*,S) —(A-02 ¢,9")s (from forward solutionis Lo =5) (4-31)

This terse but useful derivation shows that the dose rate in a region, which is normally
calculated using the first line (i.e., by determining the flux with a forward calculation and then
folding the flux with a response function in the region of interest), can also be found in two other

ways, using the last line:

1. If an adjoint-only calculation is performed with both the source region and response

region within the boundary of the calculation and void boundary conditions used on a

non-reentrant outer boundary, then the response rate is given by:
D=(¢".5)

since the second term in the bottom line of Equation (4-31) goes to zero due to:
@y (Fsurfaces2) =0 for-Q< 0 forall # € Surface
and

@5 (Fsurfaces2) =0 fora-Q =0 forall # € Surface
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which means that their product is zero for all directions.

2. If an adjoint calculation is performed which contains the detector, but not the source
(i.e., the source particles arrive from outside by impinging on the boundary in an

incoming direction), then the response rate is given by:

D:_<ﬁ.f2 ¢’¢*>s

(which will be positive since the directions are incoming).

The second case above is the basis for the hybrid forward/adjoint technique.
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Chapter 5
Voxel8 and Pixel8 Code Algorithms

The purpose of this chapter is to explain in detail the algorithms within the FORTRAN

computer codes developed for this project. The first three sections of this chapter give general

outlines and flowcharts of the three modes developed: forward, adjoint, and hybrid

forward/adjoint. The last section covers the details of how the decisions are made at each of the

decisions points of the Monte Carlo random walk.

5.1. Forward mode

5.1.1. Outline of the forward Monte Carlo code(Voxel8)

Find the maximum total cross sections for each group

For n = 1 to desired number of histories (NPS).

1.

N o s

Starting from initial source position, pick initial particle direction within the
primary collimator specified cone apex angle and set initial weight to the sum of
the group sources (or to one and correct later).

Compute intersection point between the picked
particle direction & plane defining adjustable field size.

Test if within adjustable field size or not
e IfNO, END THE HISTORY.

Sample source energy group.
Sample distance to collision site using the maximum total cross section.
Compute collision site location

Test if the collision site is within the problem geometry:
e IfNO, END THE HISTORY

Score flux-based tallies based on current energy group, weight, and the maximum

total cross section as follow:
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_ Weight ] ) 1
@ = —Esystem(?)v in units (_cm2>

Total,g

9. Lookup the material at this collision site
10. Compute Fictitious scattering probability

11. Determine type of collision

e [f fictitious, continue the particle path unchanged (GOTO bullet 5).

12. Lookup the following for the location site material and particle energy group:

e Scattering probability.
¢ Group to group CDF for scattering

® Group to group cosine scattering angle data.
13. Compute:

® New particle weight based on scattering probability using
Previous) Z?EZ@‘Z‘Q'(?)

Weight Zmedium(?)

Weight = (
Total,g'

e New energy group after scatter.

e New direction of travel after scatter for this group-to-group transfer.

(GOTO bullet 5).

End

Perform post-processing and output the results
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5.1.2. Flow chart of the forward Monte Carlo code (Voxel8)

FORWARD TRANSPORT ALGORITHM

@ Pick source direction within a max cone angle

(e, By, 2)
L 4

L J

Find intersection point top of patient box
(X Figld . VField . ZFietd) = (X Boxsarjoce , ¥ioSargoce . THoxSarace)

TRY
AGAIN

FALSE Test if within

field window

Set initial particle weight based max cone angle (ConeMU)
Wy = (1.0 - ConeMU )/ 2

¥
Start In patient Transport: p Pickp |# Set(Xy, Yo. za) =
1} Position: (Xg, ¥y, zal - B (T BexSarface , ¥Bex Surfoce , T Sar foce )

2y Group: g
3) Direction: 43, , 12, , 12,

il i

Pick distance to # Find new position: o
interaction site: ¥ =Xp+ D 8 Position in
3= -InE} L V= Yot Dot phantom
=+ a5
FALSE
r_O'UTSTDETEdHTﬂM WITHIN
o PHANTOM
Lookup cell parameters: Find: Cell number (i ik} given
) BE,=E(ijkg n Cell Dimension: Ay, Ay, Az M
2y CDFyp= COFy( i j. g} i=x fAx+1
3) Dose conversion factor J=¥y Ay +1
1 k=ziAz +1

Score = | W/ [ D o*Vorsd | X [ Flux 1o dose conversion factor] l—P Pick §

|

+ W=Wy L/ 5, W— Compute 5/ 5

TRUE From X5 files find

REAL COLLISION | 9070 =
| 2) Mew Direction £, 2y, 2,
(FICTITIOUS SCATTERING) | ) Set%=X Y=Y u=z

Mlp=X,Yo=¥ o=z

Keep same group g &Direction 42, £2,,, 42,

Figure 5-1 Flow chart of forward Monte Carlo code (Voxel8)



5.2. Adjoint mode

5.2.1. Outline of the Adjoint Monte Carlo code (Pixel8) steps

Find the maximum total cross sections for each group

For For n = 1 to desired number of histories (NPS).

el

0.

Sample initial position within ROI voxel from set boundaries (xg , Yo , Zo)-
Sample source energy group from the dose response function.

Sample direction isotropically (Qyo, 0y, 050)-

Set particle initial weight to the sum of the group response function values (or to
one and correct later).

Sample distance to collision site using the maximum total cross section for the
group.

Compute the new location (Xnew » Ynews Znew)-

Test if collision site (Xnew » Ynewr Znew) 18 Within the problem geometry:

e If NO, Figure out the following about the exited particle:
» Which boundary surface the particle crossed.
» Particle energy.
» The surface pixel indexes at the point of exit.
» The “igloo” zone according to particle direction.
e Score to appropriate tally according to the parameters determined above

¢ terminate history (GOTO bullet 15).
Find the collision site voxel and look up:

o Material.

e Total cross section (given material and energy group).

Compute fictitious scattering probability

10. Determine type of collision

¢ Fictitious, keep particle group, direction and weight (GOTO bullet 6).

11. Lookup the following for the voxel material and particle energy group:
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e Scattering probability.
e Group to group CDF.

e Group to group cosine scattering angle data.
12. Compute:

e New particle weight based on (sum of group-to-group Scattering cross sections
for the current group)/Total cross section. If the weight is below the Russian
Roulette lower weight, then play Russian Roulette, ENDING the history if the
particle fails.

e New group after scatter.

e New direction of travel after scatter.

13. Set the new particle parameter values found in step 13. (GOTO bullet 6.)

14. Figure out the following:

e Which boundary surface the particle crossed.
e Particle energy.
e The surface pixel indexes at the point of exit.

¢ The “igloo” zone according to particle direction.

15. Contribute to the appropriate tally according to parameters determine from
previous steps (surface, pixel index, energy group, igloo zone) the following

(adjoint flux):

. (Weight) " (cGy)
¢ = CosO dA units cm?

END

Perform post-processing and output the results.
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5.2.2. Flow chart of the Adjoint Monte Carlo code (Pixel8)

ADJOINT TRANSPORT ALGORITHM

FAISE OUT. SfFIE PHANTOM

Pick Pick Group g
Vil , Vady, Vi) Pick 12, 82, 42
i ] Start In patient Transport: l
.P“:k d:.vflann.: lu 1} Position: (Xa, Yo, z0) SerW=1
i l“lﬂiﬂrllﬂnflzm. 2} GI'CH.IP: g
= “":E-'i tma-g 3y Direction: 2w, 2, 20
Find new position: _ TRUE - WITHIN PHANTOM
X=Xo+ 83§ - Position in
Y= Vot 25 v phantom
z=pt A8

exited & save score given:

M- Score = Wy /(CosfdA) — 1. Position: (Xo, Yo, za)
2. Group: g

3. Diection: £, 2, , 2y,

Figure out what surface particle

Find: Cell number (i j,k) given

Cell Dimension: Ax, Ay, As

ol b =

Compute X, o/ Yoo 7 ¢ kup cell parameters: i=x Fdx +1
¥ ) Sp=Z(ijke) — j=y /Ay +1
W=Wy sy / 5, 2) CDF,,= CDF,(i j kg) k=z/4z +1
SURVIVE
W < WeutOff Pick £
END HISTORY
- TRUE
= 1L
From X files find REAL § =g/ Tomg
" 1) New Group g COLLISION EALSE
2) New Direction £2;, 42, £2- i o
3 Belx=Xx Wy=¥Wm= ff'.fl:Tfof}L'h-
) Ko Wt SCATTERING
4j KE‘P W= ﬁrﬂ E.x-";-amm',x B ~ s .;I
Do the following:
Selxo=X Yo=W =1z
Keep same group g

Keep Direction 42, , 42, 42,
Same W=Wy L,/ Loy

Figure 5-2 Flow chart of adjoint Monte Carlo code (Pixel8)
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5.3. Hybrid forward/adjoint mode

5.3.1. Procedural steps for the surface integration
Read the Adjoint Monte Carlo code results (Adjoint surface flux by (surface, pixel, energy

group, directional bin).
For n = 1 to desired number of histories (NPS).

1. Starting from initial source position pick initial particle direction ), within the
primary collimator specified cone apex angle — set initial weight to sum of group
source rates, Werward.

2. Compute intersection point (Xintersect » Vintersect » Zintersect) ON the patient
surface.

3. Testif (Xjntersect » Vintersect » Zintersece ) 18 Within the adjustable field size
e If NO, discard this direction and choose another one (GOTO bullet 1).

4. Sample source energy group.
5. Locate appropriate (surface, energy, igloo direction) bin and retrieve the saved
adjoint flux for the bin, wy,.

6. Add contribution to the dose from this intersection as:
G
AD = f as’y’ f dd|a-0)p;(7.0) 0y (7,0) = Wrorara - Wi
S o=1 /mas<o

END

Perform post-processing and output the results
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5.4. Details of the decisions made in the random walks

Distance / \

(xo.Yo0rZo:) new direction

Qo
Eo

\ Re peat/

Figure 5-3 Random walk / history steps

Figure 5-3 illustrates the events occurring during particle random walk in a medium (E. D.
Cashwell & Everett, 1959) and are the bases of Monte Carlo simulation of radiation transport in
a medium. For the purpose of our project, this random walk is essentially the same in forward
and adjoint Monte Carlo mode except at the start of the random walk and for the energy group

determination after a scattering event.

5.4.1. Selection of initial particle parameters

5.4.1.1. Initial direction

In forward mode, we start our transport by selecting an initial particle direction in the cone
illustrated in Figure 5-4 (chosen so that it completely covers the adjustable field size window),
with the particle immediately killed if it is not inside the adjustable field size window. The result
is an initial direction choice within the adjustable field size window. The passing particle will

have an initial weight of:

(1 — Cos(e))
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Accept if selection pass through
this window, reject otherwise

Figure 5-4 Photon direction selection

In adjoint mode, we start from a region of interest voxel (i.e., selecting a voxel index) where
all voxels have the same probability. Then a starting point (X,y,z) is selected inside the given

geometrical boundary as follow:

1. Select random number &, then compute

X; = Xpin + dx X &,.

2. Select random number §,, then compute

Vi = Ymin + dy X fy-

3. Select random number &, then compute

Zi = Zmin + dz X &,.

Then we test if these coordinates are within the region of interest or not. If they are we
proceed if not we sample for another point. Then an initial direction is selected by selecting the
cosine of a polar angle and an azimuthal angle. Then these two values are converted to Cartesian

coordinates. The steps are as follow:

1. Select random number &, then compute
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0, =p=-10+20x%§,

2. Select random number g4 then compute

¢ =20 x 1 xXE&

3. Then compute:

1—u?

4. x &y direction component:

2y = 1 —p?Cos(¢)
0, = 1 —u?Sin(¢)

5.4.1.2. Initial energy

Our research interest is the poly-energetic photon spectrum generated by a medical linear
accelerator. Description of this spectrum can be found in papers published by Mohan, Chui, and
Lidofsky in 1985 and the paper by Sheikh-Bagheri and Roger in 2002 (Mohan, Chui, &
Lidofsky, 1985; Sheikh-Bagheri & Rogers, 2002). The latest paper by Sheikh Bagheri & Rogers
(Mohan et al., 1985; Sheikh-Bagheri & Rogers, 2002) calculates and tabulates the photon
spectrum using Monte Carlo simulation for nine beams from three major manufacturers of
commercial medical linear accelerators with energies ranging from 4-25 MV at the source
location. The data is separated into two categories according to the linear accelerator maximum
energy as high energy (energy between 15-25 MV) and low energy (4-10 MV). Figure 5-5 is a
plot of the computed photon spectrum for a low energy Linac while Figure 5-6 is a plot of the

computed photon spectrum for a high energy Linac.

In forward transport mode, the desired photon spectrum is selected. The probability
distribution function PDF and the cumulative probability distribution CDF are calculated and a

search array is built. The initial particle energy is selected from the CDF.
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Figure 5-5 Low energy spectrum (4-10 MV) from Medical Linear Accelerator
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Figure 5-6 High energy spectrum (15-25 MV) from Medical Linear Accelerator



To speed up the initial energy selection process, a search array was built that bins the photon
spectrum CDF into a known number of bins. The number of search array bins reflects the
desired search precision. The current implementation uses a search array size of a 1000.
Therefore, the search array bins index reflects the photon group CDF values multiplied by a
1000. The array itself holds the corresponding energy group value. Once a group is selected it is
verified against the actual photon CDF and adjusted accordingly. Using the search array will
eliminate the need to loop through the entire photon spectrum CDF every time we start a new

history.

Similarly in adjoint transport mode, the best guess about the adjoint source probability
distribution is built from the response function before the start of transport. The probability
distribution function PDF and the cumulative probability distribution CDF are calculated and a
search array is built. During transport the initial adjoint particle energy is sampled from the

search array then verified with the CDF.

5.4.1.3. Sampling the distance to interaction / collision site Sampling

Figure 5-7 Distance to collision site sampling

Both the forward and adjoint transport use the same process to sample distance to collision
site. This process is illustrated in Figure 5-7. Define the optical depth, S(x) , as the expected

number of mean free paths traversed by a particle traveling a distance x through a medium with
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arbitrarily specified macroscopic cross-section X(x) (Carter & Cashwell, 1975; Carter et al.,
1972; E. Cashwell, Neergaard, Taylor, & Turner, 1972; E. D. Cashwell & Everett, 1959):

X

B(x) = f 2(x")dx'
0

Assuming that X(x) is finite and X(x) = 0, the probability of traversing a distance x in a

medium without collision event when x is 0 < x < oo is:

probability of traversing a distance x = e F®

The independent interaction probability per distance traveled event is:

g
E— E(X)

which leadsto 0 < % < 0.

The probability density function (PDF) for a collision occurring after a particle travels a

distance x through a medium is given by the product of the above two probabilities:

d
PDF(x) = £ - e P

Normalizing the result by integrating the equation yield the normalization constant :

G — f % . e_.B(x) dx = 1 — e_B(OO)
o dx

To allow for particles that have no collisions (i.e., exit the problem geometry without
interaction), we define the “no collision probability” Py as:
PNC — e_ﬁ(oo)
The normalization constant G becomes:

“db

G =
o dx

e P®dx =1—e P =1— Py,
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The probability density function (PDF) for a collision occurring after a particle travels a
distance x through a medium can now be expressed as the sum of the two mutually exclusive

events probability (probability of no interaction and probability of interaction at distance x) given

by

d
PDF(x) = Pyc-6(x = o) + d_i . e B®

If we use the fact that
(1= Pne) 1
1= = (1—=Pyc) ————=(1—=Pyc) ' =
(1 - Pyo) NET (1 = Pye) NS G

the probability density function (PDF) for a collision occurring after a particle travels a distance

x through a medium is:

1 dp
PDF(x) = Pyc-8(x = )+ (1—Pye) - = — ° e P

Note that the PDF equation allows for the possibility of traveling an infinite distance without
colliding. These are cases that occur when X(x) — 0 as x — oo (most often occurring when the

solution volume is limited to a finite region and void assumed outside of this volume)

Random sampling the Monte Carlo flight path requires solving the following equation for s,

the flight path distance to collision:

&= fOSPDF(x) dx or & = CDF(s)

where ¢ is a uniform random number in [0, 1), PDF (x) is given by the equations above, and the

CDF (x) is given by:

s 1—eB®
CDF(x) = f CDF(x") dx' = Pyc *H(x,0) + (1 —Py¢) - —————
0 1-— e_.B(OO)

(with H (x, o) the Heaviside step function). Frequently we write s as:

s = CDF1(&)
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For the infinite homogenous medium case when the cross section is a constant and

independent of x the optical distance equation simplifies to:

B =3x, L= Py=0 G=1 CDF(x)=se™

And the solution for
¢ = fos CDF(x) dx or & = CDF(S)
18

_ -9
- z
Since ¢ and (1 — &) are both uniform distributions between 0 and 1, the above equation is

commonly implemented as:

Cn®
X

As a particle traveling the medium enters a region with a different total cross section Z(x),
the sampled distance to the next collision s will vary. When the value of s is larger than region
dimensions we need to adjust s appropriately; this can result in a lot of computation time spent

trying to figure out distances to boundaries.

We can avoid this situation by utilizing the concept of factitious scattering method. When
using the fictitious scattering method, the material actual total cross section is replaced with a
fictitious total cross section for the purposes of finding the distance to next collision. As
described in Chapter 4, using the fictitious total cross section eliminates the need to check and

compute distances to current region boundaries, resulting in a computational time saving..

5.4.1.4. New particle position

The particle’s new and old position is related by:

Xnew = Xoig +S {2

Xnew

Ynew = Yoia TS Qynew
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Znew = Zoig + S 12

Znew

The computed location is tested against the geometry boundaries to determine if the particle
is still inside the geometry. If the particle is still in the geometry, the transport continues;
otherwise the history terminates and a new history is started. Both the forward and adjoint

methods use the same formula to compute the particle new position.

5.4.1.5. Sampling the energy and direction following scattering events

For the current particle energy, a cumulative probability values (CDF) are pre tabulated for
all possible group-to-groups scatters for both transport modes. These cumulative probability
values are used to sample the new energy group after a scattering event. Once the new to group
is determined, the cosine of scattering angle is picked from a tabulated cumulative probability
values for all possible cosine scattering angles for the particular group-to-group transfer (which
are also precalculated). The CDF is used to determine the cosine of the scattering deflection

angle, 6.

The new direction (),,,,, is computed using the relationship between the old direction, Q,;4,
the deflection angle, 8, and a uniformly chosen azimuthal angle, ¢ as described by Carter and

Cashwell (Carter & Cashwell, 1975):

Q010 = ("onld"QYOId"QZold)
Sinf ]
‘anew = 'onldcose + ('onld'QZoldCOS(p - 'Qyoldsm(p)
,’ 1- 'ngld
Sinf )
Q)’new = 'QJ/oldCOSH + ('QYOId'onldCOS(p + "onldSln(p)
,’ 1- "ngld
Sin6
Q0 = £2y,,,C050 + ——— (—[1-0Z,,|Cosp)

Zold
— N2
1 "onld

In Cartesian coordinates, the new direction is found using simple vector rotation. The first

rotation is around the positive y-axis then followed by a rotation around the z- axis.

52



X, yjz)new

Q= (0,1,0)

Figure 5-8 Energy and direction sampling
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Chapter 6

Sample problems

To validate the computer codes developed in this project, the following testing was done:

1.

A generic sample problem was defined involving an external beam source and a
patient, modeled as a water cuboid with defined subregions to approximate the
tumor, the brain, and the two eyes. In order to use MCNP5 multigroup option for
validation, the MCNPS5 12 group photon structure was employed and the Los
Alamos computer code NJOY99 was used to generate the data.

Comparison of the 12 group data with the standard multigroup interaction cross
sections was performed for hydrogen, oxygen, and water reaction rates.

A forward case was run with both MCNP 5 and the project code to compare the
average fluxes in a vertical slice through the patient and to estimate the dose rates
to the tumor and organs.

An adjoint case was run with both MCNPS and the project code to compare the
surface adjoint fluxes (the actual surface fluxes for MCNPS5 versus the average
adjoint fluxes in the top layer of voxels for the project code).

The surface adjoint fluxes using the project code in Step 5 were folded into the
forward source used in Step 3 to implement the hybrid forward/adjoint
methodology; the resulting dose rates in the tumor and the organs were compared

to the doses calculated in Step 3.

The details and results of these tests are given in this chapter.

6.1. Common elements of the generic beam/patient sample problem

6.1.1. Geometry/material map

The codes require the material map be created by assigning voxel material indices to each

element of a 3D (x,y,z) Cartesian grid. We can get this map either from CT data sets or built it

from simple geometric shapes. For these sample problems, we defined a 50.0 cm x 50.0 cm x

50.0 cm water filled box. The box is divided into voxels of 0.5 cm x 0.5 cm x 0.5 cm, resulting in

a 100x100x100 voxel grid.

The following is the used direction convention:
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1. X-axis runs along the box width.
2. Y-axis runs along the box depth.

3. Z-axis runs along the box length.

The top of the box is the most negative y plane. The furthest top left corner is the minimum
box point and the furthest bottom right corner is the maximum box point. Using this

configuration the origin (0.0, 0.0, 0.0) is at the center of the top layer.

It is worth noting that this coordinate convention is used to describe medical images. For a
set of 3-D medical images (e.g., computed tomography data) with the patient in the supine

position (rested on his back) the following is the direction convention:

1. The x-axis runs from right to left when examining one slice of data (transverse
direction) with the negative direction at patient right side and positive direction at
patient left side.

2. The y-axis runs from top to bottom when examining one slice of data (axial
direction) with the negative direction at patient bottom side (posterior position)
and positive direction at patient top side (anterior position).

3. The z-axis follow the patient mid line with the positive direction is at the patient

superior end (head) and the negative direction is at the patient inferior end (feet).
6.1.2. Radiation (forward) source

6.1.2.1. Source energy

The source is a photon polyenergetic source produced by a medical linear accelerator. The
source distribution has a very well defined spectrum published by several authors. The source
energy is designated as 6 MeV or 18 MeV. Source strength is defined at 100.00 cm away from
source at a reference depth and field size (for a linear accelerator that is calibrated using source
to phantom surface distance (SSD) method - a common calibration method - is 1.0 cGy / monitor

unit at the selected energy maximum depth and 10.0 cm x 10 cm field size).

Varian 6 MeV medical linear accelerator photon spectrum as published by (Sheikh-Bagheri
& Rogers, 2002). The following are a plot and listing for the spectrum distribution of the Varian
6 MeV photon beam:

55



0.00014
] =V arian 6 MV

0.00012

0.0001

0.00008

0.00006

0.00004

Photon per million incident electron

0.00002 4

_|—|—|_

0.00 1.00 Lo 100 4.00 500 .00 1.00
Photon energy bin (MV)

Figure 6-1 Varian 6 MeV published spectra
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Table 6-1 Varian 6 MeV published spectra

Energy Bin Photons per
Gamma Upper Bound MeV incident
Group # (MeV) electrons PDF
1 0.25 2.14E-05 0.020530
2 0.50 1.26E-04 0.120877
3 0.75 1.31E-04 0.125674
4 1.00 1.14E-04 0.109365
5 1.25 9.76E-05 0.093632
6 1.50 8.36E-05 0.080201
7 1.75 7.25E-05 0.069552
8 2.00 6.23E-05 0.059767
9 2.25 5.35E-05 0.051325
10 2.50 4.59E-05 0.044034
11 2.75 3.95E-05 0.037894
12 3.00 3.47E-05 0.033289
13 3.25 2.98E-05 0.028588
14 3.50 2.61E-05 0.025039
15 3.75 2.25E-05 0.021585
16 4.00 1.91E-05 0.018323
17 4.25 1.66E-05 0.015925
18 4.50 1.38E-05 0.013239
19 4.75 1.14E-05 0.010937
20 5.00 9.04E-06 0.008672
21 5.25 6.55E-06 0.006284
22 5.50 4.09E-06 0.003924
23 5.75 1.40E-06 0.001343
24 6.00 4.34E-08 0.000042
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Figure 6-2 Varian 6 MeV spectra adjusted to MCNP5-MGXSNP structure
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Table 6-2 Varian 6 MeV spectra adjusted to MCNP5-MGXSNP structure

Energy Bin Photons per

Gamma Upper Bound MeV incident

Group # (MeV) electrons PDF
1 0.010 0.000000 0.000000
2 0.100 8.025E-06 0.007698
3 0.500 1.394E-04 0.133707
4 1.000 2.450E-04 0.235028
5 2.000 3.160E-04 0.303138
6 3.000 1.736E-04 0.166534
7 4.000 9.750E-05 0.093532
8 5.000 5.084E-05 0.048771
9 6.000 1.208E-05 0.011591

Note: The photons are produced as a result of slowing down electrons in a
tungsten target (bremsstrahlung spectrum). The produced bremsstrahlung
spectrum is forwardly peaked and is collimated to produce a maximum
square field of 40.0 cm x 40.0 cm at 100.0 cm downstream from the target.
The energy upper bound is in MeV and the PDF will be used to model the
source distribution in MCNPS5.

6.1.2.2. Source position and direction

The physical source used in actual radiation treatment can be at any position around the
phantom / patient via simple source rotation. The radiation field boundary (field size) is defined
at 100.0 cm away from the source by either a set of jaws and / or by multi leaf collimator. The
outer radiation field shape can be squares or rectangles by adjusting the jaws from 1.0 cm x 1.0
cm up to 40.0 cm x 40.0 cm. The inner field shape can is modified using multi leaf collimator to

further collimate the shape of the radiation field to conform to desired targets.

For a coplanar (same - one — plane normally designated XY) beam arrangement we will have
one plane (X-Y). For each beam we will always have one central axis (CAX) and iso-center

(machine physical center and treatment center). This illustrated in the Figure below:
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The following is an illustration of source position around the phantom:
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Figure 6-2 Source position around phantom
For these sample calculations, the source is positioned at 100.00 cm directly above the water

box center. The particles travel straight down and limited to ~ 11.30993 cone from the source.

The following is illustration of the coordinate convention used throughout the code.
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Figure 6-3 Problem coordinate convention

6.1.2.3. Source shaping

The forward source simulates the linear accelerator jaws by defining a 10.0 cm x 10.0 cm
square field projected on the top of the water box. This is model in MCNPS by creating two
0.001 cm thick void cells covering the entire water box surface. The result is a very thin 10.0 cm
x 10.0 cm void window centered above the water box. The photon particle importance is set to 1

inside the window and O outside the window.

6.1.3. Simple geometrical region of interest (box)
This sample problem a simple region of interest in shape of a small box (for which the dose
is desired) was defined inside the water box. The following is the geometric description of this

region of interest:

A. Shape: Box.

B. Size:1.5cmx 1.5cmx 1.5 cm.

C. Location: The box is centered at (0.25, 5.75, 0.25), the X-range & Z-range =
[-0.50, 1.0] and the Y-range = [5.0, 6.5].
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Pixel8 code will calculate surface crossings at each surface pixel. The surface crossings are

separated in position, direction and energy. These separations in position (deltas in each surface

direction) and direction (igloo zone division) are specified in the problem input file.

6.1.4. Patient regions of interest

In the sample problems, inside the water box, four regions of interest (for which the dose is

desired) were defined: Tumor, Right eye, Left eye, and Brain. The following is the geometric

description of each structure:

1.

Tumor:

D. Shape: Sphere.

E. Size: Sphere radius = 3 pixels (1.5 cm).

F. Location: The sphere starts on slice 55 and end at slice 60. The sphere
center is at the end of slice 57 and at the end of 59™ x-pixel and 30™ y-pixel
placing the structure geometric center at (4.5, 15.0, 3.0) cm.

Right Eye:

A. Shape: Sphere.

B. Size: Sphere radius = 7 pixels (3.5 cm).

C. Location: The sphere starts on slice 44 and end at slice 57. The sphere
center is at the end of slice 50 and at the end of the 36™ x-pixel and 8" y-
pixel placing the structure geometric center at (-7.0, 4.0, 0.0) cm.

Left Eye:

A. Shape: Sphere.

B. Size: Sphere radius = 7 pixels (3.5 cm).

C. Location: The sphere starts on slice 44 and end at slice 57. The sphere
center is at the end of slice 50 and at the end of the 64" x-pixel and 8™ y-
pixel placing the structure geometric center at (7.0, 4.0, 0.0) cm.

Brain:

A. Shape: Three rectangular boxes combine to make the final structure.

B. Size:
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i.  Box one: width = 40 pixels (20.0 cm) and height = 25 pixels (12.5 cm)
and length = 20 pixels (10.0 cm).
ii.  Box two: width = 40 pixels (20.0 cm) and height = 15 pixels (7.5 cm)
and length = 14 pixels (7.0 cm).
iii. Box three: width = 40 pixels (20.0 cm) and height = 55 pixels (27.5
cm) and length = 13 pixels (6.5 cm).

C. Location:

i. Box one: Starts at end of slice 32 (z = -9.0 cm) and ends at the end of
slice 52 (z =1.0 cm), the box top x & y pixel 30 (x =-10.0 cm) & 34 (y
= 17.0 cm) and the box lower x & y pixel 70 (x = 10.0 cm) & 59 (y =
29.5 cm).

ii.  Box two: Starts at the end of slice 52 (z = 1.0 cm) and ends at slice 66
(z = 8.0 cm), the box top x & y pixel 30 (x=-10.0cm) & 42 (y = 21.0
cm) and the box lower x & y pixel 70 (x = 10.0 cm) & 57 (y = 28.5
cm).

1i. Box three: Starts at the end of slice 66 (z = 8.0 cm) and ends at slice 80
(z = 15.0 cm), the box top x & y pixel 30 (x =-10.0cm) & 7 (y = 3.5
cm) and the box lower x & y pixel 70 (x = 10.0 cm) & 62 (y = 31.0

cm).

Table 6-3 and Table 6-4 summarize the pixel locations of these brain structures and

the corresponding actual (x,y,z) dimensions.

Table 6-3 Summary of the brain components pixel location

Xmin Xmax Ymin Ymax Zmin Zmax

Pixel Pixel Pixel Pixel Pixel Pixel
Box one 30 70 34 59 32 52
Box two 30 70 42 57 52 66
Box three 30 70 7 62 66 80
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Table 6-4 Summary of the brain components actual location

X min X max Ymin Ymax 4 min Z max
cm cm cm cm cm cm
Box one -10.0 10.0 17.0 29.5 -9.0 1.0
Box two -10.0 10.0 21.0 28.5 1.0 8.0
Box three -10.0 10.0 3.5 31.0 8.0 15.0

Figure 6-4 gives a pictorial representation of the location of the regions of interest in the

sample problems.
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Figure 6-4 Plots of location of the regions of interest in the sample problems



6.1.5. Response function (adjoint source spectrum)
The response function used for the forward dose calculation (by multiplying by flux
contributions in the regions as particles collide in them) and also for the initial adjoint source
photon spectrum was created for the sample problems by numerically integrating a published
Varian 6 MeV response function (shown in Table 6-5) over the 12-group structure used in the
sample problems. The resulting 12-group response function is given in Table 6-6 Varian 6 MeV

photon Response function (MCNP5-MGXSNP)Table 6-6,

Table 6-5 Varian 6 MeV response function (published structure)

Gamma Energy bin RespoPse

Group # upper bound Funct10121

(MeV) (cGy-cm”)
1 0.25 5.23780E-10
2 0.50 1.50459E-09
3 0.75 2.60158E-09
4 1.00 3.54905E-09
5 1.25 4.37346E-09
6 1.50 5.11610E-09
7 1.75 5.79888E-09
8 2.00 6.44136E-09
9 2.25 7.01251E-09
10 2.50 7.59904E-09
11 2.75 8.09581E-09
12 3.00 8.58734E-09
13 3.25 9.10125E-09
14 3.50 9.55186E-09
15 3.75 9.99510E-09
16 4.00 1.04792E-08
17 4.25 1.09187E-08
18 4.50 1.13250E-08
19 4.75 1.18073E-08
20 5.00 1.22876E-08
21 5.25 1.27357E-08
22 5.50 1.31545E-08
23 5.75 1.35449E-08
24 6.00 1.39088E-08
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Table 6-6 Varian 6 MeV photon Response function (MCNP5-MGXSNP)

Gamma Energy bin Respo.nse
Group # upper bound Funct10121
(MeV) (cGy-cm”)

1 0.010 3.12689E-10

2 0.100 9.90001E-10

3 0.500 3.00098E-09

4 1.000 5.29621E-09

5 2.000 7.76637E-09

6 3.000 9.74813E-09

7 4.000 1.15586E-08

8 5.000 1.33190E-08

9 6.000 1.49516E-08

6.2. Verification of 12-group data from NJOY99
The Pixel8 and Voxel8 programs use groupwise interaction and heat deposition cross
sections produced by the Los Alamos NJOY99 code, which gets its basic energy-dependent cross

sections from the readily available evaluated nuclear data format (ENDF) data files.

To verify the data used in the sample calculations, a comparison was made between multi-
group microscopic cross sections generated by NJO99 and multigroup cross sections data
extracted from the MCNP-MGXSNP cross sections files provided with the MCNPS5 code for
hydrogen (1000.01g) and oxygen (8000.01g).

The following reactions were extracted for each of the isotopes:

1. Total cross section (MT = 501).

2. Coherent scattering cross section (MT = 502).
3. Incoherent scattering cross section (MT = 504).
4.

Pair production cross section (MT = 516).

Table 6-7 through Table 6-14 show the comparison between the given reaction rates for the two
isotopes. The comparison for the first three reactions (i.e., excluding pair production) is
excellent, with only a single value with an error above 1%, this being in the lowest energy group
for oxygen (probably due to a difference in the physical models for treating low energy photon

reactions like fluorescence and Bremsstrahlung). Larger difference are seen for the pair
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production cross sections, but the absolute values of the cross section indicate that this reaction is
just a few percent of the scattering cross section for the energy groups with high errors; the effect

of these differences on the dose calculation should be small.

In summary, this comparison indicates that NJOY99 is being used correctly to create the

Cross sections.

Table 6-7 Hydrogen MCNP5 versus NJOY99 microscopic total cross section

Energy
Gamma | Bin Upper Compare
MCNP NJOY99 %
Group # Bound Difference
(MeV)
1 20 4.99585E-02 | 5.00082E-02 0.10%
2 9 6.03208E-02 | 6.03286E-02 0.01%
3 8 6.53167E-02 | 6.52400E-02 0.12%
4 7 7.16049E-02 | 7.15598E-02 0.06%
5 6 7.97787E-02 | 8.00025E-02 0.28%
6 5 9.07175E-02 | 9.05768E-02 0.16%
7 4 1.06286E-01 | 1.06199E-01 0.08%
8 3 1.30708E-01 | 1.31149E-01 0.34%
9 2 1.77736E-01 | 1.78039E-01 0.17%
10 1 2.49298E-01 | 2.49748E-01 0.18%
11 0.5 3.91364E-01 | 3.92704E-01 0.34%
12 0.1 5.25555E-01 | 5.26634E-01 0.21%
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Table 6-8 Hydrogen MCNPS5 versus NJOY99 microscopic coherent cross

!Energy Compare
Gamma | Bin Upper MCNP NJOY99 %
Group # Bound Difference
(MeV)
1 20 3.67705E-08 | 3.69064E-08 0.37%
2 9 6.45139E-08 | 6.47800E-08 0.41%
3 8 8.31110E-08 | 8.32596E-08 0.18%
4 7 1.10860E-07 | 1.11264E-07 0.36%
5 6 1.55268E-07 | 1.55795E-07 0.34%
6 5 2.33669E-07 | 2.34701E-07 0.44%
7 4 3.91946E-07 | 3.92837E-07 0.23%
8 3 7.93448E-07 | 7.95408E-07 0.25%
9 2 2.50979E-06 | 2.51490E-06 0.20%
10 1 1.00438E-05 | 1.00622E-05 0.18%
11 0.5 1.38648E-04 | 1.38525E-04 0.09%
12 0.1 1.23532E-03 | 1.23971E-03 0.36%

Table 6-9 Hydrogen MCNP5 versus NJOY99 microscopic incoherent cross section

G !Energy Compare

amma Bin Upper MCNP NJOY99 %

Group # Bound Difference

(MeV)

1 20 4.62183E-02 | 4.62297E-02 0.02%
2 9 5.76170E-02 | 5.75353E-02 0.14%
3 8 6.29983E-02 | 6.28132E-02 0.29%
4 7 6.96547E-02 | 6.95146E-02 0.20%
5 6 7.81807E-02 | 7.83742E-02 0.25%
6 5 8.95164E-02 | 8.93816E-02 0.15%
7 4 1.05534E-01 | 1.05450E-01 0.08%
8 3 1.30377E-01 | 1.30810E-01 0.33%
9 2 1.77687E-01 | 1.77988E-01 0.17%
10 1 2.49288E-01 | 2.49738E-01 0.18%
11 0.5 3.91225E-01 | 3.92565E-01 0.34%
12 0.1 5.24300E-01 | 5.25375E-01 0.21%
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Table 6-10 Hydrogen MCNPS5 versus NJOY99 microscopic pair production cross section

Energy Bin
Gamma Upper Compare
MCNP NJOY99 %
Group # Bound Difference
(MeV)
1 20 3.74025E-03 | 3.77851E-03 1.02%
2 9 2.70373E-03 | 2.79315E-03 3.31%
3 8 2.31837E-03 | 2.42670E-03 4.67%
4 7 1.95005E-03 | 2.04504E-03 4.87%
5 6 1.59786E-03 | 1.62819E-03 1.90%
6 5 1.20084E-03 | 1.19499E-03 0.49%
7 4 7.52261E-04 | 7.48357E-04 0.52%
8 3 3.30758E-04 | 3.37645E-04 2.08%
9 2 4.64079E-05 | 4.90613E-05 5.72%
10 1
11 0.5
12 0.1

Table 6-11 Oxygen MCNP5 versus NJOY99 microscopic total cross section

Gamma Energy Bin Compare
Group | Upper MCNP NJOY99 %
# Bound Difference
(MeV)
1 20 5.31021E-01 | 5.32199E-01 0.22%
2 9 5.84892E-01 | 5.87139E-01 0.38%
3 8 6.13464E-01 | 6.15308E-01 0.30%
4 7 6.52282E-01 | 6.54401E-01 0.32%
5 6 7.06066E-01 | 7.08486E-01 0.34%
6 5 7.79676E-01 | 7.78503E-01 0.15%
7 4 8.87199E-01 | 8.86891E-01 0.03%
8 3 1.06334E+00 | 1.06838E+00 0.47%
9 2 1.42449E+00 | 1.42848E+00 0.28%
10 1 1.99643E+00 | 2.00133E+00 0.25%
11 0.5 3.17376E+00 | 3.18718E+00 0.42%
12 0.1 5.16900E+00 | 5.24894E+00 1.55%
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Table 6-12 Oxygen MCNPS5 versus NJOY99 microscopic coherent cross

Gamma Energy Bin Compare
Group | UPPer MCNP NJOY99 %
# Bound Difference
(MeV)
1 20 1.33662E-05 | 1.33169E-05 0.37%
2 9 2.34510E-05 | 2.33750E-05 0.32%
3 8 3.02112E-05 | 3.00441E-05 0.55%
4 7 4.02979E-05 | 4.01478E-05 0.37%
5 6 5.64608E-05 | 5.62157E-05 0.43%
6 5 8.49860E-05 | 8.46867E-05 0.35%
7 4 1.42551E-04 | 1.41744E-04 0.57%
8 3 2.88128E-04 | 2.86987E-04 0.40%
9 2 9.10674E-04 | 9.07008E-04 0.40%
10 1 3.63765E-03 | 3.62853E-03 0.25%
11 0.5 4.86921E-02 | 4.86863E-02 0.01%
12 0.1 3.72903E-01 | 3.75561E-01 0.71%

Table 6-13 Oxygen MCNPS5 versus NJOY99 microscopic incoherent cross section

Gamma Energy Bin Compare
Group Upper MCNP NJOY99 %
# Bound Difference
(MeV)

1 20 3.69741E-01 | 3.70044E-01 0.08%

2 9 4.60928E-01 | 4.60544E-01 0.08%

3 8 5.03975E-01 | 5.02794E-01 0.23%
4 7 5.57223E-01 | 5.56428E-01 0.14%

5 6 6.25425E-01 | 6.27338E-01 0.31%

6 5 7.16099E-01 | 7.15436E-01 0.09%

7 4 8.44214E-01 | 8.44035E-01 0.02%
8 3 1.04263E+00 | 1.04698E+00 0.42%
9 2 1.42077E+00 | 1.42434E+00 0.25%
10 1 1.99253E+00 | 1.99743E+00 0.25%
11 0.5 3.10977E+00 | 3.12266E+00 0.41%
12 0.1 4.06360E+00 | 4.07110E+00 0.18%
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Table 6-14 Oxygen MCNP5 versus NJOY99 microscopic pair production cross section

Energy Bin
Gamma Upper Compare
MCNP NJOY99 %
Group # Bound Difference
(MeV)
1 20 1.61263E-01 | 1.62139E-01 0.54%
2 9 1.23936E-01 | 1.26567E-01 2.12%
3 8 1.09453E-01 | 1.12478E-01 2.76%
4 7 9.50131E-02 | 9.79258E-02 3.07%
5 6 8.05781E-02 | 8.10834E-02 0.63%
6 5 6.34832E-02 | 6.29717E-02 0.81%
7 4 4.28291E-02 | 4.26991E-02 0.30%
8 3 2.04069E-02 | 2.10853E-02 3.32%
9 2 2.75718E-03 | 3.17661E-03 15.21%
10 1
11 0.5
12 0.1

6.3. Sample problem 1: Forward case

The first full calculation is a forward calculation that uses the beam source impinging straight
down onto the top of the patient box. The problem was run with both Voxel8 and MCNPS5 in
multigroup mode. For comparison of the results, both of them captured a vertical “slice” 2D flux
map through the center of the water box at z = 0.5 cm. Figure 6-5 shows the resulting flux map
for the MCNPS5 calculation and Figure 6-6 shows the equivalent map for the Voxel8 calculation.
The MCNPS5 and Voxel8 maps were compared using three points maximum, minimum, and
The position for the
Then the

weighted average. Table 6-15 gives a summary of this comparison.
maximum and minimum points was determined from the MCNPS5 calculation.
corresponding Voxel8 calculation location values were looked up and compared to the MCNP5
result. The weighted average was calculated for each map using a frequency table. When the
comparison point is in the useful beam area (i.e. maximum point and along beam central axis up
to a depth Of 25 cm) these results show good agreement between MCNP5 and Voxel8
calculation. Larger differences are found at the peripheries due to small quantity of scattered

photons arriving at these locations. These locations are not useful clinically and can be ignored.

Reduction in the large differences can be achieved by implementing more variance reduction
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techniques (i.e. the population control method such as geometry splitting and Russian Roulette,

or modified sampling methods such as forced collisions). Russian Roulette was implemented in

the Voxel8 code but not the forced collision method. Forced collision can be implemented at

end of particle history. The voxels along the ray from the end of history location to the boundary

are determined. Then contribution to each voxel is made based on the probability of a particle

arriving at the voxel.
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Figure 6-5 MCNP5 flux map for forward problem (per source particle)
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Figure 6-6 Voxel8 flux map for forward problem (per source particle)
Table 6-15 Summary of Results for forward problem
Fluence (1/cm2)
Value MCNPS Voxel8 Difference %
Maximum 9.44794E-06 9.132354E-06 340
(0.75, 0.75) +/- 0.403% +/- 0.525% T
Minimum 2.37421E-08 2.9403903E-08 2131%
(24.25,49.75) +/- 7.63% +/- 7.57% o
Weighted 1.071899E-06 1.114044E-06 3.86%
Average +/- 2.32% +/- 2.88% o0

73



1.200000

1.000000

0.800000

%DD

0.600000

0.400000

0.200000

0.000000

——Measurement

in

—t—Voxel-8(1.75 cm-MC)

15

20 25
Depth (cm)

—e—Soxel-8(1.75 cm) NonAbsrptionWght w Fic

30

35

el M GXSMN P-MG

40

Figure 6-7 Normalized forward flux along CAX for measurement, MCNP5 & Voxel8

74




6.4. Sample problem 2: Adjoint case

The second set of calculations was adjoint calculations for a simple box and for the four

structures of interest as defined in Section 6.1: Tumor, right eye, left eye, and brain. For each of

these cases, a 2D map of the surface adjoint fluxes on the top surface were compared for both

Pixel8 and MCNPS5 in multigroup mode. The following figures and table document the results:

1.

For the box region, Figure 6-8and Figure 6-9 give the resulting maps, with Table
6-16 showing a comparison of the maximum, minimum and weighted average
values in the map.

For the tumor region, Figure 6-10 and Figure 6-11 give the resulting maps, with
Table 6-17 showing a comparison of the maximum, minimum and weighted
average in the map.

For the right eye region, Figure 6-12 and Figure 6-13 give the resulting maps,
with Table 6-18 showing a comparison of the maximum, minimum and weighted
average values in the map.

For the left eye region, Figure 6-14 and Figure 6-15 give the resulting maps, with
Table 6-19 showing a comparison of the maximum, minimum and weighted
average values in the map.

For the brain region, Figure 6-16 and Figure 6-17 give the resulting maps, with
Table 6-20 showing a comparison of the maximum, minimum and weighted

average values in the map.

These results show the following:

1.

For the simple box region adjoint multigroup MCNPS5 and Pixel8 calculation
showed excellent agreement. The largest deviation was at the minimum value
with a pixel location that is not clinically significant. This large deviation is due
to the low number of particles arriving at the pixel. Reduction in the deviation
can be achieved by implementing further variance reduction techniques. The
visible large dose pixels that appear in the Pixel8 plot are due to the adjoint
weights becoming greater than one after scattering event. The Pixel8 algorithm

did not employ any population control variance reduction technique such as
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weight window. Implementing such variance reduction techniques will reduce
these deviations.

2. For the tumor region adjoint multigroup MCNP5 and Pixel8 calculation showed a
maximum deviation of 10.39%. The largest deviation was at the minimum value.
Again the minimum value location is not clinically significant. This large
deviation is due to the low number of particles arriving at the pixel. The deviation
at the maximum point is attributed to structure pixilation, possible geometrical
positioning error and coding error that we could not find at the time of dissertation
writing. Again the visible large dose pixels appear and they are attributed to the
reason given above.

3. For the right eye region adjoint multigroup MCNP5 and Pixel8 calculation
showed a maximum deviation of 11.00%. The largest deviation was at the
minimum value which is at a location that is not clinically significant and due to
the low number of particles arriving at the pixel location. The deviation at the
maximum point is attributed to structure pixilation, possible geometrical
positioning error and coding error that we could not find at the time of dissertation
writing. Again the visible large dose pixels appear and they are attributed to the
reason given above.

4. For the left eye region adjoint multigroup MCNP5 and Pixel8 calculation showed
better agreement at the maximum point within 1.00%. The largest deviation was
at the minimum value which is at a location that is not clinically significant and
due to the low number of particles arriving at the pixel location. Again the visible
large dose pixels appear and they are attributed to the reason given above.

5. For the complicated and large brain region adjoint multigroup MCNPS5 and Pixel8
calculation showed large deviations. The deviations are attributed to structure
pixilation, a discovered geometrical error and possible coding error that we could
not find at the time of dissertation writing. Again the visible large dose pixels

appear and they are attributed to the reason given above.

The weighted average value was computed from a generated frequency table of the 2D
map.
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Figure 6-8 MCNPS surface flux map for adjoint problem: Box
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Figure 6-9 Pixel8 surface flux map for adjoint problem: Box

Table 6-16 Summary of Results for adjoint problem: Box

Fluence (cGy/cmz)

Value MCNP5 Pixel8 % Difference
Maximum 2.36865E-03 2.33172E-03 1.57%
(0.25,0.25) +/- 0.297% +/- 0.222% ’
Minimum 2.80921E-05 3.46025E-05 2077%

(-24.75, 24.75) +/- 5.505% +/- 3.078% ’
Weighted 2.81394E0-4 2.83882E-04 0.88%
Average +/- 2.503% +/- 0.88% )

78



Z-Axis (cm)

*

, "
5 o

o

)

&
Yo

0.00035

0.0003

0.00025

n.oo02

0.00015

0.0001

Se-005

3 Q? o W2
X-Axis (cm)

\Ci

Figure 6-10 MCNPS surface flux map for adjoint problem: Tumor

79



Z-Axis (cm)

X-Axis (cm)

0.00045

0.0004

0.00035

0.0003

0.00025

0.0002

0.00015

0.0001

2e-005

Figure 6-11 Pixel8 surface flux map for adjoint problem: Tumor

Table 6-17 Summary of Results for adjoint problem: Tumor

Fluence (1/cm2)

Value MCNP5 Pixel8 % Difference
Maximum 3.23942E-04 3.04541E-04 6.17%
(3.75,2.75) +/- 0.858% +/- 2.30% )
Minimum 1.84468E-5 2.04679E-05 10.39%

(-24.25,-24.75) +/- 4.903% +/- 5.770% ’
Weighted 1.15757E-04 1.12671E-04 2 70%
Average +/- 2.381% +/- 4.219% )
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Figure 6-12 MCNPS5 surface flux map for adjoint problem: Right eye
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Figure 6-13 Pixel8 surface flux map for adjoint problem: Right eye
Table 6-18 Summary of Results for adjoint problem: Right eye
Fluence (cGy/cmz)

Value MCNP5 Pixel8 % Difference
Maximum 6.06000E-03 6.17760E-03 6.61%
(-7.25,0.25) +/- 0.202% +/- 1.617% D
Minimum 1.68641E-05 1.88279E-05 11.00%

(23.25,-24.75) +/- 9.199% +/- 7.85% U
Weighted 3.71487E-04 3.4579E-04 7 16%
Average +/- 3.232% +/- 4.322% 0
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Figure 6-15 Pixel8 surface flux map for adjoint problem: Left eye
Table 6-19 Summary of Results for adjoint problem: Left eye
Fluence (cGy/cmz)

Value MCNP5 Pixel8 % Difference
Maximum 6.0381E-03 6.08275E-03 0749
(7.25,0.25) +/- 0.201% +/- 0.21% T
Minimum 1.70507E-05 2.18755E-05 24,799

(-24.75,24.75) +/- 8.797% +/- 7.990% 7
Weighted 3.71477E-04 3.45934E-04 7129
Average 3.229% +/- 4.513% e
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Figure 6-17 Pixel8 surface flux map for adjoint problem: Brain
Table 6-20 Summary of Results for adjoint problem: Brain
Adjoint Fluence (cGy/cm?)

Value MCNP5 Pixel8 % Difference
Maximum 1.04056E-04 7.45955E-05 32 98
(0.25,4.25) +/- 1.772% +/-1.789 2o
Minimum 1.77514E-05 1.18301E-05 40.03%

(-24.25,-24.75) +/- 4.193% +/- 3.732% e
Weighted 5.81601E-05 4.86977E-05 17.71%
Average 2.634% +/- 3.495% 0
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6.5. Sample problem 3: Hybrid forward/adjoint case

The final case tested the hybrid forward/adjoint methodology by comparing the dose in the

four structures computed calculated using:

* A single forward MCNPS5 calculation which—instead of creating the flux maps described

in Section 6.4—used an F4 tally and the 12-group dose response functions to comp

compute the dose rate in each of the four structures.

® A hybrid forward/adjoint surface integration using the surface adjoint flux maps from the

four adjoint calculations described in Section 6.3. These surface dose sensitivity values

were folded into the surface forward fluxes by position, direction, and energy group to

also estimate the structure dose rates.

These two ways of computing the structure doses are compared in Table 6-21 through Table

6-24 for each of the four structures used in the sample problems. The MCNPS5 and Pixel8 results

show an agreement between 4.8955% - 8.181%.

pixilation and possible geometrical positioning errors introduced during the adjoint calculation.

Table 6-21 Summary of hybrid forward/adjoint results: Tumor

Energy bin .
(G;?::lll;l?# upper bound Response (cGy) Relat;z/:)error
(MeV)
1 0.010 0.00000E+00 0.00%
2 0.100 3.42794E-14 0.72%
3 0.500 2.96674E-13 0.41%
4 1.000 3.92613E-13 0.46%
5 2.000 7.61435E-13 0.40%
6 3.000 5.75613E-13 0.52%
7 4.000 4.03112E-13 0.67%
8 5.000 2.51975E-13 091%
9 6.000 6.80292E-14 1.86%
Total 2.78373E-12 0.22%
Pixel8 results 2.592670E-12 0.800%
Difference 7.107%

The deviation is due to region of interest
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Table 6-22 Summary of hybrid forward/adjoint results: Right eye

Energy bin .
((;}?(Tll;l?t upper bound Response (cGy) Relat;:/:)error
(MeV)
1 0.010 0.00000E+00 0.00%
2 0.100 2.69256E-14 0.36%
3 0.500 2.38840E-13 0.20%
4 1.000 1.67970E-13 0.27%
5 2.000 2.42108E-13 0.27%
6 3.000 1.61357E-13 0.37%
7 4.000 1.06317E-13 0.50%
8 5.000 6.47456E-14 0.69%
9 6.000 1.73201E-14 1.41%
Total MCNP5 1.02558E-12 0.13%
Pixel8 results 1.109128E-12 0.398%
Difference 7.828%

Table 6-23 Summary of hybrid forward/adjoint results: Left eye

Energy bin .
(G}?;T;lz upper bound Response (cGy) Relatz\‘;:)error
(MeV)
1 0.010 0.00000E+00 0.00%
2 0.100 2.69212E-14 0.36%
3 0.500 2.38445E-13 0.20%
4 1.000 1.68483E-13 0.27%
5 2.000 2.41317E-13 0.27%
6 3.000 1.60905E-13 0.37%
7 4.000 1.07009E-13 0.50%
8 5.000 6.47643E-14 0.69%
9 6.000 1.72584E-14 1.41%
Total MCNP5 1.02510E-12 0.13%
Pixel8 results 9.445316E-13 0.398%
Difference 8.181%
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Table 6-24 Summary of hybrid forward/adjoint results: Brain

Energy bin .
((;}?(Tll;l?t upper bound Response (cGy) Relat;:/:)error
(MeV)
1 0.010 0.00000E+00 0.00%
2 0.100 1.79715E-14 0.13%
3 0.500 1.07281E-13 0.08%
4 1.000 7.50288E-14 0.10%
5 2.000 1.19812E-13 0.09%
6 3.000 8.56401E-14 0.13%
7 4.000 6.00521E-14 0.16%
8 5.000 3.73172E-14 0.22%
9 6.000 1.04133E-14 0.45%
Total MCNP5 5.13516E-13 0.05%
Pixel8 results 4.889777E-13 0.079%
% Difference 4.895%
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Chapter 7

Conclusions and future work

7.1. Conclusions
This project has successfully developed a new Monte Carlo code for use in radiation therapy

treatment planning with the following characteristics:

1. Capability of performing either forward or adjoint photon transport calculations;

2. Implementation of fictitious scattering as a more efficient utilization of computer
time when used with a voxelized geometry description;

3. Implementation of a hybrid forward/adjoint calculation scheme to allow
precalculated adjoint calculations of patient organ surface dose response functions
to be coupled with fast-running forward transport of source surface fluxes from

photon sources.

The code has been successfully tested versus MCNPS in the calculation of a simulated water-

based patient/source configuration. The results show that the method is working properly.

7.2. Future work
This project represents a proof-of-principle implementation to demonstrate the viability of
the innovations included in the code. In order for this work to reach clinical treatment planning

application, more work will be needed in the areas of:

1. Debug the code to minimize structure pixelating errors and eliminate structure
positioning errors.

2. Optimization of the code to minimize analysis time.

3. Testing of the code against multi-region problems.

4. Testing of the optimized code against a wider range of clinical problems to
validate the accuracy, efficacy, and efficiency of the approach versus current

methods in clinical use.
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Appendix A

Cross section and Transport data generation

A.1. Data needed for Monte Carlo transport

When transporting a particle in a medium several important basic parameters about the
particle state are needed to chart the particle random walk through the medium correctly.

Examples of such particle state parameters are:

1. Particle initial position, direction and energy,
2. Type of interactions occurring during the random walk to determine the scattered

particle energy and new direction.

As a result accurate knowledge of the particle physics and ability to model it probabilistically
is essential to make accurate decision during the particle random walk. It is common to use an

input data file to provide all necessary particle data to chart the random walk accurately.

On the first hand, our research interested is beams of photon particles used in radiotherapy,
hence particles that are in the mega electron volt energy range, we will concentrate only on the
most dominant photon interactions in that energy range. The photon interactions in this energy
are mainly scattering events (such as Compton, Rayleigh scattering and pair production).
Secondly, our research interested is focused on finding the adjoint solution for the Boltzmann
transport equation. Solving such equation requires the use of multi-group cross section data.
“NJOY99” code system is a software package that can generate multi-group cross sections from
an ENDF file. “NJOY99” is a system of codes that was developed at “Los Alamos national lab”
and is provided by “Radiation Information Safety Center” (RISC) group at Oakridge, Tennessee.
“NJOY99” code system can produce multi-group cross section data needed to transport particles
in the forward and adjoint mode for each energy group in the problem materials. The photon

interaction cross sections generated by “NJOY99” is:

1. Scattering cross sections (e.g., Coherent, Incoherent and Pair production).

2. Scattering heat cross sections (used to predict Kerma / Absorbed dose for all the
scattering interaction mentioned above).

3. Total cross section.

4. Total heat cross section (used to predict Kerma / Absorbed dose).
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5. Group to group scattering cross sections for all interactions mention above.

6. Distribution of Group to group cosine of scattering angle for all interactions above.

The cross sections produced by “NJOY99” code system for any element in question
(provided that initial input parameters are given) are microscopic and need to be post processed.
I a code was developed that will process the “NJOY99” output data file and produce data in a

format useful for particle transport.
A.2. General flow of problem parameter specification

To prepare a problem specific input deck with cross sections and transport data useful for
transport problems three basic parameters needs to be specified. These parameters are the
problem elemental components, involved particle energy group structure and the particles energy
distribution (photon source energy spectrum). Once these parameters are specified cross sections
and transport data can be generated. The final component of this data is dependent on the
problem mode. In the forward mode we need to specify several forward source (beam)

parameters while in the adjoint mode we need to specify adjoint source parameters.

This general process flow is illustrated in Figure A-1. We start the process by creating
problem material map. The result of this step is a list of elemental components present in the
problem. We then need to specify the energy group structure of the problem particles. This
energy group structure can be either a user defined structure or selected from “NJOY99” built-in
group structure. Then we specify the problem particles energy distribution (photon source

energy spectrum).
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Figure A-1 General data generation flow

These parameters are feed into the cross section and transport data generator. The result is an
“ASII” file that contains the problem specific cross sections and transport data for both modes

(i.e., forward and adjoint). The following is a brief description of each component.

A.3. Material Map Generator

The main interface allows the user to either go to a patient database or physics data mode.
Selecting the patient database invokes the “Material map generator” module. The “Material
map generator” module enables the user to either import CT axial images or create a phantom
data set as illustrated in Figure A-2. The result of the “Material map generator” is a set of data
files in matrix (table) format. Each file represents a Z coordinate level. The file data points are
integers that represent material that resides in that voxel. The matrix row represents X
coordinate level and matrix column represents Y coordinate level. A summary of the data files

CT numbers tally is also produced to be used when generating cross section data.
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Figure A-2 Material map generator

A.4. Energy group structure generator

Specification of source particles energy structure is needed and used in the following

modules:

a. Cross section and transport data generation.
b. Source photon spectrum generation.

c. Forward and adjoint Monte Carlo transport.

Energy structure can be either designed or read from an existing list of files. The existing
structure files are NJOY99 internal energy structures. The result of this module is an “ASCII”
file that lists the energy structure boundaries. This file is used in the NJOY99 interface to
produce a batch file that run “NJOY99”. Figure A-3 is illustrates this process.

Create New Edit existing
group group
structure structures

Group
structure
Generator Mg

Figure A-3 Energy group structure generator
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A.S. Source spectrum energy structure adjuster

Once the group structure is defined the photon source energy spectrum can be selected. The
user selects a photon spectrum from published data. This is illustrated in Figure A-4. Then the
code adjusts the spectrum energy bins to match the selected group structure energy bins. As a

result an “ASCII” file that will contain information about our:

a) Choice of photon spectrum,
b) Number of photon spectrum energy bins after adjustment

¢) CDF for each energy bin after adjustment.

Selected Selected

={ge]0]s) photon
structure spectrum

P —.
Photon

spectrum
adjustor J

Figure A-4 Source spectrum energy structure adjuster

Once all these initial problem parameters are specified the cross section and transport data

generation steps starts by initiating the “NJOY99” interface.

A.6. Microscopic Cross section data generation using “NJOY99” code system

To generate the microscopic group cross sections for problem materials we need to run
“NJOY99” code system. To run “NJOY99” we need to specify an energy group structure and
provide the code system an evaluated nuclear data file “ENDF”. The energy group structure can
be either a user-specified energy structure or a built-in energy structure. A user interface was
developed to aid in viewing built-in, and design new energy group structure. The “ENDF” file

used is the “ENDF/B-VI” for photo-atomic interactions. This file is available in public domain
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from the “International Atomic Energy Agency” nuclear data services branch. A user interface
was designed to assist in running the “NJOY99” code system. Figure A-5 describes the rest of
the parameters needed to generate the microscopic group cross section by the “NJOY99” code
system. The result of running this interface is an “ASCII” file that contains all available

microscopic photon cross sections for the specified elements.

—
Desired
Legendre

Order

——
Selected

group
structure

ENDF/B-VI file
location

' -Jameu:

elements 1- Datafile
2- Batchfile

L)

Selected

Figure A-5 ""NJOY99'" interface that generate elemental group microscopic cross section

A.7. Generation of transport data

Once “NJOY99” output file is generated we can generation of transport data. A special

interface was built to facilitate this task. In this interface the user makes the following choices:

a) “NJOY99” output file to use.
b) Select problem material as:
I.  Element

II.  Tissue

The result of is the needed data to perform forward and adjoint Monte Carlo transport. The

process is illustrated in Figure A-6.
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Figure A-6 Transport data generation

A.7.1 Total macroscopic cross section

. : . : : : . b
“NJOY99” generates different interaction reactions cross section data in units of (af;;)

The following is a procedure to convert the generated data to appropriate units of (&)

1. A single isotope atomic density py Aisotope is the number of atoms in a unit volume of the

isotope and is computed from:

pNA isotope -

sorove (17)
Pisotope \ ;113 (atomS) _ Pisotope X Ny (atomS)
A =

mole A; cm3
Aisotope (m) isotope

2. For a material made of several isotopes (i = 1, ---, N) the i*" isotope atomic density

. . . . g . .
(pN Aisotope)i with density contribution (pl-sotope)i (cm_3) to the material density

g .
Pmaterial ( ) 18!

cm3

(pNisotope)l. (piSOtOpe)i (CJ#) X Ny (atOms)

(Aisotope)i (ﬁ) mole

pisotope (at0m5>
. =|{——| XN,
(lesotope)i < )i A cm3

Aisotope
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For a material with known isotope weight fraction contribution ( fisotope)ithe isotope 1 density
(pisotope)i in the material is computed from (pl-sotope = fisotope X pmaten-al)i isotope [ atomic

density is computed by substituting (fisotope X pmaterial)i for isotope i density pisorope in the

above equation:

( ) _ fisotope % % N atoms
PN aisotope P Atsotope ). Pmaterial AWE
i

isotope

3. For a certain reaction type a single isotope macroscopic cross section Z g, .., in units
1 . . . isotope . . barny .
of { — ) from the same microscopic cross section 0., 74 10 UnNits of { ——) is
cm yp atom
computed as follow:
, atoms , barn cm?
leotope =p < ) x O_Lsotope < ) x 1024
= Dy, -
RxnType Aisotope \ cm3 RxnType \ gtom barn
2
gisotope  _ Pisotope X Na (atoms> isotope (barn) « 10-24 cm
RxnType Ajsotope cm3 RxnType \ atom barn
isotope —24
Zisotope _ ORrxn Type X NA X pisotope x 10
RxnType — A
isotope
2:isotope ____isotope x Pisotope x (N, X 10—24) 1
RxnType — ORrxn Type A A
isotope cm

cm?

It is customary to compute the macroscopic cross section in a unit of ( p ) to eliminate the

density effect (mass cross section). The above equation becomes:

z:isotope O_isotope 2
Rxn Type — Rxn Type % (NA % 10_24) <cm >
pisotope Aisotope g
4. For a material composed of several isotopes (i = 1, -+, N) and (fl-sotope)i is the weight

fraction contribution of isotope i to the material density, the density independent

macroscopic cross section is:

, N ;
material lsotope 2
Lpxn Type X Rxn Type cm
] = (fisotope)i X ]
Pmaterial =1 plsotope i g
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Ematerlal

O_isotope sz
“~“RxnType Rxn Type —24
Z(flsotope ———— | X (Ny x107%%) <_>
Pmaterial i g

Aisotope
Multiply by  pmateriar:

N Glsotope 1
terial __ —24 Rxn Type
ergc%%?ge - (NA X 10 ) X Z ((fisotope)i X pmaterial) X A _>
=1 isotope cm
Since (pisotope)i = (fl-sotope)i X Pmateriar 10 the material then:
N isotope
; Pisotope X OpxnT 1
spaterial = (N, x 107%4) x Z( pe 7 CRxn Type <_)
A; cm
— isotope
=1 i
In summary:
1. The mass macroscopic cross section (per unit density):
a. Isotope i:
isotope isotope 2
) RxnType ORxn Type —24 cm (ANSI/A
~\2 X (Ny x 10775 NS-6.1.1)
Pisotope ; isotope ; ) R
b. Material with ( fl-sotope)i weight fraction for isotope i :
material isotope 2
ZRxn “RxnType X Rxn Type cm
(ﬁsowpe @)
Pmaterial Pisotope i g
2. The macroscopic cross sectlon (per cm):
a. Isotopei :
z:isotope _ isotope Pisotope N 10-24 1
( Ranype)i - 0-Ranype XA- X( a X ) %
isotope /;
b. Material with f; weight fraction of isotope i :
N 2:isotope 1
material _ Rxn Type
z:Rxn Type — Z(fisotope)i X Pmaterial X (_>
=1 pisotope i cm
terial __ —24
ergc%%?ge - (pmaterial X NA x 10 )
N
9 Z (O_isotope % fisotope ) (i) &)
Rxn Type
=1 P Aisotope i cm
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A.7.2 Total heat macroscopic cross section

NJOY99 generates different heat reactions cross section data in units of (eV — barn).
According to the NJOY99 manual the heat cross section is the product of the particular

microscopic cross section and the average energy released as a result of the interaction.

eV —barn

Therefore the above unit is thought of as (—) The following is a procedure to convert
Collision—atom

_ 2
this generated data to appropriate units of (MBVTCT") and (cGy — cm?):

1. For a certain reaction type we can compute a heat macroscopic cross section for a single

isotope

. . . ev . . . isotope
1sotope Zx—Heat in units of a from the same miICroscopic cross section o.

x—Heat n

units of (eV — barn) is computed as follow:

2
gisotope _ atoms « gisotope eV — barn « 10-24 cm
x—Heat — pNAisotope Ox—Heat

cm3 atom barn

2
gisotope _ Pisotope X Na (atoms> « o isotope (eV - barn)  10-24 <cm >

x—Heat Aisotope cm3 x—Heat \ " gtom barn

x—Heat —

isotope —24
Zisotope _ (Ux—Heat X NA X Pisotope x 10 )

Aisotope

—-24
Zisotope _ Pisotope X Ny x 10 % isotope eV
x—Heat ~— Ox—Heat cm

Aisotope

-6
Converting the wunits to (M) by multiplying by (W) we  get:

cm

2:isotope _ <pisotope ><NA X 1073° ) % isotope (M6V>

x—Heat ~— x—Heat
Aisotope cm

.. . . . . MeV—cm? ..
it is customary to report the heat macroscopic cross section in a unit of (T) to eliminate

the density effect (mass cross section). This is done by dividing above equation by the density:

isotope —-30 2
2:x—Heat _ <NA x 10 ) % O_isotope (MeV —cm >
- x—Heat

Aisotope g

pisotope
2. For a material composed of several isotopes (i = 1, ---, N) and (fl-sotope)i is isotope i
weight fraction contribution to the material density, therefore; the density independent

macroscopic cross section is:
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ymaterial isotope 2

x Heat Y Heat MeV — cm
(flsotope

pmatenal pisotope i g

Substitute the isotope mass heat cross section in this equation we get:

material lSOfOPe _ 2
Ex—Heat _ (f ) x x Heat x (N % 10_30) MeV —cm
- isotope A
Pmaterial Lsotope )
Zmaterial lSOfOPe

x—Heat (N, x 10739) Z flsotope Ox—Heat <M€V — Cm2>
- A
Pmaterial lsotope i g

2
3. To convert (Mevg o ) to (1\:2/) we multiply the equation by pnateriar to get:

N isotope
) o MeV
material _ -30 x—Heat
Ex—Heat - (NA x 10 ) X § (fisotope)l- X Pmaterial X <A~ > ( cm )
e isotope / :

Since (pisotope)i = (fisotope)i X Pmaterial then:

N isotope
material -30 Pisotope X Ox_Heat MeV
2y"Heat = (NA x 10 ) X A om
e isotope ,
=1 i

4. Assuming that the energy released in an interaction is deposited in a voxel with weight

W ght,oxer -The energy released in a voxel is:

Ematerial

U MeV
Energy Released,pye; = Wicg:teat l (g _ cm)
voxe

for a voxel with volume V,,,,.; and density p,,.e; the voxel weight is:

Wghtyoxet = Pvoxet X Vioxel

the energy released in a voxel_per interaction become:

Zmaterial MeV
Energy Released ,pye1 = x—Heat ( )
Pvoxel X Vioxer \g — M

substitute the last equation in the step above in we get:

N ,

N, X 10—30 . ><O_ls_otope MeV
Energy Released pxer = A x E Pisotope * Ox—Heat ( )
Pvoxet X Vioxel Aisotope g—cm

i=1
MeV G G
5. To convert ( ° ) to (ﬂ) we compute the (ﬁ) factor:
g—-cm cm /g
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1000 1.602 x 10~ B3joule G 100 cG cG
9« Joue Y Y 1602x 1078 —2
kg MeV joule/ Gy MeV/
kg 9
The absorbed dose in a voxel D,,,,; for each interaction:
Dyoxet _ _ Nax 1.602 x 10738 Xi fisotope X O3 tens ()
interaction Pvoxel X Vvoxel =1 Aisotope i cm

the reaction rate R for any type of interaction in a

6. For photon fluence of a ¢ (—pa:mles)

volume (number of interaction) is:

= 3¢

therefore, absorbed dose in a voxel from all particle interaction:

D cG articles
Dvoxel = voxel. < y) x ¢ (p—)
interaction \cm sz
N
Ny X ¢ x 1.602 x 10738 Fisotope X T omobe
Dyoxet = X (CGy)
Pvoxel X Vvoxel =1 Aisotope i

The absorbed dose per photon fluence is:

- N t
Dvoxel NA x 1.602 x 10 38 flsotope ;SOH(;Z? 2
= X (cGy — cm?)
¢ Pvoxel X Vvoxel =1 lsotope ;
In summary:
1. The mass macroscopic heat cross section (per unit density):
a. Isotope i:
isotope 2 isotope 2
(Zx—Heat> <M€V —cm ) — <ax—Heat> % (NA % 10—30) <M€V —com )
pisotope i g Aisotope i g

b. Material with ( fisotope)i weight fraction for isotope i :

spaterial (MeV — Z Sy hear | (MeV —cm?
(flsotope) X
Pmaterial pisotope i g

. . MeV
2. The macroscopic heat cross section (?)
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a. Isotopei :

i MeV i Pisotope MeV
leotope ( ) — isotope X 4 X (N, X 10_30 ( )
< x—Heat cm i Ox—Heat Aisotope i ( A ) cm

b. Material with f; weight fraction of isotope i :

N isotope
st () = - Usoone) X Bmareia x (222 ) (21
x—Hea ;
cm =1 ! pisotope i cm
MeV N O_isotope Xf- MeV
Zmaterial i — ( X N, X 10_30) X x—Heat isotope e
x—Heat = Pmaterial A A
cm o isotope cm
=1 i
articles
c. Absorbed dose in a voxel from photon fluence of a ¢ (p — ) :
38 N Lsotope
Dvoxel _ NA x 1.602 x 10 x Z flsotope Ox_Heat (cGy _ sz)
¢ Pvoxel X Vvoxel =1 Lsotope ;

A.8. Scattering cross sections and its probability

The scattering cross sections are defined using the following two independent variables

(hence double differential):

a) ENERGY - The Energy group of the Incident photon to the scattered photon.
b) ANGULAR - The scattering angle for the scattered photon (the result is angular

distribution).
“NJOY99” generates three microscopic scattering cross sections:
a) Coherent Scattering — Raleigh Scattering:

There is no energy loss occur during this interaction. The incident photon emerges with the
same energy but traveling in a different direction. The differential scattering cross section at

location 7 is denoted by o¢onerent (5@ - O E - E)

b) Incoherent Scattering — Compton Scattering:
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The incident photon emerges from the reaction in a different direction. The photon loses

some energy in the interaction. The differential cross section at location r is denoted by

- !
Orncoherent (T: Q-QE-> E)
¢) Pair Production is considered a scattering interaction:

Therefore, in general (for all energy and scattering angles) the overall scattering cross section

is defined to be:

GScattering = Ocoherent + OIncoherent + Opair Production

Therefore, the individual contribution from each reaction to the overall scattering cross

section:
Ocoherent
Coherent = ——
GScattering
Oncoherent
Incoherent = —————
Oscattering

Opair Production

Pair Production =
UScattering

We can convert this cross section to macroscopic cross section using the same method used
describe to generate macroscopic total cross section from microscopic cross section. This

scattering cross section:
. iqe . . 1
Zscattering (T E) = describe the probability of scattering per unit path length [5]

In a scattering event, the incident photon will change both direction of motion and energy.
The quantity that will describe the state of the scattered photon is called the differential cross
section. The energy distribution of photon emerging from a scattering reaction is given by a

macroscopic differential scattering cross section Zgcq¢tering (E' = E), where

Iscattering(E' = E)dE characterizes the probability that a photon with an

initial energy E'will scatter into dE around E.
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The macroscopic scattering cross section is related to the probability that a photon with initial
energy E will suffer a collision regardless of final energy E, then the integral of the macroscopic
differential scattering cross section, Oscattering(E' — E)over all final energies E is the total

scattering cross section:

2:.S‘cattering (E") = fo 2:.S‘cattering (E' > E)dE

cm?

the dimension of this differential cross section is [ M eV]. We define the probability

nucleus

that a photon with initial energy Ewill scatter into dE aroundE is given by:

p(E' - E)dE = ZscaerinaE2E)

2:S)‘catt:ering (E’)

this is the probability density function in [ﬁ] The microscopic differential scattering cross

section is defined as:
z:Scal:tering(E’ - E) = 2:Scatl:ering(E,) X p(E’ - E)

The angular distribution for photon emerging from a scattering reaction is given by a

microscopic differential cross section, Zgcqttering (Q’ - Q), where

Zscattering (ﬁ’ - ﬁ) Characterizes the probability that a photon with an initial angle O

will scatter into dQ around Q.

The integral of the microscopic differential scattering cross section, Zgcqttering (ﬁ’ - ﬁ),

over all final directions () is the scattering cross section:

z:Scal:tering (E) = fooo ZScattering (E, ﬁ' - ﬁ)dﬁ

2
the dimension of this differential cross section is [n cm Seteradian]. We define the

ucleus

probability that a photon with initial directions Q will scatter into d{) around € is given by:

=~ A — 2:Scatl:ering(ﬁ’ - ﬁ) d.QA

z:Scal:tering (E)
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this is the probability density function in [steradian -1]. The macroscopic differential

scattering cross section is defined as:

ZScattering (E’ Q' - ﬁ) = ZSCattering (E) p(ﬁ’ - ﬁ)
Since the macroscopic differential cross section can depend on:

1. Photon Energy

2.  Target nuclide

3.  The initial direction )
4

The final direction Q'

Note that the dependence on the initial and final direction is rare, but the dependence is
stronger on the angle 6 between the initial and final direction, hence theQ - Q. Since that the

direction vector is a unit vector therefore if we define:
L = Q' -Q = cos6
Hence
Lscattering (E Q' - ﬁ) = Lscattering (E Q- ﬁ) = Xscattering (E, o)
We can define
d = sin0dfd¢p = —d(cosf)d¢p = —du,de

therefore

21 s
2:Scatl:ering(E) =.]- d¢f ZScattering(E: Q' - Q)dﬂ
0 0
21 T _ _
2:.S‘cattering (E) = f dd)f Zscattering(E, Q- Q)sinede
0 0

21 +1.0
2:Scatl:ering (E) = .]- dd) f 2:Scatl:ering (E’ .Uo)dllo
0 -1.0

+1.0

2:.S‘cattering (E) =2m f 2:.S‘cattering (E, uo)dug
-1.0

For the purpose of our code we need to generate the total group scattering cross section. This

value is generated using the following equation:
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2:Scatl:ering (E) = z:Coherent(E) + z:Incoherent(E) + 2:Pair Production(E)

Further, the group to group macroscopic scattering cross section is computed from the
microscopic cross section data generated by “NJOY99” using the same method describe to
generate total macroscopic cross section. For the purpose of our problem we used the zero order

of the Legendre polynomial to be our cross section.
A.9. Forward scattering probability

The forward scattering probability is derived from the total cross and forward scattering cross
section. Total cross section is the sum of absorption and scattering cross section. The forward
probability of scattering for a group is the result of dividing the forward scattering cross section

by the total cross section as shown:

z:Scal:t—forward,g

Scattering Probabilitysorwara,g = >
Total,g

The result is a number between 0 and 1. When a random number is drawn and the value is

between 0 and the scattering probability the type of interaction occurring is downward scattering

interaction. If the random number drawn is above the scattering probability the occurring

interaction is absorption

A.10. Adjoint scattering probability

For the adjoint formalism, the group to group scattering cross section data need to be
arranged. The data for the same final group is collected and arranged then a new adjoint group to
group cross is computed. This cross section is simply for the same final group is the sum of all

individual group to group scattering cross section as shown:

G G
z:Scal:t—adjoint,g’ = Z Z z:Scatt, g-g'
g'=1g=1

The adjoint scattering probability is derived from the total cross and adjoint scattering cross
section. Total cross section is the sum of absorption and scattering cross section. The adjoint
probability of scattering for a group is the result of dividing the adjoint scattering cross section

by the total cross section as shown:
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z:Scal:t—adjoinl:,g’

Scattering Probability,qjoint,g' =
2:Total,g’

For this ratio the result might not be a number between 0 and 1. When a random number is

drawn and the value is between 0 and the adjoint scattering probability the type of interaction

occurring is upward scattering interaction. If the random number drawn is above the scattering

probability the occurring interaction is absorption.

A.11. Group to group scattering probability
The group to group scattering probability is generated from the:

1. The group total scattering cross section;

2. The group to group scattering cross section.
1. Forward group to group scattering probability

The forward group to group scattering probability is computed by dividing the group to

group scattering cross section by the group total scattering cross section as shown below:

z:5‘catt,g—>g’

Group to group scattering Probabilityp,rwara,g’ =
2:Scatt—forward,g

The ratios produce is then used to create a CDF. For the forward input file the first entry of

the CDF data point is for the lowest down to energy group and the last data point is for the

current energy group.

A.12. Adjoint group to group scattering probability

Then adjoint group to group scattering probability is computed by dividing the group to
group scattering cross section by the newly computed above adjoint group to group scattering

cross section as shown:

z:5‘catt,g—>g’

Group to group scattering Probabilitysgjoint,g = 5
Scatt—adjoint,g’
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The ratios produce is then used to create a CDF. For the adjoint input file the first entry of the
CDF data point is for the current energy group and the last data point is for the energy highest

up scatter group.

A.13. Group to group cosine of scattering angle

“NJOY99” produce group to group cosine scattering angle cross sections. This data is
presented by “NJOY99” as a Legendre polynomial coefficient. The maximum order of the
polynomial coefficient is specified by the user as part of “NJOY99” code system needed input
parameters. The resultant data need to be processed to be used in particle transport. It is well
known in the literature that presentation of cross section as Legendre polynomial coefficient can
cause the cross section to be negative for polynomials with coefficient order higher than 1. The
negative cross section does not make any physical sense and can cause the computed

probabilities to be negative.

For cross sections presented by Legendre polynomial with polynomial order one or higher
codes such as “MORSE” and “KENO” eliminates the negative cross section problem by
computing the average cosine of the scattering angle using the zero and first Legendre

polynomial coefficient as follow:

Zg—nq’
Scatt—P1
g-g'
Scatt—P0

alg-g)=

This value gets tabulated for each g — g’ interaction.

“Morse-SGC NUREG-CR-200” document describe the method we used to generate
scattering cosine scattering angles and their corresponding probability. Using this method for all
the possible group to group scattering five possible cosine of scattering angles and their

corresponding probability was generated and tabulated.

For our problem I used both methods. The final code version uses the “Morse-SGC

NUREG-CR-200” tabulated values.
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Appendix B
Pixel8/Voxel8 input deck description

B.1. Type of cross sections generated and used

In this thesis the interaction types are reduced to absorption and scattering cross sections
only. The absorption cross section is the physical absorption interaction while the scattering
cross section is the sum of the physical coherent, incoherent and pair production interactions.
The generated transport cross section data is arranged by groups. For each group we generate a
probability of absorption and of scatter, heat cross section for each interaction as well as total

cross section and heat cross section.
The designed code has two main programs that represent two problem mode:

1. Forward Monte Carlo method transport

2. Adjoint Monte Carlo transport.

The “transport data” file used is dependent on the problem mode. The input data deck name

for each mode is:

1. Forward mode: “ForwardFicMC.in”
2. Adjoint mode: “AdjointFicMC.in”
3. Folder mode: “Folder.in”. this file built from a the files specified in bullet 1 and 2.

B.2. General description of input files

The “transport data” file follows a general format. In general the file consists of eight major

sections. These sections have the following general description:

Section 1: Problem information and needed Monte Carlo parameters.

Section 2: Source spectrum description.

Section 3: Phantom-Patient Information.

Section 4: Source location and emission methods.

Section 5: Problem material information.

Section 6: Cross sections and transport data for each energy group & material.

Section 7: Group to group scattering probabilities for each problem material.

e A T e

Section 8: Group to group scattering angles for each problem material.
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B.3. Forward Monte Carlo with / without Fictitious scattering input deck
The forward Monte Carlo input deck contains the following problem specific information:

1. Section 1: This section has general problem information and needed Monte Carlo
parameters. Image of this data is shown in Figure B-1. The data read from this section is
used to setup proper problem directories and turn proper program flags. The following is
description of each item:

a. Problem Type. The available are:
i. Forward where it can be:
1. Spectrum Percent Depth Dose.
2. Group Percent Depth Dose.
3. Beam Simulation / Computation.
b. Number particles to run — number of histories.
c. Particle tracks:
i. Flag.
ii. Number of tracks per track file.
iii. Number of tracks used to plot.
d. Particle history:
i. Flag.
ii. At what run to start writing particle history.
iii. At what run to stop writing particle history.
e. CAX percent depth dose compare flag.
f. Source phantom entrance plot:
i. Flag.
ii. Number of points to plot.
g. When to annunciate on the screen the random walk being process. This serves as
a Monte Carlo progress indicator.
h. Write trouble shooting file flag.
1. Russian Roulette parameters:
i. Particle weight cut-off.
ii. Particle Survival Probability
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[Problem Information])

Problem Type =GroupPDD

Problem Name = Beam Sim

Number Particles to Use = 3000000

Plot particle tracks = True.

Write Particle Track Every =10000000
Particle Track Save Dir =Particle Track
Particle tracks file number = 4

MNumber of particle tracks plotted = 150
Write particle history = ‘True.

Particle history file number = 3

Particle history write start = 50

Particle history write end = 150

CAX PDD Compare flag = True.

Source phantom entrance plot flag= .Truse.
Source phantom entrance plot file number = 6
Source phantom entrance plot number of points = 1000
When To Stamp = 50000

-T-rouble shoot write flag = .True.

Trouble shoot file number = 3

Particle Weight Cut Off — 0.001
Particle Survival Probability = 0.1

Figure B-1 Input file view of section 1 data

2. Section 2: Source information as shown in Figure B-2.

[FProblam Sownrcs Indfoaomaation]

[Ernerey Group S toecthiers]

CREP STRIFOCTUORE INANME — Ol prixlared D9 5B

HNUERIOGRE D — D3

EWERCGY GROUP STRITCTURE - GROTTRP TTEPPER BEOLUT T =
Irumbeer of Dhats Fotrsyr Pard dinas =35

e S s N ] S b N el i) S B S b L e S

1. 500 0E=—DO7 1. O7SO0E=D7 2 'L'*:-*x*:-}:.fﬁ o

E]:m-m: sactrierm ]|

[Ererey Group Photom S pea y |

FTATTTES AFFE AT - CGFOUE TUTPPEFRF. EOLT >

SOURCE SPECTREURMFILE MNAME — X210 _&Sch.Ia™ cdat

NUNEER OF GROUP SPECTREILLR POINTS = 30O

COMPILUTED PROEBLEMCGROLUTEP EINERCGY SPECTERELI=—
SPECTURDM INumbar of Data Entrs Pl dna =35

o 44 B S50E~I .44 ESOE~DE D44 B S50 E~DE © 44 ESPE~DE O 44 B SOE—DE

2. BTA10E-0T] 1. 26200ET] T SOM0EE-00] 7. SOSD0E-15

CONMPILU T TED PR OELENCIOF CGFOUE EITERGCGY SFECTERE L TW=—
CDF INumber of Diata Entry Pard dine =—35
O OGS T T D O RS oSs5a O 1S40 DS5 1 O 1 BToDE O 254885

D OOOS33] 0. S0oOE 1] O ODooo0] 1 IID00D

Salaction Acrays Faembeor of Entrias = 100D

S=lection Auarrars Thats —

S48 MNMoember of Tiata Entry Pl ins=15

AL D=L D= 1) D=L D= L) O L) D=l 1) D=L D= L) D=l L) el 1)) =Dy DsTCry =iy e

DS 1) =2 032 OS2 OS2 o322 '3-3_'.': D32 OSI) CIFN OIS I 033 054

DS OS54 DS DS OS5 OS5 05 5) OSS) DSE) OST

& DI stamadiand O AT BN
Iarmbeer of podnt im PDID cerea = 005
oS TSRS SR

LB s e e |

Figure B-2 Input file view of section 2 data
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The information is:

a. Energy group structure:
i. Name

ii. Number of groups

iii. Energy bins upper limit (tabulated in rows with a given number of entries

per row).
b. Source photon spectrum:
i. File name.

ii. Number of source spectrum points.

iii. Source spectrums bin frequencies (tabulated in rows with a given number

of entries per row).

iv. Source spectrums bin CDF (tabulated in rows with a given number of

entries per row).

v. Source spectrums selection array information and it values as shown in

Figure B-3:

1. Number of entries.

2. Number of entries per each line of search array data.

3. Search array data in rows.

Varian &MYV _MONES MEXSNE . dat
Selection Array HMumber of Entries = 1000

Selection Array Data =

S Number of Data Entry FPerLine =15

00z | OO0Z| 002 | 002 | 00| OO02| O002| 002 | 0O03| O003| 002 | O0O03| 003 |
00z 00Oz 002 0OO0Z)|] 0OO0OZ=| 002 002 0O0Z| 0OO03| 003 002 00z 003 |
003 | 0032 | 002| 003| 0O03F| OO0O3| 003| 003 | 003| O0032| 0032 | 003| 003 |
00z 00Oz 002 0OO0Z)|] 0OO0OZ=| 002 002 0O0Z| 0OO03| 003 002 00z 003 |
003 | 003 | 0032| 003| 0O03F| OO032| 003| 003 | 003| O0032| 0O032| 003| 003 |
00z 00Oz 002 0OO0Z)|] 0OO0OZ=| 002 002 0O0Z| 0OO03| 003 002 00z 003 |
003 | 003 | 0032| 003| 0O03F| OO032| 003| 003 | 003| O0032| 0O032| 003| 003 |
0032 | 0032 | 002 | 003 | 003 | OO032| 003 | 003 | 0023 | 003 | 003 | 003 | 003 |

0o7| 0DO0O%| O0OO07| 0O07| OO07%F| O0O0%|] 0OO0O7| 0OO0%7| 0O0%7| O0O7| OO0O7| 0OO0%7| 0O07]
0oov| 0DO0O%| O0OO07| 00%7| O0O0%| O0O0%|] 0OO0O7| 0O0%7| 00%| O0O7| OO07| 007 0O07|
oo7| 0O0%F] 007)| 007| 0O07F] 007|] 0OO0O7| 0O07| 007|] 0OO07| 0OO0s| 00=| 00=|
00S| 0DOS| 0OO0s| 00S| 0O0S)| O0OO0OS| OO0OS| 0O0S| O0O0S| OO0OS| O0OO0OS| OO0S| 008 |
oog8| 0O08| 008| 00S8| 00S| 00S8| 008| O008| 008| 008| 00S| Oo0S| 00|
00S| 0DOS| 0OO0s| 00S| 0O0S)| O0OO0OS| OO0OS| 0O0S| O0O0S| OO0OS| O0OO0OS| OO0S| 008 |
002 0O0O2| 00| 002 0O0O2| 0O0O2| 0OO0OF| 0O0O2| 002 OO2

ooz |
ooz |
ooz |
ooz |
ooz |
ooz |
ooz |
ooz |

oo7 |
oo7 |
oos |
oos |
oos|
oo= |

Figure B-3 Input file view of photon spectrum search array
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c. The standard reference beam data information:
1. Name of standard beam.
ii. Number of points in the standard reference beam data.

iii. Standard reference beam data in rows.

As a result of processing this section the following data is read to assist in the particle

random walk decisions:

i. Then number of spectrum groups.
ii. The number of search array points (normally multiple of 1000).
iii.  The photon spectrum CDF as one dimensional array.

iv. The photon spectrum search array values as one dimensional array.

The search array is used to speed up the search for the particle initial group. In doing this we
eliminate the need to look through the entire array every time we start a new history. The

following is description of how the search array is used during particle random walk:

1. A random number is drawn.

ii. The random number is converted to an integer by multiplying it with search array
number of points to produce a search array index (e.g., between land 1000 for array
of 1000 dimension).

iii. The computed index is converted to spectrum group number (saved array value).
iv. The selected spectrum group is tested against its actual CDF and adjusted

accordingly if it fails the test.

3. Section 3: Phantom-Patient Information as shown in Figure B-4:
a. Material map box dimension (e.g., X-Length, Y-Length and Z-Length.)
b. Length ranges (e.g., Low and high value for each dimension.)

¢. Voxel dimension.

o

First voxel corner coordinate.
e. Material Map type:
i. Homogenous.

ii. Nonhomogeneous.
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[Phantom—FPatcient Informatcion]

X-Length = 50.0
T—-Length = 50.0
Z—Length = 50.0
Low—X—-RAMNGE = —Z5.0
High—-X-RANGE = +25.0
Low—¥—-RANGE = 0.0
High—-¥-RANGE = +50.0
Low— Z—-RANGE = —Z5.0
High—Z-RANGE = +25.0
Voxel-DX = 0.5
Worxel-DYT = 0.5
Woxel-DZ = 0.5
FirstWaxelXWalue = —-=25.0
FirstWoxel¥vWalue = 0.0
FirstWaxelsvWalue = —-=25.0

[Material HMap Details]

Material Map Type = Homogeneous
#HfMarerial Map Type = NonHomogenseous
MatcerialMap=

Figure B-4 Input file view of section 3 data

4. Section 4: Source position and beam blocking (Linac-Specifications and Field

Parameters) parameters as illustrated in Figure B-5.

FEororaoor Linac—8peoification IO ICITIC IO IT I IO ICIC N
I

[Linaco— Speci fication]

[Field Parameter=]

Source—X = 0.0

Souroce—% = —100.0

Sour—ce—= = 0.0

Tso—X = 0.0

I=soc—= = 0.0

IT=so—= = 0.0

Sourose &Lxxrial Distance — 100.00
Source Mid ML Distance = 51 .00
Enclosed Limits is at Distance = 100.00
Ma=imimm Fiesld Si=e at SaD = 40 .00
Magni fication Facktor = 0.510000
Fiesld Tvpe = SOpern

Mimkbher of Leaf FPairs = &0

MNMamkber of FPlamn Eeams = 1

Eeam Srngles = 0O.0

Taws Type=s — Symommetorios

MinX = -—5.000

Max3x — S5.000

MinyY = —5.000

Mazxx = S .000

Figure B-5 Input file view of section4
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This information is:

a. Source coordinates.

b. Isocenter coordinates.

c. Source Axial Distance.

d. Source Middle MLC Distance.

e. Enclosed Limits is at Distance.

f. Maximum field size at source axial distance (used to compute maximum angle of

the primary collimator opening. This will affect particle initial weight.
g. Magnification Factor

h. Field Type as shown in Figure B-6:

#H##If FieldType i= MLC or blocked wou well hawve more things to follow:

#iFor MLC - Fields

###Field Type = MLC
H##H#Beam Angle = 0.0
#H#HNumber Limits Sets = 25

##FirsrcleafPair = 18
##lLastLeafPair = 42

H#Min¥ = -5.264
#Max¥ = 4.500
#Min¥ = —-6.500

#Max¥ = &6.000
Limits [Ymin,¥Ymax], [Zmwin,XMax], {Leaf Thickness} =
15| -6.50] —-6.00| —-4.708] 0.020] 0.50

12| -6.00| -5.50| -2Z.75%] 1.670| 0.50
L

L ]
41| s5.00] s5.500 ®1.913] z.630] 0.50
4z| E.E50| &.00| -4.457| 2.040| 0.50

Figure B-6 Input file view of section 4 MLC leaf data

The field can be either:

i. Open.
ii. Blocked (MLC or Block). If the field blocked we can read the following:
1. If MLC’s you will have MLC data information (e.g., number of

limit points, first and last leaf pair followed by listing of the leaf
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number, minimum, maximum of X and Y jaws and leaf thickness
given in rows of data.
2. If block you will have Block data information (e.g., number of
polygon data points followed by listing of (x, y) coordiantes)
i. Number of Leaf Pairs.
j. Number of Plan Beams.
k. Beam Angle
1. Jaws Type:
1. Symmetric.
ii. Asymmetric.

m. Jaw limits (list the maximum and minimum for the X and Y jaws.)

This is illustrated in Figure B-7 below:

#OR For MLC/hlocked fields (these points are from the MLC leafs)
#PolygontumberPoints = 100
FieldisPolygonVertices-(Anticlockwize)-(x,y) =

0.040] -6.50

0.040] -6.00

1.670| -6.00

-2.758| -6.00
-4,706| -6.00
-4,706| -6.50

Figure B-7 Input file view of section 4 MLC/blocked field data

5. Section S: This section contains needed information regarding the materials present in the

problem. Figure B-8 illustrate the organization of this section. This information is:
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a. Number of materials in the problem.
b. Listing of materials in problem.
c. Problem material information including:
1. Elemental composition of each material followed by:
1. Density.
2. Z number.
3. Atomic weight.
4. Weight fraction

[Material]

{3Factor = 6,0221412927E-01 | HeatFactar = 5,5104830095E409

Total WMmber 3elected Material =

I5 in units of {L/em) | Beat in Dnits of (cGy-cu'l)

$Chem Sy, | Density|NIOT Material Muder = Mass Nuwber (A)-{(Imeder / Doverd))

n5elELewel

#T13aue Newe| Density| IOV Naterial Muder = Nass Nuber (4)-{(lmuedser / loverd)}:Mess Fraction
nselTizane=l

Water| 1,000001100<1,00794:0, 11190/ 800<15,99936:0, 88810

Dry Air[0.00121|600=12,01105:0,00012] 700=14.00672:0. 75527 800=13,39936:0, L3176 1800=33, B4762:0. 01283

Mudier of Haterials in the File = 4
laterials in the File = Tater|Dey dir

Figure B-8 Input file view of section 5 data
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6. Section 6: For each problem present material the cross sections are listed in rows with
several columns. The rows represent groups as shown in Figure B-9 and each column is:

Column 1: Group number.

ISE

Column 2: Middle group structure energy bin.

Column 3: Absorption probability,

& °

Column 4: Absorption heat cross section.

o

Column 5: Down scattering probability.

g

Column 6: Scattering heat cross section
. Column 7: Total cross section.

g
h. Column 8: Total heat cross section.

Haterial = Vater

Material-Uater| Probability [fraction (0-1)],Beat I wnits (c6y - oo'2), GES data wnita (1fen
GRP#\EBinMidPuint\AbsurptionPrnb\nbsnrptiunHeat\ScatteringPrub\ScatteringHeat\Totale\TotalHeat
01| L.SO0E+04) D.821551) 3.1?625E-10\ 0.178449) 1.44730E- 12\ JSOITTER00] 31907

00| 204 DATIS LLOATAE-LO) O4TRIGY BADMLIE-LY) SOVETELY| .08305E-10
)
i
|
00 LRI O.O0DIDH| L.LDGRSE-LA) 0999006 4WSTEDS) BUTIOL-DE| 463360009
0G| LSGBLAT| O.OODNDH| .LMSGE-L4) 0999006 4,TASDGE-DS) 0LBIZIOE-DE| 4, 7AG08E-09

Figure B-9 Input file view of section 6 data

The following is how read data read from this section is used:

1. The first two columns indicate current group number and the mid bin value and
primarily used for plotting purposes.
ii.  The absorption or scattering probability is used to decide whether the interaction

is absorption or scattering. The absorption probability is not being used currently.

124



iii.

iv.

V.

The absorption heat is being used for the simulation. The dose contributed to that
problem is the value of the absorption heat cross section, if the type of interaction
is an absorption reaction. If it was a scattering section, the scattering heat cross
section would be contributed to dose.

The total cross section is used to determine the distance to the interaction site.

The total heat cross section not used in the current program.

7. Section 7: Tabulation of group to group scattering probabilities for each material in the

problem as shown in Figure B-10. Each group data is in one row. The number of data

rows in this table is given. The following is the sequence of data in the each group row:

a
b.

C.

i

Initial group.

Final group (down scatter group).

Number of probability points following in this data line.

The current group CDF table entries. The first value represents the maximum
probability for scattering to the lowest energy group while the last two entries is

the range of probabilities for scattering to the current group.

Raterial-Vater|Probapility of Seattering fram Initial Group to Firal Growp

Nuber Seattering Probability Data Points = 3683

Tuitial6Re | FinglCRP|§ Poines|Grouy probehilities frow final qrowp (Eloy) to initisl growp (Ehigh)
00Lj001] 01| 1.000000

002(001)002|  0.23802€]  1..000000

003|002/ 002|  0.198221] 1.000000

0L(00R|008| 0.06%08) D.320842) 0.49938] 0.390323) 0,707 0.70737) D.835670) 1.000000
0L6(008[003| 0.036788) 0.277800) 0.433613) (O.309717 0.3397%36| (0.603%80( 0.74301) 0.91478% 1.000000

Figure B-10 Input file view of section 7 data
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The data in this section is arranged as initial group and the lowest final group. After that the

probability is given from the lowest final group to the initial group. The number of probability

values varies from 1 all the way to the maximum number based on the lowest final group. When

this data is read into the program four two dimensional arrays are created indicating the material

number and group number. The following is what data arrays are created:

1
2
3.
4

The first array stores the lowest down group.

The second array stores the index of the group probability starting point.

The third array stores the index of the group probability ending point.

The fourth array has a second dimension that is equal to the maximum scatter

data records. This array stores the down scatter group to group probability.

8. Section 8: Tabulation of the group to group scattering angles for each material in the

problem. Each group data is in one row. The input deck contains two types of cosine

scattering data. The following is a description of both types:

a. Type I: Average of cosine scattering angle as described in the Mores code shown

in Figure B-11. The number of data rows in this table is given. The following is

the sequence of data in the each group row. :

i. Initial group.

ii. Final group (scatter down to group.)
iii. Zero Order Legendre coefficient.

iv. First order Legendre coefficient.

v. The computed average cosine scattering angle.
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SRR EEE  Mores & Keno scattering angle angular treatment HHEREEE

Material-Water|Average Cosine scattering angle as defined by Morse code

Number Average Cosine scattering angle Data Lines = 58
InitialSRP|FinalsRP|L. 0. Zero| L. 0. first|Average MU

001|001
00Z |001]
002|002 |
003|002 |
003|003

012010
012011
012012 |

1

Z2.3%451E-03|
Z.6B86ZE-03
4.07036E-03 |

LG0304E-01
1.8316453E-0Z |
1.
3
Z

1047 9E-01|

LS1261E-02 |
CTEEZTOE-DZ |

1.23741E-02 |
6.04Z95E-03 |
3.15155E-02 |
Z2.92316E-03 |
Z.38010E-02|

5.96633E-04]
5.6Z2853E-04 |
1.01783E-03 |

0.0771%14
-0.3326821
0.2852525
0.0530Z68
0.8615130

0.2491753
0.2093614
0.250052%9

HFHHFFHFH R R R R R R R R R R

Figure B-11 Input file view of section 8 data of type 1

Type II: Tabulates the angular probability distribution function of cosine

scattering angle shown in Figure B-12. Further; the number of group to group data

lines in the table, the number of cosine of scattering angle values and its

corresponding probability per data line is also listed. The following is the

sequence of data in the each group row:

Initial group.

Final group (scatter down to group.)

A sequence of cosine of scattering angle values followed by the same number of

the probability distribution value of these cosines scattering angle.
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fEgfEfE RS Dr. Pevey scattering angle angular treatment (NUREGZO0) #fff#s
e A L 0 N 0 8 L 0 0 L 1

Material-

Water|AngularPDF-Cosine Scattering Angle @ given Frobability

HNumber 76 Scattering I8 Data Lines = &8

Humber of GT& cosine scattering angle (MU) points = 5

Mumber of Probability points for listed MU values = 5

TnitialGRP|FinalGRP|xx Cosine Scattering Angle - xx probabilities for those MUs

1 1
1

[T O P I I I ]
[SS I S ]

iz 3
1z 10
iz 11
1z 12

-0.91057 -0.54530 0.03275 0.59400 0.93520 0.120504 0.200507 0.222312 0.260010 0.196266
-0.92421 -0.61411 -0.11305 0.42963 0.82429 0.225061 0.331402 0.252033 0.148646 0.042858
-0.50257 -0.51448 0.07038 0.61312 0.93117 0.073415 0.150205 0.215651 0.310234 0.250495
-0.91104 -0.55070 -0.00558 0.50628 0.84894 0.097120 0.202317 0.274693 0,312579 0.113250
-0.55633 0.34230 0.64166 0.84925 0.97356 0.000001 0.000339 0.152598 0.487389 0.359673
-0.93145 -0.66184 -0.26817 0.11462 0.36598 0.103910 0.220714 0.230371 0.285140 0.099864
-0.87941 -0.38679 0.41775 0.69300 0.90218 0.001483 0.003308 0.236438 0.525466 0.233304

0

o

o

o
-0.69391 -0.12266 0.55915 0.96449 0.98643 0.000000 0.000000 0.000005 0.838774 0.161221
-0.69385 -0.12240 0.55957 0.97307 0.98527 0.000000 0.000000 0.000004 0.649430 0.350506
-0.69368 -0.12159 0.56086 0.97933 0.99429 0.000000 0.000000 0.000002 0.430565 0505433
-0.99539 -0.14269 0.26378 0.98355 0.99660 0.000000 0.000001 0.000000 0.2684857 0.715142

e 8 0 0 0 0 0 0 10 1 1 0 0881 0 0 1 0101100 B 1

Figure B-12 Input file view of section 8 data of type 11

The (p) value and its corresponding probability are tabulated in each line. To store this data

in a compact way it is read for each problem material into the program using the following

arrays:

1.

Two dimensional array that stores the starting group for the specified group to
group scattering. Index one represents the material number and second index
represents the particular group to group scattering (data line).

Two dimensional array that stores the final down group for the specified
group to group scattering. Index one represents the material number and
second index represents the particular group to group scattering (data line).
Three dimensional array that store the specified (u) values. Index one

represents the material number and second index represents the particular
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group to group scattering (data line) and index three represent the listed (n)
value.

4. Three dimensional array that store the specified probability for the given ()
values. Index one represents the material number and second index represents
the particular group to group scattering (data line) and index three represent

the listed probability value for the listed (n) value.

B.4. Adjoint Monte Carlo with Fictitious scattering input deck

The adjoint input deck sections 1, 2, 3 and 5 are identical to the forward input deck. The rest
of the sections are similar to the forward input deck with modifications that is suitable for adjoint
transport. Method of data generation was described in the previous appendix. Here we will

describe data organization only.

1. Section 4: Adjoint source location. As illustrated in Figure B-13 the user specifies:
a. Region of interest name (ROI).
b. Number of region of interest indices.
c. List of all voxel indices for the region of interest (i, j, k). These indices will be

converted to (X, y, z) values using voxel dimension.

[T Trndices=s]

Nams=s of ROIL = BoI<

IMimakher of FPOT Tihndices = =7
Trndi—e=s Liist XXX | Yryry | ==2==
Oo0S5S0O |00l | oos0O
0050 | 00l1= | 00so
o050 | ool =z | o050
0051|0011 | 0o0osa

o051 |0ool= | 0o0s50

0051 |Oo00132 | 00sa
0O0s5= | 0011 | 0oaosa

O0o0SzZ |o0ol= | o050

-

-
o051 | 0011 | oaos=
OoO0S1 | OoO01= | Oo0Os=
OO0S1 | Oo01= | oOos=
O0S=Z | 0011 | o005z

Figure B-13 Adjoint Input file view of section 4 (ROI) indices
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2. Section 6: For each problem material cross sections and transport data for each energy

group are listed as shown in Figure B-14. The rows represent groups (Figure B - 9) and

each column is:

[Ad] oint-GTG-E8Datal

T ®

& 0

= @ oo

Column 1:
Column 2:
Column 3:
Column 4:
Column 5:
Column 6:
Column 7:

Column &:

Group number.

Middle group structure energy bin.

Absorption probability,

Absorption heat cross section.

Up scattering probability.

up scattering heat cross section

Total cross section.

Total heat cross section.

Material = Water

Heat Factor =
Material-Water|Probakility [fraction (0-1)],Heat X3 units (eGy-om™Z), GXE data units (1/com)

GRP#|EBinMidPoint|AbsorptionProb|AbsorptionHeat|ScatteringProb|ScatteringHeat|Totalis|TotalHeat
L20511E-10
L B3986E-12 |
L B0154E-13
L4T4AEE-13
. 50657E-13
L135536E-13
L04600E-13 |
L 95E209E-13
L8947 6E-13|
LB4993E-13 |
LBEZ3ZEE-13|
LTE0BTE-13

0o1|
0oz |
003 |
004 |
0os|
0oé|
0o7|
0og |
0o9|
010|
011]
01z |

5.
.000E+05 |
. SO00E+05 |
.500E+06|
.500E+06|
.500E+06|
. SO00E+06 |
.500E+06|
.500E+06|
.500E+06|
. SO00E+06 |
. 450E+07 |

[ L. S N o S ) B R U R s A L

SO0E+04 |

a

o o o o oo o oo oo

1.282E-07

L127307
.003%86]
.000108 |
.000034 |
.000018 |
.000014 |
.oooo11|
.00oo10|
.00ooog|
.00ooos |
.oooooT|
.00oooe|

1

[ = o S T S oV o T P TR W |

a

o o o o o o o0 9O

.847143 |
LT63553
L108133]
LO7Z5950
LBB1Z254 |
LO04274 |
LA10587 |
LA5ETED
L31Z2154
L26B5355]
LE0E332 ]
L138Z600|

3

LT T e S L R T — T T, B, B N B oy

.03535E-10]
LT5Z291E-02]
. 3Z604E-09]
LBBZTSE-09]
L2F097E-09]
L F1579E-02]
LTASETE-09]
LEPT9ZE-09]
LBETZ5E-07]
LA0Z84E-02]
LBBDITE-059|
.6Z489E-09]

z

[ I e B R e N s R P L L I = s I

L10671E-01]
L32796E-01]
L 339T8E-0Z |
. 96543E-02 |
.448Z0E-02 |
LET4T1E-0Z |
LZO07D5E-0Z |
. B03Z0E-02 |
LBE5F6E-02 |
LA330ZE-02 |
L3EB0ZE-0Z |
L11337E-02

3.
. F0001E-10
.0003%8E-09
LZ2B6Z1E-09
. T6637E-09
. 7T4813E-09
.15588E-0O8
.33190E-08
.43516E-08
LBI9ZZE-08
LBZB35E-0O8
L401Z8E-08

[ S e = = - B BT, B KR}

1Z689E-10

Figure B-14 Adjoint Input file view of section 6 material cross sections and transport data

In this section the total & absorption cross section is identical to the forward cross sections.

The scattering cross section and scattering probability is different than the forward input file

data. These values are generated using the method described in the previous section.
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3. Section 7: Tabulation of group to group scattering probabilities for each problem material

as shown in Figure B-15. Each group data is in one row. The number of data rows in this

table is given. The following is the sequence of data in the each group row:

Initial group.

a
b. Final group (up scatter group).

13

o

Number of probability points following in this data line.

The current group CDF table entries. The first value represents the maximum

probability for scattering to the current energy group while the last two entries is

the range of probabilities for scattering to the highest energy group.

##4First probability entry is for Initial group & last entry is for Final up group#g#
Material-fMater|Probability of Scattering from Initial Group to Final Group

Mmber Scattering Probability Data Points = 68

InitialGRP|FinalUpGRE| Group probabilities frow final group (Elow) to initial group (Ehigh)

001100z 1002]
002|101z 10111
oo3|0lz|010]
oo4|0lz1008]
oos|olzong]
00g6101z21007]
007101z 1006]
oog|0121005]
00|01z 1004]
010|0lz|003]
011101z 1002]
n1zjolzionr]

0.8932201
0.471743|
0.295210|
0.229393]
0.186652]
0.163624|
0.136003]
0. 166843
0.202199]
0.276316|
0.433376|
1.000000

—

. 000000
707130]
539348|
463297|
424099|
396789|
3639321
411645|
4532985|
638037|
nooona

oo oo o oo oo

0.801633]
0. 654902
0.601433]
0.579554|
0. 565980
0, 573643
0. 624063
0.745732|
1.000000

0.8534001
0.736357]
0.7023801
0.6597207]
0.700712]
0,732006]
0.819435]
1.000000

0.389367]
0.300337]
0. 763354/
0.7925211
0.815276]
0,8751711
1.000000

0.817013] 0.939553| 0.958516| 0.974866| 0.989287| 1.000000
0.853514| 0.898757| 0.938269] 0.973433| 1.000000

0.850983| 0.909432] 0.961136] 1.000000

0.8737021 0.94519| 1.000000

0.8171101  1.000000

1.000000

Figure B-15 Input file view of section 7 data

The data in this section is arranged as initial group and the highest final group. After that the

probability is given from the current group to the highest final group. The number of probability

values varies from 1 all the way to the maximum number based on the highest final group.

When this data is read into the program four two dimensional arrays are created indicating the

material number and group number. The following is what data arrays are created:

11.
1il.

iv.

The first array stores the current group.

The second array stores the index of the group probability starting point.

The third array stores the index of the group probability ending point.

The fourth array has a second dimension that is equal to the maximum scatter

data records. This array stores the up scatter group to group probability.
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4. Section 8: Tabulation of group to group scattering angles for each material. Each group
data is in one row. The input deck contains two types of cosine scattering data. The

following is a description of both types:

a. Type I: Average of cosine scattering angle as described in the Mores code shown
in Figure B-16. The number of data rows in this table is given. The following is
the sequence of data in the each group row. :

1. Initial group.

ii. Final group (up scatter group.)
iii. Zero Order Legendre coefficient.
iv. First order Legendre coefficient.

v. The computed average cosine scattering angle.

EREERES PEERZHBEEESRRREER S PR SR RHEE S ERREE IR SHBREESRERRER RS
BREASRISRRHLE Hores & Keno scattering angle angular treatment HERERRH
ERFnnns THE S IR EE R ENNE R R HES PR EEER RN E RS TS PR EERRENNEL A

Material-Water |Average Cosine scattering angle a= defined by Morse code
Humber Average Cosine scattering angles Data Lines = &8
Initial GRP|FinalGRP |L.O.Zero|L. 0. first | Averagse MO

o0l|00l]  1.60304E-011 1.2374lE-02Z] 0.0771914

ooljooz| 1.81645E-0Z] -6.04Z99E-03] -0.33£26821
ooz ooz 1.10473E-01]1 3.15195E-02] 0.Z852995
ooz ooz 5.51261E-021 2.92316E-031 0.05302Z68
00Z|004] 2.21318E-0Z]1 -5.56573E-03] -0.E514508
ooz |oos| 1.21235E-02] -4.Z0658E-03] -0.34697a67

L

L]

L J
olojo1l1] Z2.39291E-03]1 9.9502Z8E-04] 0.4158225
olojolz] Z2.39451E-03] 5.96653E-04] 0.24917535
0ol1ljo11] Z2.09861E-031 4.473159E-04] 0.2134364
0111012] Z.6886EZE-03] 5.6Z393E-04] 0.Z093614
0lz|012] 4.07036E-03]1 1.01783E-03] 0.Z5005399

B AR SRR R R R SRR T AR RN SRR E AR AR R AR RRARA R RAR AR ONR

Figure B-16 Input file view of section 8 data of type 1

b. Type II: Tabulates the angular probability distribution function of cosine
scattering angle shown in Figure B-17. Further; the number of group to group data
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lines in the table, the number of cosine of scattering angle values and its

corresponding probability per data line is also listed. The following is the

sequence of data in the each group row:
1. Initial group.

ii. Final group (up scatter group.)

iii. A sequence of cosine of scattering angle values followed by the same

number of the probability distribution value of these cosines scattering

angle.

FEESERRURREERRRRREEERRRRIE R RRI R R BB R R
$#E444444484¢4  Dr. Pevey scattering angle anqular treatment (NUREGZOD) ######
FREESESRASRERES ISR ISR ISR IS RS R B R S RIS R A S R RS R A

Material-Water |AngqularPDF-Cosine Scattering dngle @ given Probability
Muwber GTG Scattering X5 Data Lines = 68

Nuwber of GTG cosine scattering angle (M) points = 5

Mumber of Probability points for listed MIJ walues = 5

AdIIntGRP|AdJUpGRE [3% Cosine 3cattering Angle - yx CDF probabilities for those MUs

L5437z
.B0850)
43927
L5743
61499
L 58385
L5900
L5957
LEB9Z28|

ooljooll -0.981057) -0.545300 0.032751 0.5394000 0.9352001 0.1205001 O0.32141]
ooljooz| -0.9z421 -0.61411) -0.11305] 0.42963| 0.82429] 0.22506] 0.35644]
0oz|0oz| -0.30257| -0.51448| 0.07038] O0.81312] 0.93117] 0.07341] 0.22362]
00Z1003] -0.91104] -0.550701 -0.00558] O0.50628| 0.84894] 0.09712] 0.29944|
00z1004] -0,93145] -0.66184] -0.268171 O0.11462] 0.36598] 0.1033811 O0.32462|
0oz|oos| -0.94247| -0.71731) -0.38979] -0.06734| 0.14566] 0.09658] 0.30509]
00Z|006] -0.94541 -0.73235| -0.42399] -0.12188| 0.07878] 0.08517] 0.301e8|
00z1007] -0.94664| -0.73876] -0.43906] -0.14715] 0.04564] 0.09500] 0.30164]
0oz|008| -0.94883| -0.74893| -0.45874] -0.17177] 0.02252] 0.09234] 0.23434|

L

L

L

L
00a10lzl -0.693911 -0.12266] 0.55915] U.QS&%QI 0.98643] 0.000001 0.000000
olajolol -0.727621 -0.543700  0,33277 0.99281) 0.99807] 0,000000 0.00000]
olojoll| -0.93612| -0.06%16] 0.04087| 0.99073| 0.99934] 0.00000] 0.00000]
0l00l2| -0.69385] -0.122401 0.535957] 0.97307] 0.98927] 0.000000 0.00000]
0110011 -0.77577] -0.40457] 0.20953 0.71205] 0.99763] 0.00000] 0.00000]
011j012| -0.69368| -0.12159] 0.56086| 0.97333] 0.99429] 0.00000] 0.00000]
012|012| -0.93539] -0.14269] 0.26378| 0.98355] 0.996600 0.00000] 0.00000]

Figure B-17 Input file view of section 8 data of type 11

(=T == = T I = ]

.0ooalLl
L 00oaa|
.000oao|
L 0ooaa|
L 0ooaag
.000oao|
.000oao|

(=T == = T I = ]

803731
95714
. 74950
88671
900131
LB8783]
V85077
G506z
L 84333

838781
L2011z]
. 54341
64943
.0ooalLl
L 49057
L 268486

= = =~ ~ = ~ —

=~ = = ~ ~

L0000
.000oao
.000oao
L0000
00000
.000oao
L0000
L0000
.000oao

L0000
00000
.000oao
L0000
L0000
.000oao
.000oao
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The (n) value and its corresponding probability are tabulated in each line. To store this data

in a compact way it is read for each problem material into the program using the following

arrays:

11.

ii.

iv.

Two dimensional array that stores the starting group for the specified group to
group scattering. Index one represents the material number and second index
represents the particular group to group scattering (data line).

Two dimensional array that stores the final up group for the specified group to
group scattering. Index one represents the material number and second index
represents the particular group to group scattering (data line).

Three dimensional array that store the specified (u) values. Index one
represents the material number and second index represents the particular
group to group scattering (data line) and index three represent the listed (p)
value.

Three dimensional array that store the specified probability for the given ()
values. Index one represents the material number and second index represents
the particular group to group scattering (data line) and index three represent

the listed probability value for the listed (p) value.
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Appendix C
Forward continuous and multigroup MCNPS input deck
The following are the MCNPS input decks used to estimate (Voxel) fluxes using MCNP5
FMESH4 tally and the deck that estimates the average dose rates in the problem regions of

interest: the tumor, the brain, and both eyes. The calculations use the built-in 12 group photon

cross sections, which are also used in the Pixel8 and Voxel8 calculations.

C.1. MCNPS multigroup input deck to get flux map

Forward MC CAX PDD Sim - Varian 6 MV Spectrum-MCNP-MGXSNP Grp Strctre
c R R R k2 kb kb Sk b b b b b b 2 b b kb b b b b Sh b gk b Sk b gk b b g b db b b b b b b dh b b b 2k b 2 b 2h b 2k b gk b b b 2 b b 2 2 4

c Cells - 50.0 x 50.0 x 50.0 Water Box

c R R IRk dh kb kb Sk b b b b b b b b db kb b b b b Sk b Sk b Sk b gk b b g b b b b b b b b dh b b b 2k b dh b 2h b 2k b gk b b b 2 b 2 O 2 4
1 1 -1 -1 imp:p=1 $ 50.0x50.0x50.0 Water box
2 0 -2 3 imp:p=0 $ thin layer surrounding window
3 0 -3 imp:p=1 $ 10 x 10 window
4 0 #1 #2 #3 -100 imp:p=1 $ outside water box inside universe
5 0 +100 imp:p=0 $ Outside universe -void

C FrAFFI KA I A A AKX I KA A A IR A AA I I AAA I I A AX I I I AT IR I A A Ik ATk hhhx ok kkohhxkokox

c Surfaces
c kA hh kA hkhhhkhkhhhk kA drhhhkhk ko hk kA d ko hkhk ko hk kA ko hkhkhk ko hkhk Ak rhhkhkhkrhkhkhkhkrhhkhkhkhxhhk*xx
100 so 200.0 $ Universe bound

1 RPP -25.0 25.0 0.0 50.0 -25.0 25.0 $ Water box 50.0x50.0x50.0
2 RPP -25.0 25.0 -0.001 0.0 -25.0 25.0 $ thin Field Plate
3 RPP -5.0 5.0 -0.001 0.0 -5.0 5.0 $ Field size 10.0 x 10.0

hhkhkhkhkhk kA hk Ak hkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhkhkrhhkhkhkhkdrhhkrhhkrhkhkrhkhkhkhkdhkxhkxkhkkxk*k

Data Cards
AR RS S S SRS SR SR SR E SRR R RS EEEEEEESEEEESEE SRS EESEEEESEE SRS EE SRS SRS SIS

c
c
c
c
c Photon point source positioned at (0.0,-100.0,0.0) all particles
c travelling in direction <0.0,-1.0,0.0>. Source energy distribution
c 1s according to the published 2100-6MV spectrum. Direction is
c limited to a 40.0 cm diameter circle at 100.0 cm from the source.
c max angle is Acos(100/101.98=0.980581) = 11.30993-
c mu from 1.0 --> 0.980581. to normalize to the particles in the cone
c use WGT=1/fsa2 (fsa2= fraction solid angle of the cone)
c This is a 40.0 cm circle run
SDEF POS 0.0 -100.0 0.0 VEC 0.0 1.0 0.0
ERG dl1 DIR d2 PAR 2

KA AR AR A AR A A AR AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA I A A A A AR A AR A A A AR AR A AR KKK

* ok ok ok ok ok ok ok ok ok x ok Energy Distribution 2100-6MV khkkhkhkhkkhkhkkkhkkhkdxhkkxkkkkhkx

* ok ok ok ok ok ok ok ok ok x ok Group structure MCNP-MGXSNP khkkhkkhkkhkhkkkhkkhkxhkkxkkkkkx
KA AR AR AR A A A A AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA I A A A A AR A A A A A A AR AR AR A KKK

I1 H 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000 6.000
P1 D 0.000000 0.007698 0.133707 0.235028 0.303138 0.166534
0.093532 0.048771 0.011591

nNnnooo0a0a

KA A A AR A AR A A A AR AR A A A A AR AR A AR A AR AR A A A A A A AR A KA I A A A A AR A AR A A A AR AR AR XKk

Picking in a 11.30993 cone (Bias = 1/ 0.0097097)

KA AR AR A AR A A A AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA I A A A A AR A A AR AR AR AR A XKk

QQQQ
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c
SI2 -1.0 0.9805807 1.0 $ Histogram for cosine bin limits
SP2 0.0 0.9902903 0.0097097 $ frac. solid angle for each bin
sB2 0. 0. 1. $ source bias for each bin

KA Kk hkkxkkkhkxxk k% Materjgls *FrAXFFhhrrkhhrhrhhhhrrhhhhrdhhhrrkhhhxkkhrx
KA AR AR A AR A A A A AR AR A A A A AR AR A A A A AR AR A A A IA A A AR A KA I A A A A AR A AR A A A AR AR A A KKK

WATER for gamma-ray transport (by mass fraction)
khkhkkhkkhkhkhkhkhkkhhkhhhkhhAhhhkhhhhhkhkhAhrhhkdhhkhhhkhkhAhrhhdhhhrhhkhkdArhkhkdhhkrhhkkhkhAkrhkhkkhkhrhkhkdx

Q0000 aQQ

M1 1000 -0.11190 $ elemental H mass fraction
8000 -0.88810 $ elemental O mass fraction

KA A A AR A AR A A A A AR AR A A A A AR AR A A A A AR AR A A A A A A AR AR A I A A A A AR A A A A AR AR AR AR A KKK
KxKkkhkkxkkhhkxkkkhkxx* % Proplem FMESH4 Tally khkkkkkkhkkhkkkhkkhkkkhkkkkhkkkkhkkrxkxk
KA AR AR A A A A A A AR AR A A A A AR AR A A A A A A AR A A A A A A AR A KA I A A A A AR A AR A A A AR AR AR A A KKK

Q000

FC4 Multi-group Varian 6 MV Spectrum-MCNP-MGXSNP Grp Strctre
FMESH4:P GEOM=xyz
ORIGIN=-25 0 0

IMESH=25.  IINTS=100
JMESH=50. JINTS=100
KMESH=.5  KINTS=1
OUT=1i7

EMESH = 6.000

hhkhkhkhkhkhkhkhk A hhkrhhkrhhkhkhkhkhhkhkhhkrhkhkrhhkhkhhkrkhkhkhhkdrhkhkrhhkrhkhkrhkhkhkhkhhkxhkxkhkxk*k

KAk KAk khkkkhk KKk )k NJOY DOSe Conversion factors khkkkkhk Kk Ak khkkkx k%

Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok For MCNP-MGXSNP group structure Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok
KA A A AR A AR A A AR AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA A A AR AR A A A A A A AR A A AR KKK

Q0Q0aQ0a0aQQ

EO 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000 6.000
EMO 3.12689E-10 9.90001E-10 3.00098E-09 5.29621E-09 7.76637E-09
9.74813E-09 1.15586E-08 1.33190E-08 1.49516E-08

Z khkhkhkkhkhkhkhkhkkhhkhhhkhhhrhhkhhhhhkhkhhrhhkdhhkhhhkhkhAhrhhdhhkhrhhkhkhArhhkdhhkrhkhkkhkhAkrhkhkhhrhkhkdx
c PHYS:P EMCPF IDES NOCOH ISPN NODOP

c EMCPF = Upper energy limit for detailed photon physics treatment,

c in MeV.

c To turn off electron production and the bremsstrahlung photons

c use IDES=1 default =0 --> thick target bremsstrahlung. To turn

c off coherent scattering NOCOH=1; photo nuclear collision ISPN=0

c Doppler energy broadening NODOP=1

c R R IRk gk gk b kb Sk b kb b db b b b b gk b b b b b b b Sk b Sk b gk b b b b b b b b b b b dh b dh b dh b b b 2h b 2k b gk b dh b 2 b b O 2 4
c

CUT:P J 0.01

MODE P

PHYS:P 6.000 1

MGOPT F 12

c PRINT 100 40 110 150 160 161 162
NPS 250000000
PRINT
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C.2. Forward model for structure doses

Forward Eyes Tumor Brain - Varian 6MV Spectrum-MCNP-MGXSNP Grp Strctr
c R R R k2 kb kb Sk b b b b b b b b b kb b b b b b b b b Sk b gk b b b b b b b S b b b dh b dh b 2k b b b 2h b 2k b gk b b b b b b O 2 4

c Cells - 50.0 x 50.0 x 50.0 Water Box with 3 structures
c R RS S S SRS SRS R SRR SRR R RS EE SRR EESEEEESEESESEESEEEESEE SRS EE SRS SRS RIS
1 1 -1.0 -1 imp:p=1 $ Tumor
2 1 -1.0 -2 imp:p=1 $ Right eye
3 1 -1.0 -3 imp:p=1 $ Left eye
4 1 -1.0 -4:-5:-6 imp:p=1 $ Brain
5 1 -1.0 -7 #1 #2 #3 #4 imp:p=1 $ 50.0x50.0x50.0 Water box
6 0 -89 imp:p=0 $ thin layer above box
7 0 -9 imp:p=1 $ 20 x 20 window
8 0 #1 #5 #6 #7 -100 imp:p=1 $ outside water box in universe
9 0 +100 imp:p=0 $ Outside universe - void
c AR RS SR SRS SRS R SRR SRR R RS EE SRR EESEEEESEESESEESEEEESEE SRS EE SRS SRS SIS
c Surfaces
c AR RS SR SRS SRS R SRR SRR R RS EEEEEEESEEEESEE SRS EESEEEESEE SRS EE SRS SRS
1 S 4.5 15.0 3.0 1.5 $ Tumor
2 S -7.0 4.0 0.0 3.5 $ Right Eye
3 S 7.0 4.0 0.0 3.5 $ Left Eye
4 RPP -10.0 10.0 17.0 29.5 -9.0 1.0 $ Brain - Box 1
5 RPP -10.0 10.0 21.0 28.5 1.0 8.0 $ Brain - Box 2
6 RPP -10.0 10.0 3.5 31.0 8.0 15.0 $ Brain - Box 3
7 RPP -25.0 25.0 0.0 50.0 -25.0 25.0 $ Water box 50.0x50.0x50.
8 RPP -25.0 25.0 -0.001 0.0 -25.0 25.0 $ thin Field Plate
9 RPP -5.0 5.0 -0.001 0.0 -5.0 5.0 $ Field size 10.0 x 10.0
100 so 200.0 $ Universe bound

KA AR AR AR A A A A AR AR A A A A AR AR A A A A AR AR A A A A A A AR AR A I A A A A AR A AR A A A AR AR AR A XKk

use WGT=1/fsa2 (fsa2= fraction solid angle of the cone)
This is a 40.0 cm circle run
DEF POS 0.0 -100.0 0.0 VEC 0.0 1.0 0.0
ERG dl DIR d2 PAR 2 WGT 1.03018e2

c
¢} Data Cards

c khkhkkhkkhkhkhkhkkhkkhhkhhkhkhkhkhhhkkhkhhhhkhkhAhrhhkdhhkhhhkhkhAhrhhkhhkhrhhkhkhArhkhkdhhkrhkhkkhkhAkrhkhkkhhrhkhkdx
c

c Photon point source positioned at (0.0,-100.0,0.0) all particles

c travelling in direction <0.0,-1.0,0.0>. Source energy distribution
c is according to the published 2100-6MV spectrum. Direction is

c limited to a 40.0 cm diameter circle at 100.0 cm from the source.

c max angle is Acos(100/101.98=0.980581) = 11.30993-

c mu from 1.0 —--> 0.980581. to normalize to the particles in the cone
c

c

S

hhkhkhkkhkhk kA hkhkhhkrhhkrhhkhkh bk hhkhkhhkrhkhkrhhkhkhhkhhkhkhkhkdrhhkrhkrhkhkrhkhkhkhkdhkxhkxkhkkxk*k

KAk KkAhkKk Kk kK Kk kK Energy Distribution 2100_6Mv KAkX KAk KA I ARk A A A KA XA R Ak XKk

* ok ok ok ok ok ok ok ok ok ox ok Group structure MCNP-MGXSNP khkkhkhkhkhkkhkkkhkkhkhxhkkxkkxkkx
KA AR AR A A A A AR AR A A A A A A AR AR A A A A A A AR A A A A A A AR AR A I A A A A AR A AR A A A AR AR AR A XKk

Q00 aQ0aaQQ

SI1 H 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000 6.000
SP1 D 0.000000 0.007698 0.133707 0.235028 0.303138 0.166534
0.093532 0.048771 0.011591

hhkhkhkhkhk kA hkkhkhhkrhhkrhhkhhhkhhkhkhhkrhhkrhhkhkhhkhhkhkhkhkdrhhkrhkhkrhkhkrhkhkhkhkhhkxkhkxkhkkxkx

c
c
c Picking in a 11.30993 cone (Bias = 1/ 0.009707)

c RS SR SRS SRS R SRR SRR R RS SRR R EESEEEESEE SRS EE SRR SRS RS SRS EE SRS
c

SI2 -1 0.980581 1. $ Histogram for cosine bin limits

SP2 0.0 0.99029 0.009707 $ frac. solid angle for each bin

SB2 0. 0. 1. $ source bias for each bin

C
C FrXEFKkAXAXkkhAxk Materiagls FrRAXFFAhAxdkhhrrhkhhrdhhhrrdhhhxkkhhrxkkx
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KA AR AR AR A A AR AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA I A A A A AR A AR A A A AR AR AR KKK

WATER for gamma-ray transport (by mass fraction)
khkhkkhkhkhkhkhkhkkhhkhhhkhhhhhkkhhkhhhkhkhAhrhhkdhhkhhhkhkhhrhhkdhhhrhhkhkhbhrhkhkdhkrhhkkhkhAkrhkhkkhkhrhhkdx

Q0 QQ0

M1 1000 -0.11190 $ elemental H mass fraction
8000 -0.88810 $ elemental O mass fraction

hhkhkhkkhkhk kA hk Ak hhkrhhkrhhkhkhkhkhhkhkhhkrhkhkrhhkhhhkrkhkhkhkhkdrhkhkrhhkrhkhkrhkhkhkhkdhkxhkrkhkkxk*k
kAKX KAAk KAk kA Ak A A Ak AKXk Kh kK Problem FMESH4 Tally KAkXKAAk KR A I A A A A AKX XA d A A AKX * Kk
hhkhkhkkhk kA hk A hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhkhkhhkhkhkhkdhhkrhhkrhkhkrhkhkhkhkdhkxhkxkhkkxk*k

QQ0aaQ0

FC4 Tumor Absorbed dose (cGy)

F4:P 1

FCl14 Right Eye Absorbed dose (cGy)
Fl14:P 2

FC24 Left Eye Absorbed dose (cGy)
F24:P 3

FC34 Brain Absorbed dose (cGy)
F34:P 4

hhkhkhkhkhk kA hkk Ak hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkhhkhkhkhkdrhhkrhhkrhkhkrhkhkhkhkdhkxhkxkhkkxk*k

KAk KAk khkkkhhk KKk )k NJOY99 DOSe Conversion factors AKhkkkkhk Kk Ak Kk hkkk* k%

Kk ok ok ok k ok ok ok ok ok ok ok ok ok ok ok For MCNP-MGXSNP group structure Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok
KA AR AR AR A A AR AR AR A A A A AR AR A A A A A A AR A A A A A A AR AR A I A A A A AR A AR A AR AR A XA AR KKK

HaQ Qoo

0 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000 6.000
EMO 3.12689E-10 9.90001E-10 3.00098E-09 ©5.29621E-09 7.76637E-09
9.74813E-09 1.15586E-08 1.33190E-08 1.49516E-08

Z khkhkkhkhkhkhkhkhkkhhkhhhkhkhkhhhkkhhhhhkhkhAhrhhkdhhkhhhkhkhAhrhhdhhhrhhkhkhArhkkhdhkrhkhkkhkhArhkhkkhhkrhkhkdx
c PHYS:P EMCPF IDES NOCOH ISPN NODOP

c EMCPF = Upper energy limit for detailed photon physics treatment,

c in MeV.

c To turn off electron production and the bremsstrahlung photons

c use IDES=1 default =0 --> thick target bremsstrahlung. To turn

c off coherent scattering NOCOH=1; photo nuclear collision ISPN=0

c Doppler energy broadening NODOP=1

c khkhkhkkhkhkhkhkhkkhhkhhkhkhhkhhhkhkhkhhhkhkhAhrhhkdhhkhhhkhkhAhrhhdhhhrhhkhkhbrhkhkdhhkrhkhkkhkhAkrhkhkhhrhkhkdx
c

CUT:P J 0.001

MODE P

PHYS:P 6.000 1

MGOPT F 12

c PRINT 100 40 110 150 160 161 162
NPS 100000000
PRINT
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Appendix D
Adjoint MCNPS surface cell fluxes input decks

The following are the MCNP5 input decks used to run MCNPS in adjoint mode to compute

cell fluxes using FMESH4 tally. The calculation was repeated for multiple region of interest

(adjoint sources).

The adjoint source distribution was derived from the region of interest

response function.

D.1. Adjoint model simple Box

Adjoint with MCNP-MGXSNP - Adjoint Source a
c R Rk dh kb kb kb kb b b b b b b 2 gk b gk b 2h b b 2 2k b 2k b b b 2k b 2 4

c Cells
c Nk hkhkhkhkkhkhkhkhrhkhkrhhkhkhkrhkhkhkhkhkdhhkhrhkrhkhkrkhkhhhxkhtk
1 1 -1.0 -1
2 1 -1.0 -2 #1
3 0 #2 -100
4 0 +100

imp:p=1 $ Adjoint
imp:p=1 $ 50.0x50
imp:p=0 $ outside
imp:p=0 $ Outside

hhkrkhkhkhkhk A hkkrhkkhkrhkhkrhkhkhkhkrhkhkrhkkhkhkkhkhkdxkhkxkkxkxk

Surfaces
Ak hkhkhkhkkhkhkhkhkrkhkhkrkhhhkhkrkhkhhkhkhkdhhkhrhkrhkhkrkhkhhhxkktk

QQQQ

1 RPP -0.5 1.0 5.0 6.5 -0.5 1.0

2 RPP -25.0 25.0 0.0 50.0 -25.0 25.0
3 PY 0

100 so 200.0

KA XK AKRAIAKA A AR AR AR A I A A AR AR A A A A A A AR A XA A KKK

Data Cards
R b b i I I I I i I b b e b b I b b b I b b b I b b b b b b 2 b b b

within the parallelepiped.

DEF PAR=2 ERG=dl X=d2 Y=d3 Z=d4

KA XK AR A A KA A AR AR AR A I A A XA A AR A A AR A A AR A XA A A KKK
* ok ok ok ok ok ok ok ok ok x ok
KAk KAAhk Kk Khk Kk kK

Group structure MCNP-MGXSNP
R Rk bk bk b kb k2 dh b b b b b 2 b b gk b 2h b b 2 2k b b b b b 2k b 2 4

OO0 noaoa0000aQa

.000 0.010

0 0.100 0.500
6.000

0

5

1.000 2.0

.000000000
.76637E-09

3.12689E-10
9.74813E-09

9.90001E-10
1.15586E-08

KA XK AKRAIAKAAAKA AR A KA I A A XA A AR A I A A A A AR A XA A XKk

FAKAxx XK KK HAAHAAL Where to pick starting po
c khkhkkhkhkhkhkhkkhkkhhkhhhkkhkhkhrhkhkkhkhhrrhkkhkhkrhkhkkhkhkhrrhkkhhhhhk*k
SI2 -0.5 1.0
SP2 0.0 1.0

Q0 Q

CEL=

Energy Distribution 2100-6MV

s a box (1.50x1.50x1.50)

dkhkhkkhkrhkkrhkkhkhkhkhkkrhkhkxkhkkxkhkkxk

- 50.0 x 50.0 x 50.0 Water Box

drkhkkhkrhkkrhkkhkhkhkhkkhxhkhkxkhkkxkhkkxk

source box

.0x50.0 Water box

water box inside universe
universe -void

dkrkhkkrhkkrhkkhkhkhkhkkhrhkhkxkhkkxkhkkxk

dkxkhkkrhkkrhkkhkhkhkhkkrhkhkxkkxkhkkrk

$ Adjoint Source
$ Water box 50.0x50.0x50.0
$ Crossing plane
$ Universe bound

KAk Ak A IA KA KA I AA A A AR AR AR A A XKk

KAk IkAKA A KA KA IAAA A A AR AR AR A XKk

Adjoint source is in cell number 1. The cell is made out of
parallelepiped with given dimensions. Points are chosen uniformly

1

KAk AKA A KA KNI I AA A A AR A XA AR A A XKk
khkkhkkhkkhkhkkkhkkhkxhkkxkkkkkx
kAKX KAk KAk A I AAk A A AKX A XAk Ak X k%

krkhkkhkrhkhkrhkkhkhkhkhkkhxhkhkxkhkkxkhkkxk

00 3.000 4.000 5.000
3.00098E-09

1.33190E-08

5.29621E-09
1.49516E-08

KAk AKX KA KA I AA A A AR AR AR AKX XKk
Ints FFFF AKX A A kA XKk ko xkkx
KAk AKX KA AR KA A AA A A AN A XA R A XKk

$ X-range for Adjoint source
$ uniform probability over the X-range
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SI3 5.
sP3 0.
sI4 -0.
sp4 0.

Y-range for Adjoint source
uniform probability over the Y-range
Z-range for Adjoint source
uniform probability over the Z-range

o oo
== e
o oo w
Uy U0 Ur O

hhkhkhkhkhkhkhkhkhk A hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhhkhkhkhkrhkhkrhhkrhkhkrhkhkhkhkdkhkxhkxkhkkxk*k
KAk KAAk KAk kA Kkk kA Kk Xk %k Materials KA KK AKRAIAKAA A KA AR AR A I A A XA AR A AR A A A AR A XA A A KKK
hhkhkhkkhkhk kA hk Ak hhkrhhkrhhkhkhkhkhhkhkhhkrhkhkrhhkhhhkrkhkhkhkhkdrhkhkrhhkrhkhkrhkhkhkhkdhkxhkrkhkkxk*k

WATER for gamma-ray transport (by mass fraction)
R R Rk k2 kb kb Sk bk b b db b b b b b b b b b b dh b b b Sk b gk b b b b b b b S b dh db 2k b dh b b b b b 2h b 2k b 2k db dh b 2 b b O 2 4

Q000000

M1 1000 -0.11190 $ elemental H mass fraction
8000 -0.88810 $ elemental O mass fraction

hhkhkhkkhkhk kA hkhk Ak hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhhkhkhhkdrhhkrhhkrhkhkrhkhkhkhkdkhkxhkxkhkxk*k
KAk KAAk KA kA Ak XA A Ak AKXk Kk k%K Problem FMESH4 Tally kAKX KAk KAk A I ARk A A A KA X AR A XXk %
khkrkhkkhkhkkhkkkkkhkkkkxkk* Need to have EMESH khkkhkhkkhkhkhkkkhkkxhkkxkkxkkx
KAk KAAk Kk Kk hkhAkAk XAk AAk kA kK kx %k tO run Adjoint problem kAKX KAk A I AAk A A XA KA X ARk Xk %k
hhkhkhkhkhkhkhkhkk A hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhkhkhkhkrhhkrhhkrhkhkrhkhkhkhkdhkxhkxkhkkxk*k

Q000000

FC4 Adjoint with MCNP-MGXSNP - Adjoint Source a box (1.50x1.50x1.50)
FMESH4:P GEOM=xyz
ORIGIN=-25 0 -25

IMESH=25. IINTS=100
JMESH=.5 JINTS=1
KMESH=25. KINTS=100
OUT=ik

EMESH = 6.000

KA A A AR A AR A A AR AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA A A AR AR A A A A A A AR A A AR KKK

Kk ok ok ok ok ok ok ok ok ok ok ok kxokk NJOY Dose Conversion factors Kk ok ok ok ok k ok ok ok ok ok ok ok ok ok

KAk KAk khkhkk Kk kK KKk kK For MCNP_MGXSNP group Structure khkkk Ak KAk Kk hkhkkxk*k
hhkhkhkhkhk kA hk Ak hkrhhkrhhkhhhkhhkhkhhkrhhkrhhkhkhhkrhhkhkhkhkrhhkrhhkrhkhkrhkhkhkhkdhkxhkxkhkxk*k

Q0 0Q0aQa

EO 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000 6.000
EMO 0.000000 0.007698 0.133707 0.235028 0.303138 0.166534
0.093532 0.048771 0.011591

c
c R R IRk 2k kb kb Sk b kb b db b b b b b b b b b b b b b b Sk b gk b b g b b b b S b dh b Sh b b b dh db 2 b 2h b 2k b gk db b b 2k b 2 O O 4
c PHYS:P EMCPF IDES NOCOH ISPN NODOP

c To turn off electron production and the bremsstrahlung photons

c use IDES=1 default =0 --> thick target bremsstrahlung. To turn

c off coherent scattering NOCOH=1; photo nuclear collision ISPN=0

c Doppler energy broadening NODOP=1

c khkhkhkhkhkhkhkhkkhhkhhhkhhAhrhhkhhkhhhkhkhAhrhhkdhhkhhhkhkhAhrhhdhhkhrhhkhkhArhhkdhhkrhkhkkhkhAkrhkhkhkhrrkhkdx
c

CUT:P J 6.000

MODE P

c SSW -3

MGOPT A 12

c PRINT 100 40 110 150 160 161 162
NPS 250000000

PRINT
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D.2. Adjoint model of tumor (Sphere)

Adjoint-MCNP-MGXSNP - Adjoint Source Tumor(4.5,15.0,3.0) R=1.5 cm

c KA A A AR A AR A A A AR AR A A A A AR AR A AR A AR AR A A A A A A AR A KA A A A A AR A AR A AR AR AR A A A KKK

¢} Cells - 50.0 x 50.0 x 50.0 Water Box

c khkhkkhkhkhkhkhkhkkhhkhhkhkhhhhkhkkhhkhhhkhkhAhrhhkdhkhhhkhkhhrhhdhhrhhkhkdrhkhkdhkrhkhkkhkhArhkhkkhkhrhkhkdx
1 1 -1.0 -1 -2 imp:p=1 $ Adjoint source Tumor
2 1 -1.0 -2 #1 imp:p=1 $ 50.0x50.0x50.0 Water box
3 0 #2 -100 imp:p=0 $ outside water box inside universe
4 0 +100 imp:p=0 $ Outside universe -void

KA AR AR A AR A A AR AR AR A A A A AR AR A A A A AR AR A A A A A A AR AR A I A A A A AR A AR A A A AR A AR AR KKK

Surfaces
R B B S I I I I I I I e I I I I I I I I I e I b I b b I b b b b b b b b b b b b g

QA0

1 S 4.5 15.0 3.0 1.5

2 RPP -25.0 25.0 0.0 50.0 -25.0 25.0
3 PY 0

100 so 200.0

Adjoint Source Tumor
Water box 50.0x50.0x50.0
Crossing plane

Universe bound

Uy U0 Ur O

hhkhkhkkhkhk kA hk A hhkrhkhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkhhkhkhkhkdrhhkrhhkrhkhkrhkhkhkhkhhkxkhkxkhkkxk*k

Data Cards
AR RS SR SRS SRS R SRR SRR R E SRR R R EESEEEESEE SRS EESEEEESEE SRS EE SRS SRS
Adjoint source is in cell number 1. The cell is made out of
parallelepiped with given dimensions. Points are chosen uniformly
within the parallelepiped.

DEF PAR=2 ERG=dl X=d2 Y=d3 Z=d4 CEL=1

hhkhkhkhkhk kA hkhk A hhkrhhkrhhkhkhhkhhkhkhhkrhkhkrhhkhkhhkrhkhkhkhkdrhhkrhhkrhkhkrhkhkhkhkhhkxkkxkhkxk*k

KAk KAkAhk KKk KhKkKk kK Energy Distribution 2100_6Mv KAkX KAk KA I ARk A A AKX AKX AR Ak Xk %

* ok ok ok ok ok ok ok ok ok x ok Group structure MCNP-MGXSNP khkkhkkhkhkhkhkkkhkkrhkkxkkkkkx
KA AR AR AR A A A A AR AR A A A A AR AR A A A A A A AR A A A A A A AR A KA I A A A A AR A A A A AR AR AR AR A XKk

o000

0.000 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000
6.000

0.000000000 3.12689E-10 9.90001E-10 3.00098E-09 5.29621E-09
7.76637E-09 9.74813E-09 1.15586E-08 1.33190E-08 1.49516E-08

hhkhkhkhkhk kA hhk Ak hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhhkhkhkhkdrhhkrhhkrhkhkrhkhkhkhkhhkxkhkxkhkkxk*k

Kk kkkkkkkkkkkk* [here to pick STArting POLNTS **kxkkkkkkkkkkkkkkkkk
Kk KK KK K K ok ok ok ok ok ok kK Kk Kk ok ok ok ok ok ok kK kK ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ko Kk ok ok ok ok ok ok kK
SI2 2.5 6.5
SP2 0.
SI3 13.

X-range for Adjoint source
uniform probability over the X-range
Y-range for Adjoint source
uniform probability over the Y-range
Z-range for Adjoint source
uniform probability over the Z-range

n

H

N
or o
oo ooo
oo ooo
v A

hhkhkhkkhkhk kA hkkhk A hhkrhkhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrkhkhkhkhdrhhkrhhkrhkhkrhkhkhkhhhkxkhkxkhkxk*k

KAk AkAk KAk kkk kA kX K%k Materials KAKXKAKRA A KA A KA AR AR A I A A A A AN A A A A A A AR A XA A A XKk

WATER for gamma-ray transport (by mass fraction)

C
C
C
C FrAFFI KA I A A AKX A K I A A IR A AA I I AAA I I A AX I I I A AX IR I A A I kA A A Fhhhx ok ok kohhxkokox
C
c KA AR AR AR A A A A AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA I A A A A AR A AR A A A AR AR A A KKK
C

M1 1000 -0.11190 $ elemental H mass fraction

8000 -0.88810 $ elemental O mass fraction
c
c RS S S SRS SRS R SR E SRR R RS SRR EEEESEEEESEE SRS EESEEEESEE SRS EESE S SRS SIS
c R i S I i S b i b b i Problem FMESH4 Tally R i I I i I b I I I b b b e
c *hkhkhkhkhkkhkhkkhkhkkkkkkx*k Need tO have EMESH *hkhkhkhkhkkhkhkhkhkrkhkhkhxkhkhhkkhxkkkk
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c KAk KAAk kA kA Ak XA AAk kA Xk Kh k%K tO run Adjoint problem kAKX KAk kA *AkAk A A AKX A XAk Ak Xk %
c R R R kb Sk bk b Sk b kb b db b b b db kb b b b b Sh b Sk b Sk b b b b g b b b b 2 b b db 2k b b b b b dh b 2h b 2k b b db dh b 2 b 2k O 2 4
c
FMESH4:P GEOM=xyz

ORIGIN=-25 0 -25

IMESH=25. IINTS=100
JMESH=.5 JINTS=1
KMESH=25. KINTS=100
OUT=ik

EMESH = 6.000

hhkhkhkkhk kA hhk Ak hhkrhkhkrhhkhkhhkhhkhkhhkrhhkrhhkhhhkhhkhkhkhkrhkhkrhkrhkhkrhkhkhkhkdhkxhkxkkxk*k

KAk KAk khkk Kk hk KKk )k NJOY99 DOSe Conversion factors khkkkKAkhk KAk kKhkkkx K%k

KAk KAk khkk Kk kK kKk )k For MCNP_MGXSNP group Structure khkkkKAkhk KAk khkhk Kk x K%k
hhkhkhkkhkhk kA hkhk Ak hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhhkhkhhkdrhhkrhhkrhkhkrhkhkhkhkdkhkxhkxkhkxk*k

Q000000

EO 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000 6.000
EMO 0.000000 0.007698 0.133707 0.235028 0.303138 0.166534
0.093532 0.048771 0.011591

c
c RS S S SRS SR SR SR E SRR R RS EEEEEEESEEEESEESEEEESEEEESEE SRS EESE S SRS SIS
c PHYS:P EMCPEF IDES NOCOH ISPN NODOP

c To turn off electron production and the bremsstrahlung photons

c use IDES=1 default =0 --> thick target bremsstrahlung. To turn

c off coherent scattering NOCOH=1; photo nuclear collision ISPN=0

c Doppler energy broadening NODOP=1

c RS R R SRS SRS RS R E SRR R RS SRR EEEESEEEESEESESEESEEEESEE SRS EESE S SRS SIS
c

CUT:P J 6.000

MODE P

c SSW -3

MGOPT A 12

c PRINT 100 40 110 150 160 161 162
NPS 1000000
PRINT
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D.3. Adjoint model of right eye (Sphere)

Adjoint-MCNP-MGXSNP - Adjoint Source RtEye(-7.0,4.0,0.0) R=3.5 cm

c KA AR AR A A A A A A AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA I A A A A AR A AR A AR AR AR AR A XKk

c Cells - 50.0 x 50.0 x 50.0 Water Box

c khkhkkhkhkhkhkhkhkkhhkhhkhkhhhhkhkkhhkhhhkhkhAhrhhkdhkhhhkhkhhrhhdhhrhhkhkdrhkhkdhkrhkhkkhkhArhkhkkhkhrhkhkdx
1 1 -1.0 -1 -2 imp:p=1 $ Adjoint source Rt Eye

2 1 -1.0 -2 #1 imp:p=1 $ 50.0x50.0x50.0 Water box

3 0 #2 -100 imp:p=0 $ outside water box inside universe

4 $

0 +100 imp:p=0 Outside universe -void

KA AR AR A AR A A AR AR AR A A A A AR AR A AR A AR AR A A A IA A A AR A KA I A A XA AR A AR A AR AR AR AR AR KKK

Surfaces
R B B S I I I I I I I e I I I I I I I I I e I b I b b I b b b b b b b b b b b b g

QA0

1 s -7.0 4.0 0.0 3.5

2 RPP -25.0 25.0 0.0 50.0 -25.0 25.0
3 PY 0

100 so 200.0

Adjoint Source Rt Eye
Water box 50.0x50.0x50.0
Crossing plane

Universe bound

Uy U0 Ur O

hhkhkhkkhk kA hk A hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrkhkhkhhkdrhhkrhhkrhkhkrhkhkhkhkhhkxkhkxkhkkxk*k

Data Cards
AR RS SR SRS SRS R SRR SRR R E SRR R R EESEEEESEE SRS EESEEEESEE SRS EE SRS SRS
Adjoint source is in cell number 1. The cell is made out of
parallelepiped with given dimensions. Points are chosen uniformly
within the parallelepiped.

DEF PAR=2 ERG=dl X=d2 Y=d3 Z=d4 CEL=1

hhkhkhkhkhk kA hkhk A hhkrhhkrhhkhkhhkhhkhkhhkrhkhkrhhkhkhhkrhkhkhkhkdrhhkrhhkrhkhkrhkhkhkhkhhkxkkxkhkxk*k

KAk KAkAhk KKk KhKkKk kK Energy Distribution 2100_6Mv KAkX KAk KA I ARk A A AKX AKX AR Ak Xk %

* ok ok ok ok ok ok ok ok ok x ok Group structure MCNP-MGXSNP khkkhkkhkhkhkhkkkhkkrhkkxkkkkkx
KA AR AR AR A A A A AR AR A A A A AR AR A A A A A A AR A A A A A A AR A KA I A A A A AR A A A A AR AR AR AR A XKk

o000

0.000 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000
6.000

0.000000000 3.12689E-10 9.90001E-10 3.00098E-09 5.29621E-09
7.76637E-09 9.74813E-09 1.15586E-08 1.33190E-08 1.49516E-08

hhkhkhkhkhk kA hhk Ak hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhhkhkhkhkdrhhkrhhkrhkhkrhkhkhkhkhhkxkhkxkhkkxk*k

KAk AkAk KAk kA kkkkh kK Where to pick Starting points kAKX KAk Kk AKX Ak A A XA Ak Kk Kk kKK
hhkhkhkhkhk kA hk Ak hkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkhhkhkhkhkdhhkrhhkrhhkrhkhkhkhkdhkxkhkxkhkkxk*k

SI2 -11.0
SP2 0.0
SI3 0.
SP3 0.
SI4 -4.
SpP4 0.

o o o

-2.
1.

[ e}

0

O O O oo

X-range for Adjoint
uniform probability
Y-range for Adjoint
uniform probability
Z-range for Adjoint
uniform probability

Ur 0 Ur Oy O r

source
over the X-range
source
over the Y-range
source
over the Z-range

hhkhkhkkhkhk kA hkkhk A hhkrhkhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrkhkhkhkhdrhhkrhhkrhkhkrhkhkhkhhhkxkhkxkhkxk*k
KAk AkAk KAk kkk kA kX K%k Materials KA XK AKRA A KAA AR AR AR A I A A A A AR A A AR A A AR A XA A A XKk
hhkhkhkhkhk kA hk Ak hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkhkhkhkhkhkdrhkhkrhhkrhkhkrhkhkhkhkdhkxkhkxkhkxk*k

WATER for gamma-ray transport (by mass fraction)
khkhkkhkhkhkhkhkhkkhhkhhhkhhhrhhkhhkhhhkhkhAhrhhkdhhkhhhkhkhAhrhhdhhhrhhkhkhArhhkdhkrhkhkkhkhArhkhkkhkhrhkhkdx

Q0000000

M1 1000 -0.11190
8000 -0.88810

$ elemental H mass fraction
$ elemental O mass fraction

hhkhkhkhkhk kA hkhkhhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhhkhkhkhkdrhhkrhhkrhkhkrhkhkhkhkdhkhkxkhkxkhkkxk*k

KAk KAAk kA kA Ak A AAk KAk A Xk Kk k%K Problem FMESH4 Tally kAKX KAk KNI I ARk A A A KA X AR Ak XKk

Q0 QQ

khkrkhkkkhkkkkkkkhkkkkxkk*x Need to have EMESH khkkhkkhkhkhkhkkkhkkhxkhkkxkkkkkx
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c KAk KAAk kA kA Ak XA AAk kA Xk Kh k%K tO run Ad]Olnt problem KAkX KAk KNI I Adk A A AKX A XAk Ak x k%
C FrAFFI KA I A A AKX I I I A AA IR A AAA I I AIA I I A AX I I I A X I I I A A A I kA x ok kohhxk ok kohhxkkox

c
FC4 Adjoint-MCNP-MGXSNP - Adjoint Source RtEye(-7.0,4.0,0.0) R=3.5 cm
FMESH4:P GEOM=xyz

ORIGIN=-25 0 -25

IMESH=25. IINTS=100
JMESH=.5 JINTS=1
KMESH=25. KINTS=100
OUT=ik

EMESH = 6.000

KA AR AR A AR A A A A AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA IR A A A AR A A A A AR AR AR AR AR KKK

KAk KAk khkk Kk kK kKk )k NJOY DOSe Conversion factors khkkkKAkhk KAk khkhk Kk x K%k

Kk ok ok ok k ok ok ok ok ok ok ok ok ok ok ok For MCNP-MGXSNP group structure Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok
KA AR AR A AR A A A AR AR A A A A AR AR A A KA A AR AR A A A A A A AR A KA I A A A A AR A AR A A A AR AR AR A XKk

Q00000 aQa

EO 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000 6.000
EMO 0.000000 0.007698 0.133707 0.235028 0.303138 0.166534
0.093532 0.048771 0.011591

2 khkhkkhkkhkhkhkhkhkkhhkhhhkhkhhrhhkhhkhhhkhkhAhrhhkdhhkhhhkhkhbhrhhdhkhrhhkhhArhkkhkdhkrhkhkkhkhArhkhkkhhrhkhkdx
c PHYS:P EMCPF IDES NOCOH ISPN NODOP

c To turn off electron production and the bremsstrahlung photons

c use IDES=1 default =0 --> thick target bremsstrahlung. To turn

c off coherent scattering NOCOH=1; photo nuclear collision ISPN=0

c Doppler energy broadening NODOP=1

c khkhkkhkkhkhkhkhkhkkhhkhhhkhhkhrhhkkhhkhhhkhkhAhrhhkdhhkhhhkhkhbhrhhdhhkhrhhkhkhArhhkdhhkrhkhkkhkhkrhkhkhkhrhkhkdx
c

CUT:P J 6.000

MODE P

c SSW -3

MGOPT A 12

c PRINT 100 40 110 150 160 161 162
NPS 250000000

PRINT
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D.4. Adjoint model for left eye (Sphere)

Adjoint-MCNP-MGXSNP - Adjoint Source LtEye(7.0,4.0,0.0) R=3.5 cm

c KA AR AR AR A A A A AR AR A A A A AR AR A AR A AR AR A A A A A A AR A KA I A A A A AR A AR A AR AR A XA A A KKK

c Cells - 50.0 x 50.0 x 50.0 Water Box

c Ak hkhkhkhkhkhkhkkhhkhhkhkhhhhhkhhkhhhkhkhAhrhhkdhhkhhhkhkhbhrhhdhhkhrhhkhkhbrhkhkdhhkrhhkkhkhAkrhkhkhhrhkhkdx
1 1 -1.0 -1 -2 imp:p=1 $ Adjoint source Lt Eye

2 1 -1.0 -2 #1 imp:p=1 $ 50.0x50.0x50.0 Water box

3 0 #2 -100 imp:p=0 $ outside water box inside universe

4 $

0 +100 imp:p=0 Outside universe -void

KA AR AR A A A A A A AR AR A A A A AR AR A AR A AR AR A A A A A A AR A KA I A A A A AR A A A A A A AR AR A AR XKk

Surfaces
R B B I I I e I I I I I e I I I I I I I I I e I b I I b b I b b b b b b b b b b b b b g

Q0 QQ0

1 S 7.0 4.0 0.0 3.5

2 RPP -25.0 25.0 0.0 50.0 -25.0 25.0
3 PY 0

100 so 200.0

Adjoint Source Lt Eye
Water box 50.0x50.0x50.0
Crossing plane

Universe bound

Uy U0 Ur O

hhkhkhkkhkhk kA hk A hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkhhkhkhkhkrhhkrhhkrhkhkrhkhkhkhkdhkxkkxkhkkxkx

Data Cards
R RS SR SRS SRS R SRR SRR R RS EE SRR EESEEEESEESESEESEEEESEE SRS EE SRS SRS SIS
Adjoint source is in cell number 1. The cell is made out of
parallelepiped with given dimensions. Points are chosen uniformly
within the parallelepiped.

DEF PAR=2 ERG=dl X=d2 Y=d3 Z=d4 CEL=1

ok hkhkkhk kA hkhkhhkrhkhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkhhkhkhkhkdrhkhkrhhkrhkhkrhkhkhkhkhkhkxhkxkhkxk*k

KAk KAAhk KKk KkKk Kk kK Energy Distribution 2100_6Mv KAkX KAk KNI I ARk A A XA A XAk Ak * k%

* ok ok ok ok ok ok ok ok ok x ok Group structure MCNP-MGXSNP khkrkhkkhkhkkhkkhkhkkrxhkkxkkkkkx*
KA AR AR A AR A A AR AR AR A A A A AR AR A A A A A A AR A A A A A A AR A KA IR A A A AR A AR A A A AR A AR A A KKK

o000

0.000 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000
6.000

0.000000000 3.12689E-10 9.90001E-10 3.00098E-09 5.29621E-09
7.76637E-09 9.74813E-09 1.15586E-08 1.33190E-08 1.49516E-08

hhkhkhkkhkhk kA hk Ak hhkrhkhkrhhkhkh bk hhkhkhhkrhhkrhhkhkhhkhhkhkhkhkdhhkrhkhkrhkhkrhkhkhkhkhhkxhkxkhkkxkx

KAk KAAk KAk kkk kA kX Kk Where to pick Starting points kAKX KAk kA XAk A AKX A Ak Kk Kk kKK
hhkhkhkhkhk kA hhk Ak hkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkhhkhkhkhkdrhhkrhkhkrhkhkrhkhkhkhkdhkxhkxkhkxkx

SI2 3.0 11.0
1.

X-range for Adjoint
uniform probability
Y-range for Adjoint
uniform probability
Z-range for Adjoint
uniform probability

coor o
[T S e)
coooo
Ur 0 Ur Oy O r

source
over the X-range
source
over the Y-range
source
over the Z-range

Q0 aQQ0

M1 1000 -0.11190

hhkhkhkhkhk kA hk A hhkrhhkrhhkhkhk bk hhkhkhhkrhhkrhhkhkhhkrkhkhkhkhkdrhhkrhkhkrhkhkrhkhkhkhkdhkxhkxkhkkxk*k
KAk AkAk Kk Ak kkk kA Kk h k%K Materials KA XK AR A A KA A KA AR AR AR A A XA A AR A A A A A A AR AR AR A A KKK
hhkhkhkhkhk kA hk Ak hkrhhkrhhkhkhkhkhhkhkhhkrhhkrhhkhkhhkrhhkhkhkhkdrhhkrhhkrhkhkrhkhkhkhkhhkxhkxkhkkxk*k

WATER for gamma-ray transport (by mass fraction)
khkhkhkkhkhkhkhkhkkhhkhhhkhkhAkhhhkkhhkhhhkhkhAhrhhkdhhkhhhkhkhAhrhhkdhhkhrhhkhkhArhkkhkdhhkrhkhkkhkhAkrhkhkkhkhkrhkhkdx

$ elemental H mass fraction

8000 -0.88810 $ elemental O mass fraction

hhkhkhkkhk kA hk Ak hkrhhkrhhkhkhhkhhkhkhhkrhkhkrhhkhkhhkrkhkhkhkhkdrhhkrhkhkrhkhkrhkhkhkhkhhkxkhkxkhkkxk*k
kAKX KAAk KAk kA Ak A A Ak XXk Kk k%) Problem FMESH4 Tally kAKX KAk A I ARk A A AKX AKX AR A kX k%

khkkhkkkhkkkkkkkhkkkkxkk* Need to have EMESH

khkkhkhkhkhkhkhkkkhkkhkrhkkxkkrkkx*
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c KAk KAAk kA kA Ak XA AAk kA Xk Kh k%K tO run Ad]Olnt problem KAkX KAk KA I ARk A A XA AKX AR Ak XKk
C FrAFFI KA I A A AKX I I I A AA IR A AAA I I AIA I I A AX I I I A X I I I A A A I kA x ok kohhxk ok kohhxkkox

c
FC4 Adjoint-MCNP-MGXSNP - Adjoint Source LtEye(7.0,4.0,0.0) R=3.5 cm
FMESH4:P GEOM=xyz

ORIGIN=-25 0 -25

IMESH=25. IINTS=100
JMESH=.5 JINTS=1
KMESH=25. KINTS=100
OUT=ik

EMESH = 6.000

KA AR AR A AR A A A A AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA IR A A A AR A A A A AR AR AR AR AR KKK

KAk KAk khkk Kk kK kKk )k NJOY DOSe Conversion factors khkkkKAkhk KAk khkhk Kk x K%k

Kk ok ok ok k ok ok ok ok ok ok ok ok ok ok ok For MCNP-MGXSNP group structure Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok
KA AR AR A A A A A A AR AR A A A A AR AR A A A A A A AR A A A A A A AR A KA I A A A A AR A AR A A A AR AR AR A A KKK

Q00000 aQa

EO 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000 6.000
EMO 0.000000 0.007698 0.133707 0.235028 0.303138 0.166534
0.093532 0.048771 0.011591

2 khkhkkhkkhkhkhkhkhkkhhkhhhkhhhhhkhhhhhkhkhhbhhkdhhkhhhkhkhAhrhhdhhkhrhhkhkdrhhkdhhkrhhkkhkhArhkhkkhkhkrhhkdx
c PHYS:P EMCPF IDES NOCOH ISPN NODOP

c To turn off electron production and the bremsstrahlung photons

c use IDES=1 default =0 --> thick target bremsstrahlung. To turn

c off coherent scattering NOCOH=1; photo nuclear collision ISPN=0

c Doppler energy broadening NODOP=1

c khkhkkhkkhkhkhkhkhkkhhkhhhkhhkhrhhkkhhkhhhkhkhAhrhhkdhhkhhhkhkhbhrhhdhhkhrhhkhkhArhhkdhhkrhkhkkhkhkrhkhkhkhrhkhkdx
c

CUT:P J 6.000

MODE P

c SSW -3

MGOPT A 12

c PRINT 100 40 110 150 160 161 162
NPS 250000000

PRINT

146



D.5. Adjoint model for brain (made out of three boxes)

Adjoint-MCNP-MGXSNP - Adjoint Source Brain - made of three boxes
c khkhkkhkhkhkhkhkhkkhhkhhhkhhhhhkhhkhhhkhkhAhrhhkdhhkhhhkhkhhrhhdhhhrhhkhkhArhkhkdhkrhkhkkhkhAkrhkhkkhkhkrhkhkdx

c Cells - 50.0 x 50.0 x 50.0 Water Box
c khkhkhkkhkhkhkhkhkhhkhhhkhhkhhkhkhhkhhhkhkhAhrhhkkhhkhhhkhkhhrhhkdhhkhrhhkhkhbrhkhkkhhkrhkhkkhkhAkrhkhkkhhrhkhkdx
1 1 -1.0 (-1:-4:-5) -2 imp:p=1 $ Adjoint source Lt Eye
2 1 -1.0 -2 #1 imp:p=1 $ 50.0x50.0x50.0 Water box
3 0 #2 -100 imp:p=0 $ outside box inside universe
4 0 +100 imp:p=0 $ Outside universe -void

KA AR AR AR A A A A AR AR A A A A AR AR A A A A AR AR A A A A A A AR A KA I A A A A AR A AR A AR AR A XA AR KKK

Surfaces
R B B S B I I e I I I I I e I I I I I I e I I I e I b I b b I b b b b b b b b b b b b b g

Q0 QQ0

1 RPP -10.0 10.0 17.
2 RPP -25.0 25.0 O.
3 PY 0

4 RPP -10.0 10.0 21.
5

1

o

29.5 -9.0 1.
50.0 -25.0 25.

o

Adjoint Source - Box 1
Water box 50.0x50.0x50.0
Crossing plane

Adjoint Source - Box 2
Adjoint Source - Box 3
Universe bound

o
o

o

28.5

1.0 8.
RPP -10.0 10.0 3.5 31.0 8.0 15.0
00 so 200.0

o

u
vy vy Ur r Uy 0

hhkhkhkhkhkhkhkhk Ak hkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkhhkhkhkhkrhhkrhhkrhkhkrhkhkhkhkdhkxhkxkhkkxk*k

Data Cards
R RS E R SRS SR SR SRR SRR R RS EEEEEEESEEEESEE SRS EESEEEESEE SRS EE SRS SRS SIS
Adjoint source is in cell number 1. The cell is made out of
parallelepiped with given dimensions. Points are chosen uniformly
within the parallelepiped.

DEF PAR=2 ERG=dl X=d2 Y=d3 Z=d4 CEL=1

hhkhkhkkhkhk kA hhk Ak hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhkhkhkhkrhhkrhhkrhkhkrhkhkhkhkhhkxkhkxkhkkxkxk

KAk ARk kXK Kk kK Energy Distribution 2100_6Mv KAkX KAk KA I AAk A A XA A XA h Ak x k%

* ok ok ok ok ok ok ok ok ok x ok Group structure MCNP-MGXSNP khkkhkkhkhkhkhkkkhkkxhkkxkkkkkx
KA AR AR AR A A A A AR A A A A A A AR AR A A A A A A AR A A A A A A AR A KA I A A A A AR A AR A AR AR A AR AR KKK

o000

0.000 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000
6.000
0
7

.000000000
.76637E-09

3.12689E-10
9.74813E-09

9.90001E-10
1.15586E-08

3.00098E-09
1.33190E-08

5.29621E-09
1.49516E-08

hhkhkhkhkhk kA hhk A hhkrhhkrhhkhkhhkhhkhkhhkrhkhkrhhkhkhhkhhkhkhkhkdrhhkrhkhkrhkhkrhkhkhkhkhhkxkhkxkhkkxk*k

kAKX KAAk KAk kKkk kA kXK %k Where to pick Starting points kAKX KAk KAk A XAk A XXX A Kk * kKK
C FrAFAFIKAKRKA I A A AKX A I I A AKX IR A AA I I AAA I I A AX I I I AT IR IR A I kA A Xk hhhx ok kkohhxkokox

QQQ

SI2
SP2
SI3
SP3
SI4
Sp4

-10.0
0.
3.
0.

-9.
0.

o O O Ul o

10.0
1.
31.
1.
15.
1.

O O O oo

Ur 0 Ur O 0 r

X-range
uniform
Y-range
uniform
Z-range
uniform

for Adjoint
probability
for Adjoint
probability
for Adjoint
probability

source
over the X-range
source
over the Y-range
source
over the Z-range

hhkhkhkkhkhk kA hkk A hhkrhhkrhhkhkhkhkhhkhkhhrhhkrhhkhkhhkrhkhkhkhkdrhhkrhhkrhkhkrhkhkhkhkhhkxkhkxkhkxk*k
KA Kk hkkxkkhkhkxxk* Materjgls *FrAXFFhhrrkhhrhrdhhhrrhhhhrdhhhrxkhhrxkkhrx
KA AR AR A AR A A AR AR A A A A A A AR AR A A A A A A AR A A A A A A AR A KA I A A A A AR A AR A AR AR AR AR A XKk

WATER for gamma-ray transport (by mass fraction)
khkhkkhkhkhkhkhkhkkhhkhhkhkhhhhhdhhkhhhkhkhAhrhhkdhhkhhhkhhhrhhkkhhhrhhkhkhArhhkdhkrhkhkkhkhbkrhkhkkhhrhkhkdx

Q0000000

M1 1000 -0.11190
8000 -0.88810

$ elemental H mass fraction
$ elemental O mass fraction

C
C FrAFFI KA I I AAA I K I A AA IR A A AA I I A A I I A AX I I I AT I I I AR A I kA A X Fhhhx ok kkohdxkokox
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KAk KAAk kA kA Ak XA AAk kA Xk Kh k%K Problem FMESH4 Tally KAkX KAk KA I ARk A A XA AKX AR Ak XKk
khkkhkkkhkkkkkkkhkkkkxkk*x Need to have EMESH khkrkhkkhkkhkhkkkhkkhxhkkxkkrkkx
KAk KAAk kA Ak kA XA A Ak kA Xk Kk k%K tO run Ad]Olnt problem kAKX KAAk KRk A I AAk A A A KA X AR Ak XKk

hhkhkhkhkhk kA hkhkhkhhkrhkhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkhhkhkhkhkrhkhkrhkhkrhkhkrhkhkhkhkdhkxkkxkhkkxk*k

QQ0aaQ0

FC4 Adjoint-MCNP-MGXSNP - Adjoint Source Brain - made of three boxes
FMESH4:P GEOM=xyz
ORIGIN=-25 0 -25

IMESH=25. IINTS=100
JMESH=.5 JINTS=1
KMESH=25. KINTS=100
OUT=ik

EMESH = 6.000

hhkhkhkkhkhk kA hkhk Ak hhkrhhkrhhkhkhhkhhkhkhhkrhhkrhhkhkhhkrhhkhkhhkdrhhkrhhkrhkhkrhkhkhkhkdkhkxhkxkhkxk*k

KAk KAk khkk Kk kK KKk )k NJOY DOSe Conversion factors khkkk Ak KAk kKhkkkxk*k

K*k ok ok ok ok ok ok ok ok ok ok ok ok ok ok For MCNP-MGXSNP group structure Kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok
KA AR AR A AR A AR AR AR A A A A AR AR A A A A A A AR A AR A A A AR A KA I A A A A AR A AR A A A AR AR A AR XKk

Q00000 aQQ

EO 0.010 0.100 0.500 1.000 2.000 3.000 4.000 5.000 6.000
EMO 0.000000 0.007698 0.133707 0.235028 0.303138 0.166534
0.093532 0.048771 0.011591

2 khkhkkhkhkhkhkhkhkkhhkhhkhkhhAhhhkhhkhhhkhkhAhrhhkdhhkhhhkhkhAhrhhdhhhrhhkhhArhkkhkdhhkrhkhkkhkhArhkhkkhkhrhkhkdx
c PHYS:P EMCPF IDES NOCOH ISPN NODOP

c To turn off electron production and the bremsstrahlung photons

c use IDES=1 default =0 --> thick target bremsstrahlung. To turn

c off coherent scattering NOCOH=1; photo nuclear collision ISPN=0

c Doppler energy broadening NODOP=1

c khkhkkhkkhkhkhkhkhkkhhkhhkhkhhkhhhkkhkhkhhhkhkhhrhhkdhhkhhhkhkhhrhhdhhrhhkhkdrhhkdhkrhkhkkhkhAkrhkhkkhkhkhrhkhkdx
c

CUT:P J 6.000

MODE P

c SSW -3

MGOPT A 12

c PRINT 100 40 110 150 160 161 162
NPS 250000000

PRINT
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