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Abstract

The quantification of the shutdown dose rate (SDR) caused by photons

emitted by activated structural materials is an important and necessary step

of the design process of fusion energy systems (FES). FES are purposefully

designed with modular components that can be moved out of a facility after

shutdown for maintenance. It is particularly important to accurately quantify

the SDR during maintenance procedures that may cause facility personnel to

be in closer proximity to activated equipment. This type of analysis requires

neutron and photon transport calculations coupled by activation analysis to

determine the SDR. Due to its ability to obtain highly accurate results, the

Monte Carlo (MC) method is often used for both transport operations, but the

computational expense of obtaining results with low error in systems with

heavy shielding can be prohibitive. However, variance reduction (VR) methods

can be used to optimize the computational efficiency by artificially increasing

the simulation of events that will contribute to the quantity of interest.

One hybrid VR technique used to optimize the initial transport step of a

multi-step process is known as the Multi-Step Consistent Adjoint Driven Im-

portance Sampling (MS-CADIS) method. The basis of MS-CADIS is that the

importance function used in each step of the problem must represent the impor-

tance of the particles to the final objective function. As the spatial configuration

of the materials changes, the probability that they will contribute to the objec-

tive function also changes. In the specific case of SDR analysis, the importance

function for the neutron transport step must capture the probability of materials

to become activated and subsequently emit photons that will make a significant

contribution to the SDR. The Groupwise Transmutation (GT)-CADIS method

is an implementation of MS-CADIS that optimizes the neutron transport step

of SDR calculations. GT-CADIS generates an adjoint neutron source based on



x

certain assumptions and approximations about the transmutation network. This

source is used for adjoint transport and the resulting flux is used to generate

the biasing parameters to optimize the forward neutron transport.

For systems that undergo movement, a new hybrid deterministic/MC VR

technique, the Time-integrated (T)GT-CADIS method, that adapts GT-CADIS

for dynamic systems by calculating a time-integrated adjoint neutron source

was developed. This work demonstrates the tools and workflows necessary to

efficiently calculate quantities of interest resulting from coupled, multi-physics

processes in dynamic systems.
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Chapter 1

Introduction

The rapid design iteration process of complex nuclear systems has long been aided

by computational simulation. Traditionally, these simulations involve radiation

transport in static geometries. However, in certain scenarios, it is desirable to in-

vestigate dynamic systems and the effects caused by the motion of one or more

components. For example, fusion energy systems (FES) are purposefully designed

with modular components that can be moved out of a facility after shutdown for

maintenance purposes. To ensure the safety of maintenance personnel, it is impor-

tant to accurately quantify the shutdown dose rate (SDR) caused by the photons

emitted by structural materials that were activated during device operation. This

type of analysis requires neutron transport to determine the neutron flux, activation

analysis to determine the isotopic inventory, and finally a photon transport calcula-

tion to determine the SDR. One method for performing this analysis is known as

the Rigorous 2-Step Method (R2S) because the neutron and photon transport are

performed in separate calculations [1].

While Monte Carlo (MC) calculations are considered to be the most accurate

method for simulating radiation transport, the computational expense of obtaining
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results with low error in systems with heavy shielding can be prohibitive. However,

variance reduction (VR) methods can be used to increase computational efficiency.

There are many types of VR methods that revolve around the basic theory of arti-

ficially increasing the simulation of events that will contribute to the quantity of

interest, such as flux or dose rate. One class of VR techniques takes advantage of

the speed of deterministic codes to provide an estimate of the adjoint solution of

the transport equation to automatically generate biasing parameters to accelerate

the MC transport. The adjoint flux has significance as a measure of the importance

of a region of phase space to the objective function.

One hybrid VR technique used to optimize the initial transport step of a multi-

step process is known as the Multi-Step Consistent Adjoint Driven Importance

Sampling (MS-CADIS) [2]. The basis of MS-CADIS is that the importance (adjoint)

function used in each step of the problem must represent the importance of the

particles to the final objective function. In the specific case of SDR calculations, the

importance function for the neutron transport step must capture the probability

of materials to become activated and subsequently emit photons that will make a

significant contribution to the SDR. The Groupwise Transmutation (GT)-CADIS

method is an implementation of MS-CADIS that optimizes the neutron transport

step of SDR calculations [3]. GT-CADIS generates an adjoint neutron source based

on certain assumptions and approximations about the transmutation network. This

source is used for adjoint neutron transport and the resulting adjoint flux is used

to generate the biasing parameters to optimize the forward neutron transport. For

cases involving coupled multi-physics analysis in dynamics systems, such as SDR

calculations during maintenance activities, a new hybrid deterministic/MC VR tech-

nique that adapts GT-CADIS for dynamic systems by calculating a time-integrated

adjoint neutron source was developed.
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The goal of this work is to develop the workflow and tools necessary to efficiently

calculate quantities of interest resulting from coupled, multi-physics processes in

dynamic systems. The main application is the quantification of the SDR resulting

from the coupled neutron irradiation-photon emission that occurs in FES; specif-

ically investigating how to optimize the SDR calculation when activated system

components are moved during maintenance activities. A tool was developed to

implement rigid-body transformations on the CAD-based geometry and the R2S

and GT-CADIS methods were adapted to incorporate dynamics. An experiment

was contrived to demonstrate the limitations of existing VR methods as they apply

to dynamic problems and verify the efficacy of this new method. Given these ob-

jectives, Chapter 2 will include background and theory relevant to VR methods in

coupled, multi-physics systems. It begins with an introduction to computational

radiation transport, specifically the Monte Carlo method. Next, Chapter 4 shows the

experiment demonstrating the need for a new VR method to optimize the SDR in

dynamic systems. Chapter 3 discusses the implementation and gives a demonstra-

tion of the time-integrated (T)R2S method. The derivation of the time-integrated

(T)GT-CADIS VR parameters that will optimize the SDR in dynamic systems is given

in Chapter 5. The implementation plan and a demonstration of this method are also

given in this chapter. Finally, Chapter 6 shows a production-level demonstration of

the TGT-CADIS and TR2S methods using the Spherical Tokamak Fusion Nuclear

Science Facility ST-FNSF device.
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Chapter 2

Literature Review

The goal of this work is to optimize the initial radiation transport step of a coupled,

multi-physics process occurring in a system that has moving components. One

important application of this work is the quantification of the shutdown dose rate

(SDR) during maintenance operations in fusion energy systems (FES).

During the operation of a fusion energy device, the nuclear reactions (e.g. D-T

fusion) occurring in the plasma result in the production of high energy (14 MeV)

neutrons that penetrate deeply into the system components. Some of the neutron

reaction pathways result in the production of radioisotopes that persist long after

device shutdown. The activated components emit high energy photons as they

reach stability over time. These high energy photons can cause grave health effects,

therefore it is necessary to quantify the dose rate in order to ensure the safety

of personnel working in fusion facilities. This is not only important for the time

during operation and immediately after shutdown when the device is in a static

configuration, but also during maintenance activities when the dose rate at a point

changes over time as a function of the position of the activated components.

Performing computational simulations of the radiation transport in these devices
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and calculating quantities of interest, such as flux and dose rate, are a crucial part of

the fusion reactor design phase. These simulations can inform decisions about the

sustainability and safety of the device. This chapter will provide background on

computational radiation transport, methods for SDR analysis, methods for optimiz-

ing radiation transport calculations, and finally how radiation transport calculations

are currently handled in systems with moving geometries and sources.

2.1 Analog Monte Carlo Calculations

Computational analysis of nuclear systems is most often performed by either deter-

ministic or stochastic codes. Deterministic codes discretize the problem in space,

energy, and direction in order to obtain an approximate solution to the Boltzmann

transport equation. Obtaining high fidelity solutions in every region of phase space

requires increasing the discretization which can become very memory intensive

for large problems. The Monte Carlo (MC) method is a stochastic solution to the

transport equation [4] that involves the simulation of random particle walks through

phase space. Achieving high fidelity results with the MC method does not have

the same prohibitively high memory requirements for large, complex problems.

Therefore, the most optimal way to obtain accurate particle distributions in FES is

through MC radiation transport.

When the analog operation mode (i.e. no variance reduction) of MC analysis

is used to solve radiation transport calculations, the source particle’s position, en-

ergy, direction, and subsequent collisions are sampled from unbiased probability

distribution functions (PDFs) that describe physical particle behavior. The particle’s

journey through space, or its history, is tracked until it is terminated. Quantities of

interest such as flux can be scored, or tallied, by averaging particle tracks in discrete
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regions of phase space.

One challenge incurred by MC simulations of FES is the presence of heavily

shielded regions. The particles undergo many collisions (absorption and scattering)

in the shielding which results in low particle fluxes in the attenuated regions. Re-

gions that have low particle fluxes are sampled less frequently and therefore have

higher statistical uncertainty than regions with high flux that are sampled very

often.

This uncertainty can be represented by the relative error, <, which is defined by

Eq. 2.1:

< =
σx

x
(2.1)

where x is the mean of the tally scores and σx is the standard deviation of the mean.

For a well behaved, properly converged tally, σx is proportional to 1/
√
Nwhere N

is the number of histories [5]. Therefore, to reduce the uncertainty, one can increase

the number of particle histories simulated. Compute time scales linearly with N,

and < is inversely proportional to
√
N, therefore to reduce the error by half, the

number of histories, and therefore time, required will quadruple.

The efficiency of MC calculations is measured by a quantity known as the figure

of merit (FOM). The FOM is a function of relative error, <, and computer processing

time, tproc:

FOM =
1

<2tproc
. (2.2)

A high FOM is desirable because it means that less computation time is needed to

achieve a reasonably low error (<0.1) [5].
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2.2 Shutdown Dose Rate Analysis

This section will discuss the two primary workflows used to investigate the SDR:

the Direct 1-Step (D1S) [6] and the Rigorous 2-Step (R2S) [1] method. Both methods

couple the neutron and photon transport via activation analysis to calculate the

SDR.

2.2.1 D1S

As its name implies, the D1S method performs coupled neutron-photon transport in

a single simulation. It relies upon a version of the Monte Carlo N-Particle (MCNP)

transport code [5] that has slight modifications as well as special cross-section data

that replaces prompt gammas with decay gammas. When a prompt photon reaction

is sampled in a standard MCNP simulation, the photon is stored until the original

neutron transport is completed. Then, the photon is transported as part of the same

simulation. The version of MCNP5 used by D1S allows the delayed photons to be

emitted as if they were prompt so they can be transported in the same simulation as

the neutrons. A time correction factor calculated with FISPACT [7] is later applied.

The Advanced D1S [8] includes improvements to allow for the calculation of

dose rate on a 3D mesh. Because both neutron and photon transport occur in the

same simulation, therefore on the same geometry, D1S is not currently applicable to

geometries that undergo movement after shutdown. This has been identified as a

necessary improvement and the development of a subroutine to produce portable

decay photon sources for pure photon calculations is underway [8].
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2.2.2 R2S

In contrast to D1S, the R2S method relies upon separate MC neutron and photon

transport simulations. The transport steps are coupled through activation analysis by

a nuclear inventory code. The goal of the neutron transport step is to determine the

neutron flux as a function of space and energy. This neutron flux along with a specific

irradiation and decay scenario are used as input into a nuclear inventory code to

determine the photon emission density as a function of decay time. The calculated

photon emission density for each decay time is then used as the source for MC

photon transport. A photon flux tally fitted with flux-to-dose-rate conversion factors

is used to determine the final SDR [1]. Because the neutron and photon transport

are performed separately, different geometries can be used for each transport step

which is key for simulating geometry movement after shutdown.

2.2.2.1 Mesh-based R2S

In order to calculate an accurate dose rate, it is necessary to obtain detailed dis-

tributions of the neutron flux and photon source throughout the geometry. The

Mesh-tally Coupled R2S (MCR2S) tool was the first implementation of a mesh-based

R2S methodology [9]. It couples MCNP neutron and photon transport calculations

with the FISPACT nuclear inventory code. First, multi-group neutron fluxes are

scored on a 3D mesh. Then, the geometry used for MC transport is discretized onto a

mesh, a requirement of activation codes. Using the mesh-based geometry/material

description, multi-group neutron fluxes, and an irradiation and decay scenario, the

inventory code calculates the photon emission density in each mesh element for

each decay time [9]. These photon emission density distributions are then used as

sources for MC photon transport simulations.
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The Python for Nuclear Engineering (PyNE) tookit has many useful functions and

scripts to assist in nuclear analysis [10]. PyNE has an R2S module [11] that includes

functions and scripts to implement a mesh-based R2S method for CAD geometries.

The Direct Accelerated Geometry Monte Carlo (DAGMC) toolkit combined with a

Monte Carlo code, such as MCNP, is used to perform radiation transport directly on

the CAD geometry and score results on a mesh.

After neutron transport is performed, the material-laden geometry and mesh-

based, energy-wise neutron flux tally along with irradiation and decay information

are given as input to the PyNE R2S script to produce an input file for activation

analysis. This analysis is performed with the Analytic and Laplacian Adaptive

Radioactivity Analysis (ALARA) code [12] and a mesh-based photon source is

generated for each decay time of interest.

MCNP is compiled with a custom source sampling subroutine and the mesh-

based photon source is used as a source for photon transport. Photon flux tallies

fitted with flux-to-dose rate conversion factors are used to calculate the SDR at each

decay time.

2.3 Monte Carlo Variance Reduction Methods

As mentioned in section 2.1, the presence of highly attenuating structural materials

in FES presents a challenge for MC calculations. Regions with low particle fluxes are

not sampled as frequently and therefore have higher statistical uncertainty associated

with results scored there. A set of techniques, known as variance reduction (VR),

can be used to decrease the statistical uncertainty in these results in a more efficient

way than the brute force method of increasing the number of particle histories.

VR methods aim to increase the FOM, a measure of efficiency given in Eq. 2.2, by
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reducing the compute time necessary to achieve a statistically reasonable result.

This is done by modifying particle behavior to preferentially sample trajectories that

are likely to contribute to the tallies of interest.

One way this is accomplished is by sampling from biased PDFs instead of the

standard PDFs used in analog calculations that describe actual particle behavior.

In order to compensate for this biased sampling, the particle statistical weight is

adjusted [13]. The relationship between the particle statistical weight, w, and the

PDF that governs particle behavior is given in Eq. 2.3:

wbiasedpdfbiased = wunbiasedpdfunbiased. (2.3)

If the biased sampling results in an event occurring more frequently than it does

in reality, the particle weight is decreased and vice verse. Using biased PDFs to

preferentially sample events that will result in an increased number of histories that

contribute to the tally of interest can decrease the standard deviation, and therefore

relative error, <, which will increase the FOM.

Another method of VR is particle splitting and rouletting. To increase the number

of particle histories that can contribute to a tally of interest, it is desirable to split

particles as they enter more important regions and roulette particles as they enter less

important regions. The decision to split or roulette particles first requires assigning

an importance, I, to every region in the geometry. When a particle moves from a

region A to a region B, the ratio of importances is calculated. If region B is more

important than region A such that IB/IA > 1, the particle with original weight w0

is split into n = IB/IA particles, each with weight w0/n. If instead region B is less

important than region A such that IB/IA < 1, the particle will undergo roulette. The

particle will survive with a probability n and weight w0/n [14]. This is particularly
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useful in calculating results in heavily attenuated regions, like in FES. Importances

can be assigned in a way that will force particle flow towards the region of interest.

The weight window method in the Monte Carlo N-Particle (MCNP) code is a flow

control method that utilizes particle splitting and rouletting. A weight window is a

region of phase-space that is assigned an upper and lower bound on the particle’s

weight. The windows can be assigned to cells in the geometry or on a superimposed

mesh and to energy bins. When a particle enters a weight window, its weight is

assessed; if its weight is above the upper bound, it is split and if it is below the lower

bound, it is rouletted.

The manual generation of weight window bounds requires a priori knowledge

of the problem physics and becomes increasingly difficult with the complexity of

the geometry. Historically, this process has required a considerable amount of time

and effort of a skilled analyst, but there are now various methods to produce these

weight window bounds automatically. Some of these methods will be discussed in

the following section.

2.4 Automated Variance Reduction

Many techniques have been developed over the years to automate the selection

and assignment of modified sampling and weight control parameters to reduce

computational and human effort.

One class of VR techniques, known as hybrid deterministic/MC methods, takes

advantage of the speed of deterministic transport to estimate a solution to the

adjoint Boltzmann transport equation which can then be used to generate MC VR

parameters. The adjoint solution has significance as a measure of importance of a

particle to some specified objective function.
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To demonstrate the use of the adjoint solution as an importance function, first

start with the operator form of the linear, time-independent Boltzmann transport

equation [4]:

HΨ(~r,E, Ω̂) = q(~r,E, Ω̂). (2.4)

Ψ is the angular flux, q is the source of particles, and the operator H which describes

all particle behavior is given by:

H = Ω̂ · ∇+ σt(~r,E) −
∫∞

0
dE ′

∫
4π
dΩ ′σs(~r,E ′ → E, Ω̂ ′ → Ω̂) (2.5)

where σt is the total cross-section and σs is the double-differential scattering cross-

section. The source and angular flux are functions of six independent variables: a

three-dimensional position vector (~r) a two-dimensional directional vector (Ω̂), and

energy (E). The adjoint identity is stated in Eq. 2.6 as:

〈Ψ+,HΨ〉 = 〈Ψ,H+Ψ+〉 (2.6)

where 〈·〉 refers to the integration over space, energy, and angle and the adjoint

operator H+ is given by:

H+ = −Ω̂ · ∇+ σt(~r,E) −
∫∞

0
dE ′

∫
4π
dΩ ′σs(~r,E→ E ′, Ω̂→ Ω̂ ′). (2.7)

This identity can be used to form the adjoint transport equation:

H+Ψ+ = q+. (2.8)

Substituting Eq.2.4 and 2.8 into Eq. 2.6, the adjoint identity can also be written
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as:

〈Ψ+,q〉 = 〈Ψ,q+〉. (2.9)

As mentioned, the solution to the adjoint transport equation will be used as an

importance function therefore the thoughtful selection of an adjoint source q+ is

needed.

Consider the equation for detector response, R:

R = 〈Ψ,σd〉 (2.10)

where σd is a detector response function. If the adjoint source is chosen to be

equivalent to the detector response function:

q+ = σd (2.11)

and substituted into Eq. 2.10:

R = 〈Ψ,q+〉 (2.12)

the response has the same form as the right side of Eq. 2.9. Therefore, the response

can also be written as a function of the adjoint solution:

R = 〈Ψ+,q〉. (2.13)

This final relation allows us to know the response R for any source q once the adjoint

solution Ψ+ to a quantity of interest is known.
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2.4.1 CADIS

The Consistent Adjoint Driven Importance Sampling (CADIS) method is one of

the hybrid deterministic/MC VR techniques that uses the adjoint solution as an

importance function to formulate VR parameters for MC transport [13]. More

specifically, CADIS provides a method for generating a biased source and the weight

window lower bounds in a consistent manner. The consistent generation of biasing

parameters ensures that particles are born within weight windows, eliminating any

loss of efficiency due to particle splitting/rouletting immediately after birth.

Recall that the response, or tally, of interest in a transport calculation can be

represented in terms of the adjoint flux by Eq. 2.13. To decrease the variance,

the CADIS method formulates a biased source distribution, q̂, that represents the

contribution of particles from phase space (~r,E, Ω̂) to the total detector response, R:

q̂(~r,E, Ω̂) =
Ψ+(~r,E, Ω̂)q(~r,E, Ω̂)

R
. (2.14)

This is a way to bias the sampling of source particles as a function of their contribu-

tion to the total detector response.

As previously mentioned, when sampling from a biased distribution, the particle

weight needs to be adjusted such that total weight is conserved in order to eliminate

systematic bias:

w(~r,E, Ω̂)q̂(~r,E, Ω̂) = w0q(~r,E, Ω̂). (2.15)

Substituting Eq. 2.14 into Eq. 2.15 and settingw0 equal to one, the corrected particle

weight is given by:

w(~r,E, Ω̂) =
R

Ψ+(~r,E, Ω̂)
. (2.16)

The corrected particle weight has an inverse relation to the adjoint flux, or importance
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function. This means regions that have a high adjoint flux will have lower weight

window lower bounds, meaning particles will be split.

The width of the weight windows is determined by a parameter defined to be

the ratio between upper and lower bounds α = wu/wl. MCNP uses a default value

of α = 5. The equation for weight window lower bounds is given by:

wl(~r,E, Ω̂) =
R

Ψ+(~r,E, Ω̂)(α+1
2 )

. (2.17)

CADIS is ideally suited to reduce the variance of a detector response in a single

target because the source chosen for adjoint transport is the detector response

function corresponding to the detector of interest. There are other methods, such

as FW-CADIS, that are suited for reducing the variance in multiple targets or even

globally.

2.4.2 FW-CADIS

The Forward-Weighted (FW)-CADIS method is another hybrid deterministic/MC

VR method. FW-CADIS aims to increase the efficiency of detector responses globally

or in multiple localized targets [15]. The goal is to create uniform particle density in

the tally regions thereby creating uniform statistical uncertainty in the MC results.

This method relies upon a forward deterministic transport solution to weight the

source for adjoint deterministic transport. The adjoint solution is then used with

the standard CADIS method to produce source and transport biasing parameters

for the forward MC transport simulation.

If the objective is a spatially dependent total response rate throughout the prob-
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lem domain, the FW-CADIS adjoint source is formulated as:

q+(~r,E) = σd(~r,E)∫
E
φ(~r,E)σd(~r,E)dE

(2.18)

where σd(~r,E) is the response function. This effectively weights the adjoint source

by the inverse of the total forward response which means that in regions with low

forward flux, the adjoint flux, and therefore importance, will be high and vice verse.

This will result in the overall goal of nearly equal statistical uncertainty in regions

of interest.

2.5 Automated Variance Reduction for Multi-physics

Analysis

In its essence, SDR analysis is the analysis of a coupled, multi-physics system;

the initial neutron irradiation is coupled to the decay photon transport through

activation analysis. As discussed in section 2.2.2, the R2S method requires separate

MC calculations for the neutron and photon transport. If the MC steps are performed

in analog, applying the R2S workflow to full-scale, 3D FES becomes impractical

due to the computational effort required to produce accurate space- and energy-

dependent fluxes throughout the geometry.

Optimizing the final step, photon transport in the case of SDR analysis, can be

done through a straightforward application of the CADIS method to solve for the

response at a single detector or the FW-CADIS method if the response is desired in

multiple detectors or globally.

Optimizing the initial step of a multi-step process, neutron transport in the case

of SDR, is not as straightforward. The Multi-Step CADIS method described in the
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next section provides an explanation for this challenge and a method for solving it.

2.5.1 MS-CADIS

The Multi-Step (MS)-CADIS method of VR was developed to optimize the primary

radiation transport in a coupled, multi-step process.

Optimizing the initial radiation transport relies upon the use of a function that

represents the importance of the particles to the final response of interest, not the

response of that individual step [2]. This is challenging because the the final response

of interest depends on the subsequent steps of the multi-step process.

MS-CADIS can be applied to any coupled, multi-step process. This will be

discussed in more detail in Section 5.1. When it is applied to SDR calculations, it

aims to increase the efficiency of the neutron transport step using an importance

function that captures both the potential of regions to become activated and their

potential to produce decay photons that contribute to the final SDR [2].

The importance function represents the expected contribution from a particle

at some point in phase space to the detector response. The detector response can

be expressed as the inner product of the importance function, I, and the source

distribution, q:

R = 〈I(~r,E),q(~r,E)〉. (2.19)

MS-CADIS provides a method to calculate an approximation of this importance

function where the response is the final response of the multi-step process. In the

case of an R2S calculation, the final response is the SDR caused by the decay photons.

The SDR is defined as

SDR = 〈σd(~r,Eγ),φγ(~r,Eγ)〉 (2.20)



18

where σd is the flux-to-dose-rate conversion factor at the position of the detector

and φγ is photon flux. Following the CADIS method, the adjoint photon source is

chosen to be σd, so the equation for SDR becomes:

SDR = 〈q+
γ (~r,Eγ),φγ(~r,Eγ)〉. (2.21)

From the adjoint identity, Eq. 2.9, the SDR can also be written as:

SDR = 〈qγ(~r,Eγ),φ+
γ (~r,Eγ)〉 (2.22)

which has the same form as Eq. 2.19. Therefore, it can be seen that the adjoint flux,

φ+
γ , is an importance function.

Because the final goal is to formulate a function that represents the importance

of neutrons the final SDR, the neutron response is set equal to the photon response:

SDR = 〈q+
n~r,En),φn(~r,En)〉 = 〈qn~r,En),φ+

n(~r,En)〉. (2.23)

It can be seen that the far right side of Eq. 2.23 also has the same form as Eq. 2.19

which means that the adjoint neutron flux, φ+
n , serves as an importance function.

Combining equations 2.22 and 2.23, gives the relationship between the neutron

and photon responses:

〈q+
n(~r,En),φn(~r,En)〉 = 〈qγ(~r,Eγ),φ+

γ (~r,Eγ)〉. (2.24)

To generate the adjoint neutron flux, an adjoint neutron source, q+
n , first needs

to be formulated. This requires Eq. 2.24 and another equation relating the photon

source, qγ, to the neutron flux, φn. The solution method for the adjoint neutron
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source, q+
n , will be discussed in the next section.

2.5.2 GT-CADIS

The Groupwise Transmutation (GT)-CADIS method is an implementation of MS-

CADIS solely for SDR analysis. It provides a solution to the adjoint neutron source,

q+
n , by calculating a coupling term that relates the neutron flux to the photon source

[3].

Neutron activation is the cause of the photon decay source so the photon source

at a single point can be expressed as a non-linear function of φn:

qγ(Eγ) =

∫
En

f(φn)dEn. (2.25)

This function can not be linearized for arbitrary transmutation networks and irradi-

ation scenarios, but a linear approximation can be formulated when a set of criteria,

known as the Single Neutron Interaction Low Burnup (SNILB) criteria, are met [3].

When met, a solution for the coupling term, T(~r,En,Eγ), which approximates the

transmutation process and is defined by equation Eq. 2.26:

qγ(~r,Eγ) =
∫
En

T(~r,En,Eγ)φn(~r,En)dEn (2.26)

can be found. Equation 2.26 can then be substituted into Eq. 2.24 in order to solve

for the adjoint neutron source:

q+
n(~r,En) =

∫
Eγ

T(~r,En,Eγ)φ+
γ (~r,Eγ)dEγ. (2.27)

To calculate T, a series of single energy group neutron irradiations is performed
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on each material in the geometry. The irradiation of the material in volume element

v, by a flux of neutrons in energy group g, to the corresponding source of photons

in energy group h, at decay time dt, is given by Eq. 2.28:

Tv,g,h,dt =
qγ,v,h,dt(φn,v,g)

φn,v,g
. (2.28)

It has been shown that for typical FES spectra, materials, and irradiation scenarios,

the SNILB criteria are met [3]; therefore, GT-CADIS provides a solution for T, and

therefore the adjoint neutron source needed to optimize the neutron transport step

of SDR analysis of FES.

2.6 Moving Geometries and Sources

2.6.1 MCNP6 Moving Objects Capability

Historically, MC analysis of moving systems was performed using a series of sepa-

rate simulations with different input files that contained step-wise changes of the

geometry configuration. The new moving object capability that will be available

in a future version of MCNP6 allows for the motion of objects, sources, and de-

layed particles during a single simulation [16], [17]. This capability allows for rigid

body transformations of objects including rectilinear translations and curvilinear

translations and rotations. The objects can move with constant velocity, constant ac-

celeration, or be relocated. Object kinetics are not treated, however, so the user must

use caution and supply transformations that will not cause objects to overlap. This

capability is currently applicable to MCNP’s native geometry format, constructive

solid geometry (CSG), and is not available for mesh-based geometries.

Sources can be assigned to moving objects, and therefore can move with the



21

same dynamics as other objects in the problem. This capability also allows for the

treatment of secondary particles emitted by objects in motion. This treatment is only

approximate because the geometry is fixed during the transport of source or delayed

particles. This is a valid approximation due to the assumption that in most cases,

the geometry movement is orders of magnitude slower than particle transport.

During the MCNP simulation, source particles are tracked through the geometry

from the time of emission to termination. If any of the source particle’s interactions

result in the creation of a prompt or delayed secondary particle, that information

is stored. After the source particle has terminated, any stored secondary particles

are retrieved and transported. In the case of delayed particles emitted from moving

objects, the location, direction, energy, and time are stored at the time of fission or

activation and then at the time of emission, the geometry configuration is updated

to provide the correct location and orientation of the delayed particle.

2.6.2 MCR2S with Geometry Movement

The Mesh Coupled implementation of R2S (MCR2S), developed by the Culham

Science Center, was updated to allow geometry components to change location

after shutdown [18]. This capability was developed to facilitate SDR calculation

during maintenance and intervention activities. MCR2S relies on MCNP for both

neutron and photon transport steps and FISPACT for the activation calculations. It

allows multiple components to be moved to different locations prior to the photon

transport step.

These geometry translations occur by creating a copy of the components that will

move. Transform cards are applied to the copies. The original components remain

in their original locations and their material is changed to vacuum. Any photon
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source particle that starts in one of the components that moves after shutdown is

automatically translated to the correct location.

The requirement that both the original component (set as void) and its trans-

formed copy are present during the photon transport step means that there can be

no overlap between the parts which could be problematic for small transformations.

2.7 Summary

The MC method is the most accurate way to obtain detailed distributions of the

neutron and photon fluxes in FES, but it is necessary to use VR methods in order

to efficiently calculate these results. This section has reviewed some of the most

recent work in the fields of VR for SDR analysis and MC analysis of moving systems.

GT-CADIS, the implementation of MS-CADIS specifically for SDR analysis, has

been proven to effectively optimize the neutron transport step of R2S. Developments

in MCNP6 and MCR2S that provide some capability for updating the position of

geometry have also been discussed.

In the case of geometry movement after shutdown, the importance of the photons

to the detector SDR changes over time. This requires an extension to GT-CADIS

that takes the movement into account. This work aims to advance and combine

the current work in these fields through the derivation of a time-integrated adjoint

neutron source term that will ultimately optimize the neutron transport step in

systems that undergo movement after shutdown.
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Chapter 3

Time-dependent R2S

In certain applications, quantifying the shutdown dose rate is not only important

when the device is in a static configuration, but also during operations that involve

movement after shutdown. To produce time-dependent SDR results, the first two

steps of the R2S workflow remain unchanged. The difference is in the photon

transport step because the configuration of the geometry is changing after shutdown.

This chapter will first discuss the tool developed to transform CAD geometries for

radiation transport calculations. Then, the time-dependent (T)R2S workflow will be

introduced. Finally, a demonstration will be shown.

3.1 Implementation

3.1.1 CAD Geometry Transformations

There are various scenarios that involve the motion of geometry components during

a radiation transport simulation. One example is the movement of activated com-

ponents of a fusion energy device during a maintenance operation. In this work,

DAGMC is used to facilitate radiation transport directly on CAD geometries [19].
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The surfaces of the CAD geometry are discretized into a triangular mesh and stored

within MOAB [20]. Particle tracking occurs on the faceted representation of the

geometry.

A tool was developed to generate stepwise CAD geometry files that capture the

movement of components over time based on user-supplied motion vectors. This

tool has application to this thesis work but is also a general purpose tool for any

calculation in which the geometry configuration changes.

First, the original configuration of the geometry is built using CAD software,

such as Trelis [21]. Any component that will move is tagged (labeled with metadata)

with a transformation number. The transformation numbers correspond to motion

data that are given in a separate text file. The components are tagged with as

many transformation vectors as needed to specify the full path of motion. The

text file containing the transformation information is formatted such that each

transformation number corresponds to a velocity vector, start time, and stop time.

The total time of motion and desired number of time steps are also given.

The geometry transformation tool is built upon the Mesh-Oriented datABase

(MOAB) [20] which has has the ability to store and manipulate mesh data. Upon

loading the geometry and transformation text file, MOAB functions are used to read

the transformation number and starting position of each moving component, then

update the position accordingly. A new geometry file is generated for each time

step.

This tool only handles rigid-body transformations; no geometric deformations

or scaling. It also does not handle objects kinetics, so the user must be careful to not

cause any overlap of components during the geometry movement. A requirement of

transport geometries is that each volume be fully closed; therefore this tool can only

be used to move components that do not share any surfaces with other non-moving
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components to ensure that the transformation does not create any open volumes.

The new geometry files that contain stepwise changes of the geometry configuration

are used as input for transport calculations.

3.1.2 Workflow

This section outlines the workflow for generating time-dependent SDR maps. Es-

sentially, a single neutron transport calculation is performed on the geometry in its

original configuration and a photon transport calculation is performed in the origi-

nal configuration and then at each of N discrete time steps of geometry movement.

The main operations of the time-integrated (T)R2S method are listed below and a

full implementation flowchart is given in Fig. 3.1.

1. MC neutron transport simulation on geometry at time step tmov = t0

2. Activation analysis

3. MC photon transport simulations on geometry at each time step tmov = t0..tN

To perform the TR2S process, a transport geometry and a conformal tetrahedral

mesh are first generated using CAD software and tagged with the same transfor-

mation numbers. Neutron transport is performed via DAG-MCNP and the mesh is

used to score the energy-wise neutron flux.

The neutron flux tally along with an irradiation and decay scenario of interest

are given as input to the PyNE R2S script to generate ALARA [12] input files.

ALARA generates a photon source file for each decay time of interest. The conformal

tetrahedral mesh tagged with transformation numbers along with the ALARA

photon source files are converted to tetrahedral mesh based sources by the PyNE

R2S script.
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DAG-MCNP
neutron transport

DAGMC input file DAGMC geom at tmov = t0

Conformal tet mesh tally

φn on tet mesh

PyNE R2S
Setup irradiation

ALARA flux fileALARA input file ALARA
material library

ALARA

ALARA photon source

PyNE R2S
Prepare source

qγ on tet mesh

Transform tool

Transformation file

qγ,tmov>0 on tet mesh DAGMC geom at tmov > 0DAGMC input file

DAG-MCNP
photon transport

Flux-to-dose
conversion factors

SDRtmov on global mesh

Global mesh tally

For all tmov > t0

Figure 3.1: Time-integrated R2S (TR2S) workflow for calculating the SDR at each
time step of geometry movement after shutdown, tmov. Scripts are shown in blue
ovals, physics codes in green ovals, and files in white rectangles.
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Because all source mesh files generated reflect the original position of the geom-

etry, they need to be transformed to the correct locations for each time step, tmov,

with the transformation tool. DAG-MCNP is compiled using the custom mesh-based

source sampling routine and the transformed sources and geometries are then used

as input for the MC photon transport simulations. A global photon flux mesh tally,

modified with flux-to-dose rate conversion factors, is used to score the SDR at each

time step.

3.2 TR2S Demonstration

To test the implementation of the mesh-based TR2S workflow, a simple demonstra-

tion problem was developed and the time-dependent SDR was calculated.

3.2.1 Problem Description

The source, geometry, and materials used in this experiment were chosen to have

similar features to those found in fusion energy devices. A planar view of the

geometry is shown in Fig. 4.1. It is composed of a chamber with a central cavity

measuring 2 m x 2 m x 2 m. The walls are 2 m thick. A modular block measuring

1.46 m x 1.46 m x 1.46 m is cut out from one side of the chamber. There is a 2 cm gap

between the modular block and the chamber to avoid any shared surfaces between

moving and static components. The chamber and modular block are composed of

a mixture of 20 vol % Stainless Steel 316 (SS-316) and 80 vol % helium. While not

a realistic material, enough activation occurs in the SS-316 to produce interesting

results while the mix with helium facilitates faster radiation transport simulations,

desirable for this demonstration. The chamber is surrounded by vacuum and there

is helium in the central cavity.



28

Figure 3.2: Planar view of the geometry. Stainless steel and helium chamber with 2
m thick walls, modular component cut-out, and central cavity measuring 2 m x 2 m
x 2 m. The central cavity is filled with helium and the chamber is surrounded by
vacuum. A SDR detector is located 2 m in the x-direction from the chamber. The
path of geometry movement is shown by the dashed line.

An isotropic neutron source filled the central cavity. It was sampled uniformly

in space and within the energy interval of 13.8-14.2 MeV. The source intensity was

chosen to be 1016 neutrons/s. The SDR was measured with a detector after a single

pulse irradiation of 365 days and decay period of 30 days. The detector is a sphere,

10 cm in radius, located 2 m in the positive x-direction away from the outer wall of

the chamber. The detector is composed of 52.34 at. % H-1, 47.66 at. % C-12.

A CAD model and tetrahedral mesh model of this geometry were built using

Trelis. All components were tagged with material names and the modular compo-

nent was also tagged with four transition numbers each representing a segment of

the path of movement. The faceted geometry file was exported via the DAGMC

Trelis plugin [19], [21]. The block moves at a speed of 100 cm/s and takes 27 s to
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Figure 3.3: Total neutron flux [n/(cm2 · s)] in the original configuration of the
geometry.

move from the original to final location. Because the movement happens 30 days

after shutdown and occurs over a relatively short time period, source decay is not

taken into account in this experiment.

The changing dose rate at the detector was calculated as well as global maps of

the dose accumulating over time. The path was divided into 32 time steps and a

photon transport calculation was performed at each step. To determine the effect of

the level of discretization of the movement, the accumulated dose from the 32-step

simulation will be compared to 16- and 8-step versions of the movement.

3.2.2 Time-dependent SDR Maps

A 175 group VITAMIN-J energy structure [22] was applied to a conformal tetrahedral

mesh tally in order to achieve both a spatial and energy-wise distribution of the

neutron flux. The total flux is shown in Fig. 3.3. As expected, the flux is strongest at

the inner wall of the steel chamber near the source and dissipates outwards from

there.
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Figure 3.4: Photon source density [p/(cm3 · s)] in the original configuration of the
geometry.

The photon source resulting from the ALARA calculation using the neutron flux

as input is shown in Fig. 3.4. Because neutron activation results in photon emission,

the photon source is also strongest near the center of the chamber and the right side

of the moving block.

The photon dose rate was scored at the detector location and the results from

each time step are shown in the plot in Fig. 3.5. The dose rate is initially steady from

steps 1 through 15, begins to increase to a peak value around step 20, then decreases.

The initial steady period is caused by the photons from the static chamber; photons

from the moving block are not causing an effect. The dose rate rises as the block

moves closer to the detector and is not shielded by the static chamber. Because

the source intensity is strongest on the right side of the block, the dose rate at the

detector falls as the block moves upwards towards the detector, shielding it from

the strongest source.

The photon dose rate was also scored on a global mesh at each time step. A dose

accumulation script was used to calculate the dose over time. The results from the
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Figure 3.5: Photon dose rate [µSv/hr] at detector location recorded at each time step.

16-step calculation are shown in Fig. 3.6. The final accumulated dose from the 32-,

16-, and 8-step calculations are shown in Fig. 3.7.

The percent difference in final accumulated photon dose between the 32-step

and 16- and 8-step simulations is shown in Fig. 3.8. There are large differences along

the path of movement, but very small near the detector. The minimal differences

at the detector location caused by time-step discretization can also be seen in Fig.

3.9 which compares the accumulated dose over time across 32-, 16-, and 8-step

simulations.

3.3 Summary

Performing the TR2S method can give insight into the dose rate along the proposed

path of movement of activated components and the dose that accumulates in the
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Figure 3.6: Accumulated photon dose resulting from 16-step simulation.



33

Figure 3.7: Left to right: Accumulated photon dose resulting from 8-, 16-, and 32-step
simulations.

Figure 3.8: Percent difference of total accumulated dose between the 32-step and
8-step simulations (left) and the 32-step and 16-step simulations (right).
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Figure 3.9: Accumulated dose at the detector location over time for the 32-, 16-, and
8-step simulations.

facility over time. This information can be beneficial in maintenance planning when

determining the how soon after shutdown the component can move and the best

path around the facility for limiting the dose to sensitive regions.

The number of time steps simulated will be decided by the user based on problem-

specific variables. It is suggested that first the path is coarsely discretized and then

based on the dose over time in the most sensitive regions, the user can choose to

update the level of discretization or not. Ultimately, the time steps chosen need

to capture the features of the path that will cause significant contributions to the

dose at the detector location(s). This depends on several factors including the shape

of the path, the source strength, the medium of transport, the speed of geometry

movement, the distance between the activated component and the detector, and the
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direction of travel relative to the detector.
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Chapter 4

Demonstration of GT-CADIS

GT-CADIS has proven to be an effective method for optimizing the neutron trans-

port step of SDR analysis in static FES when the SNILB criteria are met [3]. As

it stands, this method will not provide appropriate VR parameters for the cases

where activated components are moving after shutdown. The following experiment

will demonstrate the need for a time-integrated adjoint photon solution in order to

provide useful VR parameters for dynamic systems.

4.1 Problem Description

The model chosen for this demonstration is very similar to that used in the TR2S

demonstration in Section 3.2. A planar view of the geometry is shown in Fig. 4.1.

In this demonstration, the chamber material is solid Stainless Steel 316, there is no

moving block, and the chamber is surrounded by air. The source and detector are

the same. The SDR was measured after a single pulse irradiation of 105 s and decay

period of 105 s.
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Figure 4.1: Planar view of the geometry. Steel chamber with 2 m thick walls and
central cavity measuring 2 m x 2 m x 2 m. The central cavity is filled with helium and
the chamber is surrounded by air. An SDR detector is located 2 m in the x-direction
from the chamber.

First, the R2S workflow was performed with analog 1 MC neutron and photon

transport steps. Then, the GT-CADIS method was used to generate VR parameters

to optimize the neutron transport step.

4.2 Analog R2S

The main steps of the R2S workflow are as follows:

1. MC Neutron Transport

2. Activation Analysis

3. MC Photon Transport

MCNP5 [5] was chosen as the MC code and ALARA [12] as the activation code.
1In all demonstrations, analog transport includes implicit capture.
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Figure 4.2: Neutron flux (top) and relative error (bottom) resulting from analog MC
simulation.

First, a DAGMCNP5 [19] simulation with 107 histories was run using the CAD

geometry generated by Trelis and an input file that contained a Cartesian mesh tally

over the entire geometry to score neutron flux. Again, a 175 group energy structure

was applied to the mesh tally in order to achieve both a spatial and energy-wise

distribution of the neutron flux. The resulting total neutron flux and relative error

are shown in Fig. 4.2.

A script in PyNE’s R2S module was used to generate the ALARA input files
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Figure 4.3: Photon source generated by ALARA activation calculation using the
analog MC neutron transport result.

using the neutron flux mesh. ALARA was run using FENDL2.0 nuclear data [23].

PyNE R2S was used again to generate a mesh-based photon source from the ALARA

output. The photon source is shown in Fig. 4.3.

4.3 GT-CADIS VR Parameters

To optimize the neutron transport step of R2S, the GT-CADIS method was used to

generate a biased source and weight windows. The main steps of the GT-CADIS

method are as follows:

1. Deterministic adjoint photon transport

2. Calculation of the GT-CADIS adjoint neutron source

3. Deterministic adjoint neutron transport

4. Generation of biased source and weight windows from adjoint neutron flux
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Figure 4.4: Adjoint photon flux used to generate adjoint neutron source according
to the GT-CADIS method.

The SN code PARTISN [24] was used to perform the adjoint transport steps. The

source for adjoint photon transport was a 42 energy group VITAMIN-J discretization

of the ICRP-74 flux-to-dose conversion factors [25]. The resulting adjoint photon

flux mesh is shown in Fig. 4.4.

Next, the coupling term T was calculated for each material. This was done by

performing separate ALARA simulations for each of 175 neutron energy groups in

each of the materials to obtain the photon source in each photon energy group as a

function of the neutron flux in each neutron energy group. T was then calculated

using Eq. 2.28.

This T was combined with the adjoint photon flux to generate the GT-CADIS

adjoint neutron source via Eq. 2.27. PARTISN was run again using this adjoint

neutron source and the resulting adjoint neutron flux for the 13.8-14.2 MeV energy

group is shown in Fig. 4.5.

This adjoint neutron flux functions as an importance map of neutrons to the

final SDR. In the region of the chamber near the detector, there is a high adjoint flux,
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Figure 4.5: Adjoint neutron flux used to generate the biased source and weight
windows according to the GT-CADIS method.

therefore neutrons in this region have a high importance to the SDR. In contrast,

there is a low flux in the regions on the far side of the detector. Neutrons in this

region are less likely to activate materials that will then produce decay photons that

contribute to the SDR.

The adjoint neutron flux was then used to generate the biased source and weight

windows via the CADIS method. These are seen in Fig. 4.6 and Fig. 4.7.

The biased source and weight windows were used to optimize the neutron

transport step of R2S. A DAGMCNP5 simulation with 107 histories was performed

using these VR parameters and the resulting neutron flux and relative error are

shown in Fig. 4.8.

ALARA was run using the neutron flux and a 1y irradiation time and 30d decay

scenario. The photon source distribution generated is shown in Fig. 4.9.
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Figure 4.6: Biased neutron source generated with GT-CADIS method.

Figure 4.7: Weight window mesh generated with GT-CADIS method.
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Figure 4.8: Neutron flux and relative error resulting from MC simulation using
GT-CADIS biased source and weight window mesh.
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Figure 4.9: Photon source generated after ALARA activation calculation using the
GT-CADIS optimized neutron transport result.

4.4 Limitations of GT-CADIS for Moving Systems

Comparing the neutron flux and relative error obtained by the analog MC transport

in Fig. 4.2 and that obtained using the GT-CADIS method in Fig. 4.8, it is clear to see

that given the same number of histories, the GT-CADIS method not only reduces the

error in regions of the chamber that are important to the SDR, but allows a solution

to be calculated in the detector region.

Now, consider if the steel chamber was not a monolithic block, and instead made

of modular components that can move after shutdown, during the photon decay

process. For example, a component of the chamber originally located on the far

side of the detector moves to a location near the detector as shown in Fig. 4.10.

The photons produced in the activated, moving component become more likely to

contribute to the SDR as the component moves closer to the detector. This also means

that the neutrons in this region are important because it is the neutron irradiation

that results in photon emission.



45

Figure 4.10: Path of activated component moving from the far side of the SDR
detector to position next to it.

Highlighting the region of the moving component in the adjoint neutron flux

map produced by GT-CADIS, Fig. 4.11, it can be seen that this is no longer a valid

importance map of the neutrons to the final SDR. There is a low adjoint flux, therefore

low importance in the moving component that will eventually be positioned near

the detector. Because this adjoint neutron flux is used to generate source and

transport biasing parameters, neutrons will be steered away from interactions in this

component, increasing the uncertainty in a region that will ultimately be important

to the SDR.

4.5 Summary

In this demonstration, it was shown that the GT-CADIS method is insufficient

for scenarios that involve movement after shutdown, during photon transport. A

successful extension to this method that takes the movement into account will give
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Figure 4.11: Adjoint neutron flux map with region of moving component highlighted.

appropriate importance to regions that will make significant contributions to the

detector SDR.
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Chapter 5

Variance Reduction for

Time-integrated Multi-physics

Analysis

The MS-CADIS method of variance reduction was developed to optimize the primary

radiation transport in a coupled, multi-step process. The first implementation of

this method was applied to the coupled neutron activation-photon decay process

that occurs in FES. In its current form, MS-CADIS is only applicable to static systems

where the geometry remains unchanged in all steps of the multi-step process.

This chapter will first discuss MS-CADIS outside of the context of SDR analysis.

Next, a time-integrated solution to the adjoint of the physical process occurring

during geometry movement will be derived. This time-integrated solution will

then be applied to the GT-CADIS method to form the Time-integrated (T)GT-CADIS

adjoint neutron source that will ultimately be used to optimize the neutron transport

step of SDR analysis.

Finally, the implementation of the TGT-CADIS method will be discussed and it
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will applied to a simple problem to demonstrate its efficacy.

5.1 Generalized MS-CADIS Method

In the current literature, MS-CADIS is primarily discussed as it applies to SDR

analysis [2]. In actuality, MS-CADIS has always been intended to apply to any multi-

step process in which the primary radiation transport is coupled to any secondary

physical process. The addition of time integration to this methodology can also

be applied to any coupled, multi-physics process. For this reason, it is prudent to

discuss MS-CADIS in a more generalized manner.

The operator notation of the Boltzmann transport equation:

Hφ(u) = q(u) (5.1)

where H operates on the particle flux φ and q is a source of particles, will be used

to describe the primary radiation transport defined over a phase space u.

An equation of the same form, Eq. 5.2, where L operates on some function Ψ

and b is a source term, will be used to describe a generic secondary physics, defined

on a potentially different phase space, v:

LΨ(v) = b(v). (5.2)

Because this is a coupled system, the source of secondary physics is a function of

the primary particle flux, b(v) = f(φ(u)).

The adjoint identity for the neutral particle transport equation given in Eq. 2.6 is

valid for an arbitrary adjoint source function [4], therefore the secondary physics

has an adjoint identity of the same form:
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〈Ψ+,LΨ〉 = 〈Ψ,L+Ψ+〉

〈Ψ+,b〉 = 〈Ψ,b+〉 (5.3)

where 〈·〉 signifies the integration over all phase space.

In order to complete the generalized MS-CADIS derivation, it is necessary to

assume that all responses of interest for both the primary physics and the secondary

physics can be expressed as inner products of their solutions with some specific re-

sponse functions. Considering primary physics response M and secondary physics

responseN, there should be response functions, σM andωN, respectively, such that:

M(φ) = 〈σM,φ〉

N(ψ) = 〈ωN,ψ〉. (5.4)

This is not strictly true in all cases. However, since the MS-CADIS method is used

only to derive variance reduction parameters, it is only necessary that an approxima-

tion exist that is sufficiently accurate to provide benefit from such parameters. This

benefit would need to be demonstrated in any specific application of MS-CADIS.

In particular, MS-CADIS requires this to be true of the relationship between the

source term for the secondary physics and the solution to the primary physics:

b(v) = 〈σb(u, v),φ(u)〉, (5.5)

and of the relationship between the ultimate response of interest and the solution to

the secondary physics:

Rfinal = 〈ωR(v),ψ(v)〉. (5.6)

For either physics, when the adjoint source is defined to be equal to a particular

response function, the adjoint solution can be interpreted as the importance function
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for that particular response. Therefore, defining the adjoint source, b+, as the

response function,ωR, and applying the adjoint identity to Eq. 5.6 results in:

Rfinal = 〈ωR,ψ〉 = 〈b,ψ+
R 〉, (5.7)

where the subscriptRdenotes that the adjoint solution,ψ+
R , is an importance function

for response R.

Substituting Eq. 5.5 then gives:

Rfinal =
〈
〈σb(u, v),φ(u)〉, ψ+

R (v)
〉

. (5.8)

By changing the order of integration between the phase space of the primary physics

and that of the secondary physics, this can be rewritten as:

Rfinal =
〈
〈σb(u, v),ψ+

R (v)〉, φ(u)
〉

. (5.9)

Once again invoking the adjoint identity gives:

Rfinal =
〈
〈σb(u, v),ψ+

R (v)〉, φ(u)
〉
= 〈q(u),φ+

R (u)〉, (5.10)

if:

q+(u) ≡ 〈σb(u, v),ψ+
R (v)〉. (5.11)

This implies that φ+
R describes the importance function of the primary physics to

the response of the secondary physics, and can be used in the CADIS methodology

to find VR parameters for the primary physics that will ultimately accelerate the

statistical convergence of the secondary physics.

Consider the process of neutron-induced prompt photon production. In this case,
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the function σb(u, v) is the neutron-gamma production cross section, σn,γ(En,Eγ).

Because the transport equations for neutrons and photons are identical, this is

generally implemented as a single-physics problem, in which the coupling term

σn,γ appears as a scattering-like term between neutrons and photons.

The primary focus of SDR analysis is the process of neutron-induced delayed

gamma production. GT-CADIS provides a method for calculating σb(u, v) when

certain conditions (known as SNILB) hold true. In this case, σb(u, v) is the coupling

term T(En,Eγ), an approximation of the transmutation process [3].

An additional implication of this derivation is that there exists a response func-

tion that allows the direct calculation/approximation of the secondary physics

response from the primary physics solution, as expressed in equation 5.9. This is

exact for prompt photons generated by a neutron source. For delayed photons, this

provides the underpinnings of the D1S methodology and the more recent NASCA

implementation [30].

5.2 Time-integrated MS-CADIS

If the configuration of the geometry is changing over time during the secondary

physics, it will affect the construction of the adjoint radiation transport source, q+.

The solutions to both forward and adjoint transport will be calculated in discrete

volume elements, v. There is a solution to the adjoint secondary physics at each

position and each time.

• ~rv(t) Position of volume element v at time t

• Ψ+(~rv(t), t) Adjoint flux in volume element v at time t
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To solve for the adjoint radiation source in each volume element, q+
v , the time-

dependent solutions of the adjoint secondary physics are combined by integrating

over time:

q+
v =

∫
t
Ψ+(~rv(t), t)σb(~rv(t), t))dt∫

t
dt

. (5.12)

This time-integrated source term is then used for adjoint radiation transport to

obtain φ+
v .

5.3 Time-integrated GT-CADIS

GT-CADIS is an implementation of MS-CADIS that is specific to SDR analysis. It

provides a method to calculate a coupling term, T , that relates the neutron flux to

the photon source. T is then used to solve for the adjoint neutron source as shown

in Eq. 2.27.

If the geometry configuration changes after shutdown, the time-integrated MS-

CADIS methodology shown in the previous section can be applied to the GT-CADIS

adjoint neutron source as shown in Eq.5.13:

q+
n,v(En) =

∫
t

∫
Eγ
Tv(En,Eγ, t)φ+

γ (~rv(t),Eγ, t)dEγ dt∫
t
dt

(5.13)

Adjoint photon transport at each time step during geometry movement, t, will

provide the adjoint flux of photons of energy Eγ, in volume element v, at time t,

φ+
γ (~rv(t),Eγ, t). Tv(En,Eγ, t) is the T value of the material in volume element v, at

time t.

A T value is calculated for each decay time of interest, but for many practical

problems, T will not change over the course of geometry movement because the

time constants of decay and geometry motion are very different. The motion of
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components occurs over a very short period of time relative to photon decay. This

is assuming that the geometry movement will not begin until at least 105s, about

one day, after shutdown when the remaining photons have longer half-lives. If

the geometry movement spans long enough that source decay needs to be taken

into account, the total time of movement is discretized into as many decay times as

needed to resolve the difference. The geometry movement may be discretized more

finely within the decay time period.

Using the discrete form of T in Eq. 2.28, the integral in Eq. 5.13 can be estimated

by the sum:

q+
n,g,v =

∑
dt

(∑
h Tv,g,h,dt

∑
tmov

(
φ+
γ,v,h,dt,tmov

)
∆tmov

)
ttot

(5.14)

where tmov is a time step after shutdown that corresponds to a change in geometry

configuration, ∆tmov is the duration of the time step, and φ+
γ,v,h,dt,tmov is the adjoint

flux of photons in energy group h, in volume element v, at that time step, and ttot

is the total duration of all the time steps.

5.4 Implementation

This section discusses the implementation of the time-integrated (T)GT-CADIS

adjoint neutron source derived in the previous section.

5.4.1 TGT-CADIS Workflow

The first step of the TGT-CADIS workflow is the generation of a transport geometry

and a conformal tetrahedral mesh using CAD software. Both geometries are tagged

with transformation numbers that correspond to motion data and the transformation
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tool is used to generate separate geometry files for each desired time step.

The geometry file at each time step, the adjoint photon source (the flux-to-dose

rate conversion factors in the the detector location), and a Cartesian mesh that covers

the entire geometry, are given as input into the PyNE GT-CADIS script to generate a

PARTISN input file. Deterministic adjoint photon transport is performed resulting

in a PARTISN output file of the adjoint photon flux in each photon energy group, h.

Because we ultimately need to combine the contribution from each time step

in each volume element, the adjoint photon flux voxel mesh is mapped onto the

conformal tetrahedral mesh of the geometry at that same time step using the mesh

mapping tool described in Appendix A.2. Each tetrahedral mesh element has an ID

associated with it. The ID numbers are consistent across the tetrahedral mesh files

at each time step. This allows the contribution of the adjoint photon flux from each

time step to be averaged in each tetrahedral mesh element:

φ+
γ,v,h =

∑
tmov

φ+
γ,v,h,tmov∆tmov

ttot
. (5.15)

The time-integrated adjoint photon flux tetrahedral mesh is then mapped back on

to a voxel mesh to use as input for the PyNE GT-CADIS script.

The PyNE GT-CADIS script is used to calculate a T value for each voxel, Tdt,v,g,h,

using Eq. 2.28. To obtain the source of photons in each photon energy group, h,

single pulse irradiations are performed with ALARA. Each material in the problem

is irradiated with a single energy group of neutrons, g, and allowed to decay to

the time of interest. The value of Tdt,v,g,h is assigned to each voxel by finding the

underlying material. If the voxel is composed of more than one material, the T value

assigned is a volume-weighted average of the composite material. The process of

calculating T is independent of the previously described steps, therefore can be
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performed simultaneously.

Combining the calculated T with the time-integrated adjoint photon solution,

yields the TGT-CADIS adjoint neutron source given by Eq. 5.14. The full imple-

mentation workflow is shown in Fig. 5.1. In the case that the geometry movement

occurs during several decay periods, and therefore the time steps of movement are

discretized to fit within these periods, the workflow will be performed for each

decay time needed.

Once the TGT-CADIS adjoint neutron source has been calculated, deterministic

adjoint transport is performed and an adjoint neutron flux PARTISN file is returned.

The adjoint neutron flux functions as an importance map for the forward neutron

transport. This map reflects the movement of geometry during the decay period

and gives appropriate importance to regions that contribute to the SDR at any point

during geometry movement. This adjoint neutron flux mesh is used to generate a

biased neutron source and a weight window mesh via the CADIS method.

5.4.2 Fully-optimized, Time-integrated R2S Workflow

After the biased source and weight window mesh are generated with the TGT-

CADIS method, they are used to optimize the forward neutron transport step of

TR2S.

The next steps of the TR2S process, from activation analysis through photon

source generation, are performed. At this point, there is a mesh-based photon source

that corresponds to the geometry configuration at each time step of movement.

The source mesh file along with the previously generated adjoint photon flux

mesh at each time step are used to generate a biased photon source and weight win-

dow mesh via the CADIS method. These VR parameters along with the DAGMCNP
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DAGMC geom at tmov = t0

Transform tool

Prepare PARTISNDAGMC geom
at tmov > 0

Flux-to-dose
conversion factors

PARTISN input file

PARTISN adjoint γ transport

PARTISN φ+
γ,tmov>0 file

Convert PARTISN output to voxel mesh

φ+
γ,tmov>0 voxel mesh

Map voxel to conformal tet mesh

φ+
γ,tmov>0 tet mesh

Average φ+
γ,tmov>0over all time steps

φ+
γ tet mesh

Map tet to voxel

φ+
γ voxel mesh

PyNE GT-CADISDAGMC geom
at tmov > 0

ALARA
material library

q+
n voxel mesh

Figure 5.1: Workflow for generating the optimal adjoint neutron source via the
time-integrated (T)GT-CADIS method. Scripts are shown in blue ovals, physics
codes in green ovals, and files in white rectangles. Section in gray box performed
for each time step of movement.
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Prepare PARTISNDAGMC geom
at tmov = t0

q+
n voxel mesh

PARTISN input file

PARTISN adjoint neutron transport

PARTISN φ+
n file

Convert PARTISN output
to voxel mesh

φ+
n voxel mesh

PyNE CADISUnbiased qn mesh

Biased qn mesh Weight window
mesh

Figure 5.2: Workflow for generating a biased source and weight windows to optimize
the neutron transport step of TR2S. Scripts are shown in blue ovals, physics codes
in green ovals, and files in white rectangles.

input file are used as input for DAGMCNP photon transport. This results in a SDR

map at each time step, tmov.

The TGT-CADIS biased source and weight windows can be used to optimize

the neutron transport and the CADIS method can be used to optimize each photon

transport step. The fully optimized TR2S implementation is shown in Fig. 5.3.

5.5 Comparing TGT-CADIS, FW-CADIS, Analog

To demonstrate the efficiency of the TGT-CADIS method in optimizing the neutron

transport step of TR2S, a simple problem was used to compare it against an analog
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DAGMCNP neutron transport

Biased
neutron source

Weight window
mesh

DAGMCNP input file

DAGMC geom
at tmov = t0

Tet mesh tally

φn tet mesh

PyNE R2S Prepare ALARA

ALARA flux fileALARA input file ALARA
material library

ALARA

ALARA photon source

PyNE R2S Create source mesh

qγ,tmov=t0 tet mesh

Transformation tool

Transformation file

qγ,tmov>0 tet mesh

PyNE CADISφ+
γ,tmov>0 tet mesh

Biased qγ,tmov>0
Weight window

mesh

DAGMC geom
at tmov > 0

DAGMCNP input file

DAGMCNP photon transportFlux-to-dose
conversion factors

SDRtmov>0 tet mesh

Figure 5.3: Fully optimized, time-integrated (T)R2S workflow for calculating the
SDR. This workflow uses the TGT-CADIS biased source and weight windows to
optimize the neutron transport and the CADIS method to optimize the photon
transport steps. Scripts are shown in blue ovals, physics codes in green ovals, and
files in white rectangles. Section in gray box performed for each time step.
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simulation and one using FW-CADIS VR parameters. The error in the neutron flux

and FOM were compared.

5.5.1 Problem Description

A planar view of the geometry is shown in Fig. 5.4. The geometry used in this

experiment is a chamber with 2m thick walls and a central cavity measuring 2m x

2m x 2m filled with helium. The chamber is split in half with the right side (closer

to the detector) composed of a mixture of a 15% Stainless Steel 316 (SS-316) and

85% helium by volume. The left side is composed of mixture of 75% SS-316 and

25% helium by volume. The left side also contains a modular block measuring 1.46

m x 1.46 m x 1.46 m that moves after shutdown according to the path in Fig.5.4.

There is a 2 cm gap between the modular block and the chamber to avoid any shared

surfaces between moving and static components. A 1.5m thick SS-316 wall was

placed between the chamber and the detector after shutdown. The wall is intended

to shield the detector from photons generated in the static section of the chamber.

This will put emphasis on dose rate caused by the moving block. A CAD model

of this geometry was built and the components tagged with material names using

Trelis [21].

A neutron source was placed in the central cavity; it was sampled uniformly

in space and within the energy interval of 13.8-14.2 MeV. The SDR was measured

with a detector after a single pulse irradiation of 1 year and decay period of 30 days.

The detector is a sphere, 10cm in radius, located 4.5m in the positive x-direction

away from the outer wall of the chamber. The detector material was chosen to be

the same as that used in a previous GT-CADIS experiment (52.34 at. % H-1, 47.66 at.

% C-12) [3].
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Figure 5.4: Planar view of the geometry. Chamber with 2 m thick walls and central
cavity measuring 2 m x 2 m x 2 m and modular block on the left side. Chamber
material is a mix of steel and helium. Right half is 15 % steel and left half is 75 %
steel by volume. The central cavity is filled with helium and chamber is surrounded
by vacuum. A SDR detector is located 4.5 m in the x-direction from the chamber.

First, the VR parameters for both FW-CADIS and TGT-CADIS were generated.

Next, the three types of simulations (analog, FW-CADIS, and TGT-CADIS) were

performed for varying lengths of processor time: 100 min, 1,000 min, and 10,000

min. Trial and error was used to estimate the number of particles required for each

processor time. An estimation of the SDR and FOM were calculated at each time

step.

5.5.2 Variance Reduction Parameters

5.5.2.1 FW-CADIS

The AutomateD VAriaNce reducTion Generator (ADVANTG) code [26] was used

to produce FW-CADIS VR parameters. First, a forward deterministic transport
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Figure 5.5: Neutron weight windows for the 13.8-14.2 MeV energy group generated
by the FW-CADIS method.

simulation is performed via Denovo to get an estimate of the the forward neutron

flux. This neutron flux is used to generate the adjoint neutron source via Eq. 2.18.

Another deterministic transport simulation is performed to calculate the adjoint

neutron flux which is then used to generate VR parameters via the CADIS method.

The resulting weight window mesh is shown in Fig. 5.5.

5.5.2.2 TGT-CADIS

The first step of the TGT-CADIS process is calculating the adjoint photon flux at

each time step. The ICRP-74 [25] flux-to-dose rate conversion factors define the

source at the detector location. The adjoint flux at each time step is shown in Fig.

5.6.

The next step is mapping the values from the global voxel mesh to a tetrahedral

mesh that conforms to the geometry at each step. The adjoint flux values are averaged

over all of the time steps and mapped onto a a mesh conforming to the original

configuration of the geometry. This average adjoint photon flux mesh is shown in
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Figure 5.6: Adjoint photon flux [Sv/photon] in the 0.8 to 1 MeV group at each time
step of geometry movement.

Fig. 5.7 The top to bottom asymmetry in the average adjoint flux in the chamber is

caused by the path of the moving block. As seen in the step-wise adjoint photon

flux maps in Fig. 5.6, when the block is traveling under the static chamber, photons

reflect off of the block, causing a higher adjoint flux in the bottom right side.

The average adjoint photon flux is combined with the T matrix to generate the

adjoint neutron source shown in Fig. 5.8. The source is on a voxel mesh which is

required by PARTISN. The resulting adjoint neutron flux is shown in Fig. 5.9.
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Figure 5.7: Average adjoint photon flux [Sv/photon] mapped onto a mesh conform-
ing to the original configuration of the geometry.

Figure 5.8: Adjoint neutron source [Sv/(neutron · cm)] in the 13.8 to 14.2 MeV
energy group.
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Figure 5.9: Adjoint neutron flux [Sv/neutron] in the 13.8 to 14.2 MeV energy group.

Figure 5.10: Biased neutron source for the 13.8-14.2 MeV energy group generated
by the TGT-CADIS method.

The adjoint neutron flux was used to produce the biased source and weight

windows shown in Figs. 5.10, 5.11.



65

Figure 5.11: Neutron weight windows for the 13.8-14.2 MeV energy group generated
by the TGT-CADIS method.

5.5.3 Error in Neutron Flux

The relative error in the neutron flux from each type of simulation for each processor

time is shown in Table 5.1. The color bar shows values from 0 to 20% relative error,

with a midpoint at 10% error. As stated by the MCNP manual, any tally with relative

error less than 10%, blue in this case, is generally reliable [5].

As expected, the error decreases with increasing processor time in all cases.

Recall that FW-CADIS has the goal of uniformly reducing error across the entire

mesh tally while TGT-CADIS has the goal of reducing the error in the regions that

will produce photons that contribute to the final SDR. From the importance map

shown in Fig. 5.9, it can be seen that the moving block and bottom right side of

the chamber are important to the SDR. Therefore, the TGT-CADIS method aims

to reduce the error in these regions. Comparing the error in the 1,000 minute

simulation time, the TGT-CADIS method has reduced the error in these important

regions to less than 10%, whereas in the other two methods, mesh elements with
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Relative Error in Neutron Flux
Time [min] Analog FW-CADIS TGT-CADIS

100

1,000

10,000

Table 5.1: Error in total neutron flux for analog, FW-CADIS, and TGT-CADIS neutron
transport performed at three different processor times.

error above 10% still remain.

5.5.4 Estimation of SDR

Traditionally, the SDR is calculated directly by the MC code by modifying a flux

tally with flux-to-dose rate conversion factors. The error in SDR calculated in this

manner is strictly statistical error from the photon transport simulation. In order to

capture the error in the SDR resulting from the neutron transport calculation, the

SDR at the detector location can be estimated using Eq. 2.12. It is written in discrete
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form in Eq. 5.16:

SDRt =
∑
v

∑
h

Ψ+
γ,h,v,t · qγ,h,v,t · Vv (5.16)

where Vv is the volume of element v, Ψ+
γ,h,v,t is the adjoint photon flux, and qγ,h,v,t

is the forward photon source in energy group h, volume element, v, at time step t.

The contribution to the SDR from each volume element is then given by Eq. 5.17:

SDRv,t =
∑
h

Ψ+
γ,h,v,t · qγ,h,v,t · Vv. (5.17)

The adjoint photon flux at each time step was previously calculated in the first step

of the TGT-CADIS process. The forward photon source can be estimated by Eq. 5.18:

qγ,h,v,t =
∑
g

Tg,h,v,t · φn,g,v. (5.18)

The forward photon source is a function of neutron flux, therefore, the error in the

estimate of SDR due to neutron transport derives from the error in forward source:

σ2
qγ,h,v,t

=
∑
g

(
Tg,h,v,t · σφn,g,v

)2
. (5.19)

The error in the SDR at each time step is then given by Eq. 5.20:

σ2
SDRt

=
∑
v

∑
h

(
Ψ+
γ,h,v,t · σqγ,h,v,t · Vv

)2
. (5.20)

The estimated SDR at the detector location at each time step for each processing

time is shown in Figs. 5.12, 5.13, and 5.14. The SDR at the detector reaches a peak

value at time step 14. A map of the contribution to the SDR, calculated by Eq. 5.17,

and the associated relative error at this time step is shown for each simulation type,
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Figure 5.12: Estimate of the SDR calculated by each simulation method for 100
minutes of processing time.

Figure 5.13: Estimate of the SDR calculated by each simulation method for 1,000
minutes of processing time.
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Figure 5.14: Estimate of the SDR calculated by each simulation method for 10,000
minutes of processing time.

at 100, 1,000, and 10,000 minutes of computer time, in Tables 5.2, 5.3, and 5.4.

The activated moving block is the largest contributor to the SDR at this time

step and the error in the block is lowest in the TGT-CADIS simulations. Comparing

the results from the 1,000 minute simulation in Table 5.3, it can be seen that all

elements in the moving block in the TGT-CADIS simulation have error below 10%,

while elements with error above 10% still exist in both the analog and FW-CADIS

simulations.

The FOM was calculated using Eq. 2.2. The results for each processing time are

shown in Figs. 5.15, 5.16, and 5.17. The TGT-CADIS method has a higher FOM

for most time steps after the block moves beyond the shielding effect of the static

chamber and becomes a more important contributor to the SDR. The higher FOM

is largely due to the lower error in the regions of greatest importance, the moving

block and the bottom right section of the static chamber.
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Figure 5.15: FOM for each simulation method for 100 minutes of processing time.

Figure 5.16: FOM for each simulation method for 1,000 minutes of processing time.
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Contribution to the SDR: 100 min.
SDR [Sv/s] Rel. Error

Analog

FW-CADIS

TGT-CADIS

Table 5.2: Contribution to the SDR and the associated relative error for each simulation
method. Each was run for 100 minutes of computer time.

Comparing the FOM in the TGT-CADIS method across all computer times, it

appears to decrease in the simulation that was run for 10,000 minutes. To investigate

this further, the frequency of squared absolute error values in the SDR for a single

time-step is shown in Fig. 5.18. As processing time increases, the expected trend of

less elements with higher error and more elements with lower error can be seen. To

align the data with the 10,000 minute simulation for a closer comparison, the the 100

minute simulation results were divided by 100 and the the 1,000 minute simulation

results were divided by 10 in Fig. 5.19. This closer comparison reveals a single
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Figure 5.17: FOM for each simulation method for 10,000 minutes of processing time.

Figure 5.18: Frequency of SDR error values at each computer time.
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Contribution to the SDR: 1,000 min.
SDR [Sv/s] Rel. Error

Analog

FW-CADIS

TGT-CADIS

Table 5.3: Contribution to the SDR and the associated relative error for each simulation
method. Each was run for 1,000 minutes of computer time.

element in the 10,000 minute simulation with error two orders of magnitude higher

than the next highest error. The equation for FOM can be written as a function of

the squared absolute error in SDR:

FOM =
SDR2

σ2
SDR · tproc

. (5.21)

From this equation, it is clear that a single high-error element can greatly reduce

the FOM.
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Contribution to the SDR: 10,000 min.
SDR [Sv/s] Rel. Error

Analog

FW-CADIS

TGT-CADIS

Table 5.4: Contribution to the SDR and the associated relative error for each simulation
method. Each was run for 10,000 minutes of computer time.

The FOM for the 10,000 minute TGT-CADIS simulation was adjusted by removing

the single high-error element. The adjusted FOM is shown in Fig. 5.20. The adjusted

FOM plot shows a trend of higher FOM for the TGT-CADIS method for most time

steps after the moving block becomes the dominating contributor to the SDR.

The difference in magnitude of the curves in Fig. 5.19 can be attributed to scoring

in additional elements with increasing run time. This effect can also be seen in Table

5.5 that compares the contributions to the SDR and the associated relative error

for the TGT-CADIS method at each processing time. Comparing the relative error
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Figure 5.19: Comparison of the frequency of SDR error values. There is a single
element in the 10,000 minute simulation with error two orders of magnitude higher
than the next highest error.

Figure 5.20: Adjusted FOM for TGT-CADIS simulation added to comparison of
FOM for 10,000 minutes of processing time.
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TGT-CADIS Contribution to the SDR at Different Processing Times
SDR [Sv/s] Rel. Error

100

1,000

10,000

Table 5.5: Contribution to the SDR and the associated relative error generated by the
TGT-CADIS method for each processing time.

results, it can be seen that with increasing processor time, some elements in the top

right corner of the chamber progress from no result in the 100 and 1,000 minute

simulations to a result with high error in the 10,000 min simulation.

The FOM for the total accumulated dose was also calculated for each simulation

type. The results are shown in Table 5.6. The FOM for total accumulated dose is

higher for the TGT-CADIS method than both analog and FW-CADIS.
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FOM Total Accumulated Dose
Time [min] Analog FW-CADIS TGT-CADIS

100 301.38 286.21 9342.01
1,000 397.18 254.82 3341.11

10,000 348.33 266.83 642.30
10,000 1766.21*

Table 5.6: Comparison of FOM in total accumulated dose across all simulation methods
and all processing times. *FOM adjusted by removing high error element.

5.6 Effect of Time Step Discretization

The number of time steps chosen determines the degree of accuracy to which the

average adjoint photon flux map represents the actual behavior of the moving

geometry. If too few time steps are chosen, important features of the adjoint photon

flux map can be missed which could lead to non-optimal VR parameters.

To demonstrate this effect, different numbers of time steps were chosen. First,

only two steps, the original and final positions, were averaged together.Next, three

and seven intermediate positions were averaged together with the original and

final positions. Results are shown in Fig. 5.21. If only two positions, original and

final, were chosen, the importance of the bottom right side of the chamber would be

missed. When intermediate steps are taken into account, the average behavior of the

moving block is more accurately captured. The lower right side of the chamber is

important because during the time that the moving block is moving past it, photons

from this region reflect off of the block and contribute to the dose at the detector.

5.7 Summary

In this chapter, the TGT-CADIS adjoint neutron source was derived and the imple-

mentation of the VR method was described. TGT-CADIS was then applied to a
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Figure 5.21: Average adjoint photon flux [Sv/photon] in 0.8 to 1.0 MeV group with
(left to right) two, five, and nine time steps.

simple problem and compared to simulations run in analog and using FW-CADIS

for optimization. It was found that the TGT-CADIS method efficiently reduces error

in the regions important to the final SDR. The FOM in the total accumulated dose

calculation was higher for TGT-CADIS than both analog and FW-CADIS. Future

work is needed to determine the significance of the under-sampling in the top right

section of the static chamber and the cause of the single high-error element.
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Chapter 6

Production-level Demonstration

The TR2S and TGT-CADIS methods have been described and demonstrated on

simplified demonstration problems in the previous chapters. In this chapter, both

methods will be applied to a production-level model to produce optimized, time-

dependent SDR maps.

6.1 Problem Description

The model chosen for this demonstration is a simplified version of the 1 m Princeton

Plasma Physics Laboratory (PPPL) Spherical Tokamak (ST) Fusion Nuclear Science

Facility (FNSF) device. It was previously used in the original demonstration of the

GT-CADIS method [28] where a thorough description of the model, materials, and

source are also given. This model only contains the components inside the vacuum

vessel and some components and materials are homogenized for simplicity. Even

with simplifications, this is still a relatively large, complex geometry, so a single

octant of the geometry with reflective boundaries was used in this simulation. A

3D view of the CAD model and a legend of materials is shown in Fig. 6.1.
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Figure 6.1: 3D view of an octant model of the 1 m PPPL ST-FNSF device and material
legend. "VV" is vacuum vessel and "SC" is superconducting.

This model contains modular ports in which experimental material can be placed.

To demonstrate the TGT-CADIS and TR2S capabilities, one of the ports was moved

out of the device and upwards past a photon detector. The path of movement is

shown in Fig. 6.2. This path was discretized into six steps including the original

configuration.

The mesh-based plasma neutron source was generated using DAGMC plasma

source capabilities that allow for random sampling of initial positions and energies.

A 50◦ slice of the source density for the 13.8-14.2 MeV energy group is shown in Fig.

6.3. A simple, single pulse 2 year irradiation and 30 day decay scenario was chosen.

DAG-MCNP5 was used for forward radiation transport and PARTISN was used

for adjoint transport simulations. ALARA with FENDL-2.0 data was used for

activation analysis.
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Figure 6.2: Slice of FNSF showing path of experimental port.

Figure 6.3: Mesh-based neutron source in the 13.8-14.0 MeV energy group.
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Figure 6.4: Adjoint photon flux [Sv/photon] in FNSF in the 0.8-1.0 MeV energy
group at each time step of geometry movement.

6.2 TGT-CADIS VR Parameters

This model was previously evaluated and found to adhere to the SNILB criteria

so the standard GT-CADIS, and therefore TGT-CADIS, method is appropriate for

generating optimal VR parameters.

The first part of the workflow laid out in Chapter 5 is calculating the adjoint

photon flux at each step of geometry movement. The results from each time step

are shown in Fig. 6.4.

The next step is averaging the adjoint photon flux over all of the time steps

and mapping the result onto a conformal mesh of the geometry in the original

configuration. The average adjoint flux is shown in Fig. 6.5. This can be compared

to the adjoint photon flux map of the geometry in its original configuration in Fig.
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Figure 6.5: Average adjoint photon flux [Sv/photon] in FNSF in the 0.8-1.0 MeV
energy group.

6.6, which would be used if movement after shutdown was not considered. When

movement is taken into account, the adjoint photon flux is higher in both the moving

component and inboard components that are no longer shielded from the adjoint

source/detector when the experimental port is moved.

Next, the T matrix is calculated and combined with the average adjoint photon

flux to generate the adjoint neutron source shown in Fig. 6.7. The resulting adjoint

neutron flux is shown in Fig. 6.8.

The adjoint flux is used with the CADIS method to generate the biased source

and weight windows shown in Figs. 6.9 and 6.10.
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Figure 6.6: Adjoint photon flux [Sv/photon] in the original configuration of FNSF
in the 0.8-1.0 MeV energy group.

Figure 6.7: Adjoint neutron source [Sv/(neutron · cm)] in FNSF for the 13.8-14.2
MeV energy group.
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Figure 6.8: Adjoint neutron flux in FNSF for the 13.8-14.2 MeV energy group.

Figure 6.9: FNSF biased neutron source for the 13.8-14.2 MeV energy group.
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Figure 6.10: FNSF neutron weight windows for the 13.8-14.2 MeV energy group.

6.3 Time-dependent SDR Maps

The biased source and weight windows were used to optimize the forward neu-

tron transport step of TR2S. The resulting neutron flux is shown in Fig. 6.11. To

demonstrate the effectiveness of the TGT-CADIS VR parameters, the relative error

in the neutron flux is compared to that from an analog simulation in Fig. 6.12. The

same number of histories was simulated in both runs. The TGT-CADIS method

reduces the error in the outboard VV and the moving experimental port; both of

which become activated and contribute to the SDR.

Activation analysis was performed and the resulting photon source is shown

in Fig. 6.13. The transform tool was used to move the source and CAD geometry

to the appropriate position for each time step of geometry movement. Forward

photon transport was performed and the flux tally mesh modified with ICRP-74

flux-to-dose rate conversion factors [25] was used to generate the SDR maps shown

in Fig. 6.14.



87

Figure 6.11: Total neutron flux [neutrons/(cm2 · s)] in FNSF.

Figure 6.12: Comparison of the relative error in the total neutron flux in FNSF
between an analog (left) TGT-CADIS (right) simulation.
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Figure 6.13: Photon source [photons/(cm3 · s)] in the 0.8 to 1.0 MeV group in FNSF.

Figure 6.14: SDR [pSv/s] in FNSF at each time step of geometry movement.
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As the activated port moves outwards and upwards towards the detector, the

dose rate at the detector location increases. Photon transport was run in analog, but

the CADIS method could be used to generate VR parameters for each time step.

6.4 Summary

In this chapter, the TGT-CADIS method was applied to a production-level problem.

The transformation tool was used to move an experimental port out of its original

position and upwards past a SDR detector. The TGT-CADIS method produced

VR parameters that when compared to analog, effectively reduced the error in the

neutron flux in the experimental port, an important region according to the adjoint

neutron flux map. The TR2S method was then used to produce time-dependent

SDR maps. In the future, increasing the time-step discretization and using CADIS

to optimize photon transport will produce a more finely resolved estimation of the

SDR at the detector location over time.
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Chapter 7

Summary and Future Work

The MC method is the most accurate way to obtain detailed distributions of the

neutron and photon fluxes in FES. In most cases, it is necessary to use VR methods

to efficiently calculate these results. The GT-CADIS method, the implementation of

MS-CADIS specifically for SDR analysis, has been proven to effectively optimize the

neutron transport step of SDR calculations in static systems.

In the case of geometry movement after shutdown, the importance of the photons

to the detector SDR changes over time. This requires an extension to GT-CADIS

that takes the movement into account. In this work, the TGT-CADIS method was

developed to generate a time-integrated adjoint neutron source term. This term

ultimately aims to reduce the error in the neutron transport simulation of systems

that undergo movement after shutdown.

In Chapter 3, the TR2S method for calculating the SDR in systems that move

after shutdown was introduced. It was shown that performing the TR2S method

can give insight into the dose rate along the proposed path of movement of activated

components and the dose that accumulates in the facility over time. This information

can be beneficial in maintenance planning when determining the how soon after
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shutdown the component can move and the best path around the facility for limiting

the dose to sensitive regions. The number of time-steps simulated will be decided

by the user based on problem-specific variables and ultimately needs to capture the

features of the path that cause significant contributions to the SDR. In the future, an

experiment with a moving, non-activation radiation source could be performed to

validate this method.

In Chapter 5, the TGT-CADIS adjoint neutron source was derived and the im-

plementation of the VR method was described. TGT-CADIS was then applied to a

simple problem and compared to simulations run in analog and using FW-CADIS

for optimization. It was found that the TGT-CADIS method efficiently reduces error

in the regions that are most important to the final SDR. Future work is needed to

determine the significance of the under-sampling in certain regions of the problem

that are less important to the SDR and the cause of the single high-error element

found in this experiment.

In Chapter 6, the TR2S and TGT-CADIS methods were applied to a production-

level problem. The TGT-CADIS method produced VR parameters that when com-

pared to analog, reduced the error in the neutron flux in the experimental port,

an important contributor to the detector SDR. The TR2S method was then used to

produce time-dependent SDR maps which are useful in visualizing how the SDR

changes over the course of movement.

Accurately quantifying the SDR is a crucial step in the design and operation of

FES in order to ensure that the facility is built and maintenance activities are planned

in a manner that ensures the safety of plant personnel. The TR2S method can be

used to explore the SDR over the time of geometry movement and the TGT-CADIS

method provides the capabilities to reduce the error in simulations that involve

activated components moving around a facility.
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Appendix A

Appendix: Implementation Details

A.1 Efficient OBB Tree Generation

DAGMC facilitates radiation transport directly on CAD geometries [19]. The surfaces

of the CAD geometry are discretized into a triangular mesh and stored within

MOAB [20]. Particle tracking occurs on the faceted representation of the geometry.

One of the techniques used to accelerate a geometry query search over triangles

is the Oriented Bounding Box (OBB) Bounding Volume Hierarchy (BVH). In essence,

the triangles are divided geometrically into subsets and bound by OBBs. The

triangles are divided into smaller and smaller subsets until there is a single box

per triangle. The OBBs are stored in a hierarchical manner. Ray fire interesections

occur at the OBBs instead of individual triangles allowing for fast elimination of

sets of triangles from the search until the exact triangle for intersection is found [19].

Generating the OBB BVH can be time consuming, especially for large models.

In the case of moving geometries, it is possible that a single component moves

and the rest of the geometry is static. Typically, the OBB tree is built at transport

runtime. When performing step-wise simulations that involve partial geometry
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movement, it is wasteful to regenerate the entire OBB tree for every time-step. This

is remedied by the geometry transformation script; the full OBB tree for the original

configuration is built once and only the OBB trees for the component(s) that move

and the OBB tree for the implicit complement are regenerated at each time step. At

runtime, the OBB tree is loaded from the geometry file instead of being built from

scratch.

A.2 Mesh Mapping

The TGT-CADIS method involves radiation transport with mesh-based sources on

mesh-based geometries. Both neutron and photon adjoint transport is performed

deterministically and the sources and results are defined on a global, structured

(Cartesian) mesh. Monte Carlo transport is performed on CAD-based geometries

and the sources and results are defined on either conformal or global, unstructured

(tetrahedral) meshes. Because parts of this workflow involve combining results from

different meshes, it is necessary to map the results from one mesh onto another.

A script was created to map any tagged result (e.g. flux, error, source density,

etc.) from a donor mesh onto a receiver mesh. It operates by looping over every

mesh element in the receiver, calculating its centroid, finding the mesh element

of the donor that encapsulates the centroid, and copying the tagged result to the

receiver. This process is most successful when the sizes of mesh elements are very

similar.
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