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Abstract

The ability to create neutron environments is critical fora wide variety of appli-

cations including national security, materials science, and medical research. It is also

helpful in medical, material, and other research. The U.S. Naval Research Laboratory

(NRL), Washington, DC, is interested in leveraging their pulsed-power facilities to

produce an in-house, relatively inexpensive neutron source. NRL’s facilities produce

2 MeV (from Gamble II) and 5 MeV (from Mercury) protons and deuterons. This re-

search explored combinations of target materials to produce the most neutrons in the

forward direction. Models of the reactions involved were first validated against litera-

ture experiments, then target designs were optimized with Dakota, a robust software

suite used for various aspects of design exploration. The nuclear reactions and targets

were modeled with MCNP, a Monte Carlo neutral particle transport code. A code

base for scaling and future design work was also developed. The materials used in the

optimization were lithium, beryllium, carbon, and deuterated polyethylene (CD2).

The validation revealed discrepancies between the cross section libraries and lit-

erature. The CP2020 and JENDL/DEU libraries performed relatively well. The

TENDL-2019 library greatly underperformed for the deuteron reactions. The ENDF/B-

VIII.0 library also deviated in some cases from the existing data.

The optimizations resulted in four unique targets, but came with a large amount

of uncertainty. Lithium was shown to be the better target for the proton reactions,

while beryllium was better for deuteron reactions. There were some variations of

beryllium-lithium combination targets that produced the most neutrons, but these

need further investigation. The carbon and CD2 were found to produce neutrons at

a much lower rate than beryllium or lithium and were not used in any target.
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Optimization of a Multi-Layered Target for

a Pulsed Power Neutron Source

I. Introduction

1.1 Motivation

On July 18, 1945, the first nuclear device detonation occurred in the deserts of

New Mexico, ushering in the atomic age [1]. The Manhattan project’s culmination

of the Trinity Test led to the dropping of Little Boy and Fat Man on Nagasaki and

Hiroshima in an effort to end the War in the Pacific. Post-war grappling for power

resulted in the first Soviet test in 1949. The Cold War culminated in tens of thou-

sands of weapons stockpiled between the United States and Soviet Union. Today,

eight countries have officially declared possession of nuclear weapons [2]. In the early

1990s, the Comprehensive Test Ban Treaty (CTBT) was developed to curb the in-

creasing fallout associated with both nuclear testing and political tensions. Though

180 countries have signed the CTBT, it remains stagnant as several signatories, in-

cluding the U.S., have yet to ratify it. Nonetheless, most countries have ceased nuclear

testing, instead relying on previous tests and modeling.

Since testing has ceased, gaining a deeper understanding of nuclear weapon effects

is a continued pursuit for countries to maintain viability and deterrence. As prolifer-

ation risks increase, there is greater need for testing in these environments [3]. One of

the most critical and unique effects of nuclear detonations is from radiation, including

x-rays, gamma rays, electromagnetic fields, and neutrons. Neutrons compose a small

percentage of the total energy of a nuclear blast, and many are reduced in energy in
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the debris and surrounding air [4]. Nonetheless, a sufficient number of high energy

neutrons can escape and pose a serious threat to people, structures, and electronic

devices at considerable distances [4]. Nuclearradiation can ionize parts of cells in

the body, disrupting or altering function and potentially creating poisons. Neutrons

travel great distances, passing through and radiating materials in buildings and the

ground. Electronics can be irrevocably altered by neutrons, rendering them incapable

of performing their original functions.

Beyond national security concerns, neutron environments are useful for other ar-

eas of research, including but not limited to physics, materials, and medicine [5–7].

Neutrons are used to probe the smallest building blocks of the universe [8]. Isotope

production with neutrons expands the understanding of nuclear reactions while also

creating isotopes that have a variety of useful purposes. [9]. As early as 1938, neu-

trons have been used in cancer therapy [10], with more progress continuing to today

in fields like boron neutron-capture therapy [11–14].

The U.S. Naval Research Laboratory (NRL) in Washington, D.C. is interested in

leveraging their pulsed-power capabilities to develop a neutron source for national

security applications. Currently, these pulsed-power generators – Gamble II and

Mercury – produce intense pulses of electrons or ions over a short period of tens of

nanoseconds [15, 16]. Expanding the capability to include intense, tailored-spectra

neutron beams would close gaps in current neutron testing facilities and is of interest

to NRL and others in the nuclear weapons effects community in the Departments of

Energy (DOE) and Defense (DOD) [3].

1.2 Background

Neutrons are produced from a variety of reactions. Nuclear fusion, nuclear fission,

Brehmsstrallung photoneutrons, nuclear decays, or charged particle interactions all

2



produce neutrons with different energy spectra [17]. James Chadwick is credited with

the discovery of the neutron in 1932 [18] via the reaction

α + 9Be −−→ n+ 12C, (1.1)

an α-particle (from the natural decay of polonium) bombarding beryllium-9 to pro-

duce carbon-12 and a neutron. (The theory of nuclear reactions will be discussed

further in Chapter 2.) This type of reaction requires only a combination of a radioac-

tive material and target. These (α,n) sources are common for producing a constant,

known neutron spectra for use in laboratory or industrial settings [19]. One example

is the AmBe source, which utilizes the same α-beryllium reaction as Chadwick. With

a half-life of 432.6 years, 241Am alpha decays, to initiate the α+9Be reaction. Pho-

toneutron sources act in a similar way, except that a γ-ray that bombards a nucleus,

such as 9Be, producing a neutron and other products, like 8Be [20].

Fusion and fission sources are of particular interest to national security concerns.

Neutrons from fusion can be produced in a facility like Lawrence Livermore National

Laboratory’s (LLNL) National Ignition Facility (NIF). A high-energy laser is focused

on a small amount of deuterium and tritium, heating the target to several million

degrees until fusion occurs, creating alpha particles and neutrons [21]. A variety of

scientific facilities exist to study the neutron radiation produced by nuclear fission.

One example is Oak Ridge National Laboratory’s High Flux Isotope Reactor (HFIR).

The design of this facility allows for a wide range of neutron energies and flux. It

consists of two concentric rings of highly enriched 235U fuel, allowing for an “island”

in the center for high flux applications. Various moderating materials are positioned

on the outside of the fuel, and several cavities allow for differing neutron energies and

fluxes [22]

Accelerators can also be used to produce neutrons by bombarding ions onto certain

3



targets. One example of this is the 88-Inch Cyclotron at Lawrence Berkeley National

Laboratory (LBNL). The cyclotron uses a combination of a static magnetic field

and oscillating electric fields to accelerate deuterons to the desired energy, up to

65 MeV [23, 24]. These ions then bombard the target, inducing nuclear reactions.

Neutrons and other product are produced according to the probability of the reaction,

quantified by the cross section.

Indiana University also has an accelerator-based neutron source: the Low Energy

Neutron Source (LENS) [25]. A linear accelerator (LINAC) delivers 7 or 13 MeV

protons to a water-cooled beryllium target. Beryllium “was chosen because of its

high neutron yield, high melting point, and mechanical strength” [25]. The time

period of this pulse is adjustable on the order of milli- to micro seconds. The proton

bombardment produces neutrons which are moderated down to the thermal range

by a combination of materials, including water (which also acts as a coolant) and

methane. The neutron yield is on the order of 10−2 neutrons per proton [25].

Spallation sources, like Oak Ridge’s Spallation Neutron source (SNS) facility, also

produce neutrons with charged particles like the Cyclotron and LENS but the ions

are typically at much higher energies (up to the GeV range). When these high energy

ions impinge upon a heavy target, a reaction called spallation occurs which results in

the production of energetic neutrons [26].

The U.S. Naval Research Laboratory, Washington D.C. (NRL) has pulsed power

facilities that can be leveraged to produce intense pulses of neutrons. In its most

simplest form, pulsed power works by quickly releasing a large amount of power (TW

range) in the form of a short (50 ns) electric pulse across an anode-cathode gap, ioniz-

ing the gas or other material which travels in the same direction as the current. This

general setup can be configured to produce a variety of outputs, including electrons,

x-rays, and ion beams with beam energies up to 2 MeV (Gamble II) and 5 MeV (Mer-
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cury). These outputs can then impinge on a variety of targets, which then produce

alternate outputs, depending on need. The focus here will be hydrogen ions in the

form of protons and deuterons impinging on a target to produce neutrons [27].

1.3 Problem

This thesis will address the design of a target to maximize neutron flux from reac-

tions using the 2 and 5 MeV proton and deuteron ions from Gamble II and Mercury,

respectively. Though these facilities produce ion beams with energy spectra up to the

maximum energies, for this initial study the beams will be considered monoenergetic

beams are considered. The design will be conducted using a combination of optimiza-

tion methods and Monte Carlo radiation transport simulations. In order to leverage

the various reaction characteristics of different target materials, multiple layers of

varying thicknesses will be investigated. To ensure the simulations are accurate, the

neutron production reactions from multiple evaluated nuclear data libraries for each

material will be validated against existing literature experimental measurements.

1.3.1 Research Objectives

The end goal is to determine from a set of materials the best target composition

that will result in the highest neutron production for a given incident ion beam.

Since NRL’s pulsed power generators can produce both protons and deuterons, four

mono-energetic incident beams will be investigated: 2 MeV protons, 5 MeV protons,

2 MeV deuterons, and 5 MeV deuterons. The 2 MeV ions will be assumed to have

currents of 300 kA from Gamble II, and 60 kA for the 5 MeV ions from Mercury.

The code suite will be developed in order to maximize flexibility for future studies on

other parameters such as other beam profiles (particularly using ion with an energy

spectrum rather than a single energy) and additional materials.

5



The approach to reaching this goal will begin with modeling individual reactions

in MCNP [28] to validate the cross section libraries against existing literature. The

reactions will cover a range of incident particle energies, comparing the outgoing

neutron spectra and total production to the literature. Then, the optimization will

be performed with Sandia National Laboratory’s (SNL) Dakota software [29]. Dakota

will loop through different combinations of target layer materials and thicknesses,

performing MCNP simulations for each to converge on the best solution.

The specific outcomes for this research are:

• Validating models (specifically using the cross section libraries) of neutron-

producing reactions at energies below 8 MeV;

• Optimized targets for

– 2 MeV protons,

– 2 MeV deuterons,

– 5 MeV protons, and

– 5 MeV deuterons;

• Code suite of MCNP, Dakota, and supporting files written with design scaling

in mind.

1.3.2 Assumptions and Limitations

This research will be limited to the following reactions: Li(p,n), Be(p,n), D(d,n),

Li(d,n), Be(d,n), and C(d,n). These are several of the most common reactions in

literature for neutron production [25, 27, 30, 31]. While there may be other materials

that may result in higher neutron yields (like tritium), they were not considered in

this work and are left for future study. The results are limited to accuracy of the
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cross-section libraries that are the basis of MCNP. When performing the validation,

the difference between the simulation results and the literature must be noted.

The extent of this research will be limited to the neutron production from the

(p,n) or (d,n) reactions in MCNP simulations. Additional products from reactions

of protons or deuterons on the target materials, such as gammas, are not tracked.

This means secondary reactions – such as deuterons reacting with tritium produced

by D-D fusion – will be left out. These secondary reactions may increase neutron

production and change outgoing neutron energy spectra, but assessment of these

effects are beyond the scope of this research. It is recommended that this is explored

further when realistic energy spectra of proton and deuteron beams are implemented.

Finally, this research will not go into engineering target design: how the target is

made, what holds it, how it thermo-mechanically responds, if it needs cooling, what

shielding is needed, etc.
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II. Theory

This chapter provides the theoretical background for the neutron-producing re-

actions discussed in the rest of this thesis. A high-level view of both proton- and

deuteron-induced neutron production will be discussed. In addition, the basis for the

Monte Carlo modeling approach in MCNP will be introduced as well as a surface-level

look at optimization methods will be discussed.

2.1 Nuclear Reactions

Nuclear reactions can be represented in the form

a + X −−→ Y + b, (2.1)

where a is the incident particle, X is the target nucleus, Y is a heavy product which

usually remains contained in the bulk material, and b is a lighter product that exits

the bulk material and can be measured. The generally accepted shorthand for this

reaction is X(a,b)Y and the reaction type is referred to as (a,b). In the present case,

the incident particle a is a projectile accelerated at the target nucleus X, which is

usually the larger particle in a bulk material matrix and stationary in the laboratory

frame.

Specific nuclear reaction mechanisms vary depending on the reactants, products,

kinetic energies, and the distance between the target and projectile as characterized

by the impact parameter. The two extremes are given by compound nuclear reactions

and direct reactions. There are also scattering reactions, where a and b are the same

particle. These can be elastic – where the target nucleus remains in the ground state

or inelastic – where some energy is imparted to the target nucleus, leaving it in an

excited state.
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2.1.1 Proton Reactions

Compound reactions occur when the incident particle’s energy (Ei) is contained

within the target nucleus and shared by the nuclei, creating an intermediate, excited

combined state. This reactions takes the form

a+X −−→ C∗ −−→ Y + b, (2.2)

where C∗ is the excited compound state. When the impact parameter is small com-

pared to the target radius, the incident particle is more likely to collide with and

impart energy to the inner target nucleons, increasing likelihood of creating a com-

pound nucleus. Through successive scatters by the initial particle and other nucleons,

the initial energy is distributed over many nucleons. This resulting combined system

of incident particle and target nucleus, called the compound nucleus, is a new isotope

in an excited state. Like molecules evaporating from a hot liquid [20], nucleons can be

emitted by the decay of this intermediate state. The higher the energy of the excited

nucleus, the higher the probability of nucleon escape. Compound nucleus formation

and subsequent decay happens on the order of 10−16 to 10−18 seconds [20].

For protons, consider the following compound reaction example, diagrammed in

Figure 2.1. An accelerated proton bombards a 7Li target. The proton is absorbed by

a nucleus, distributing all its energy to create the excited 8Be compound nucleus [32].

This intermediate state does not “have memory” of how it was formed, thus several

methods of decay are possible. It could emit a neutron and become 7Be or split into

two alpha particles.

Direct reactions only involve one or a few target nucleons, and the incident par-

ticle is localized in its interaction with the target nucleus. Also called a peripheral

process, this reaction involves the projectile interacting mostly with nucleons on the
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Figure 2.1. An example of a compound nuclear reaction with 7Li(p,n).

surface of the target nucleus. This type of reaction favors higher energies, greater

than 20 MeV, as the smaller de Broglie wavelength is better able to interact with

nucleon-sized particles [20]. These interactions on the nucleons scale can be modeled

a variety of ways, one being the distorted wave Born approximation (DWBA) [33].

One type of direct reaction is proton-neutron charge exchange, where an incoming

proton exchanges its charge with a neutron in the target nucleus [34] (see Figure 2.2).

At low energies, however, this is relatively unlikely compared to compound reactions.

2.1.2 Deuteron Reactions

The compound nucleus reaction for deuterons occurs the same way as discussed

in the proton section. The deuteron directly interacts with the target nucleus and is

absorbed, creating a new nucleus of Z+1 and A+2. This is an excited state, which

does not “remember” how it was formed, and it rapidly de-excites to a more stable

state by decaying. The type of decay depends on the isotope formed and excitation

level. Consider a deuteron bombarding a 9Be target, as in Figure 2.3. The resulting

Figure 2.2. An example of charge exchange. A proton impinges on the surface of a
7Li nucleus. After charge is exchanged, the new neutron continues onward, and a 7Be
atom results.
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compound nucleus is excited 11B, which can emit a neutron, decaying to 10B.

Like protons, deuterons can also interact by way of direct reaction. Deuterons

are a loosely bound proton-neutron pair, with a binding energy of about 2.2 MeV.

This low energy enables the bond to be broken with relative ease. One such method

is stripping [35]: when a deuteron passes very close to a nucleus, one of the two

deuteron nucleons can interact with the nucleus and is “stripped” from the other by

the nuclear force, as shown in Figure 2.4. It is assumed the proton and neutron have

equal chances of interacting. The stripped particle can be absorbed and create a

compound nucleus, or else scatter. The other particle can continue either on its path

or also at an angle, although the distribution is highly forward focused.

Deuteron breakup can also occur due to the target nucleus’ Coulomb field [36–38].

This can occur as the deuteron passes by the target nucleus outside the range of the

nuclear strong force but at a distance where it is still affected by the electromagnetic

Figure 2.3. A deuteron bombarding 9Be, producing an excited 11B nucleus which emits
a neutron in its decay to 10B.

Figure 2.4. In this example of “stripping”, the proton of a deuteron bombarding 9Be
interacts with the atom and is stripped, forming a neutron and 10B in the process.

11



force [39] (see Figure 2.5). The loosely bound deuteron is disintegrated as force is

exerted on the proton charge, while the neutron continues forward. This reaction has

only an estimated quarter of the probability of occurring that stripping has [35].

2.2 The Monte Carlo Method and MCNP

This section discusses the theory of the Monte Carlo (MC) method, cross section

libraries, and how both are used in Los Alamos National Laboratory’s Monte Carlo

N-Particle (MCNP®) code [28].

2.2.1 MC Background

Developed by Enrico Fermi, Nicholas Metropolis, Stanislaw Ulam, and others at

Los Alamos Laboratory in the late 1940s, the Monte Carlo method is a statistical

approach to simulating reality by sampling distributions that govern what happens

in reality, based on probability and random sampling [40,41]. It is able to provide an

answer to a problem in multiple dimensions by describing the phenomenon according

to a random number selection. The total solution or picture of the phenomenon

emerges from the overall behavior of many individual samples. The more samples,

Figure 2.5. Neutron production by Coulombic breakup happens when a deuteron is
affected by the Coulomb field (represented by the light blue cloud) of a 9Be atom. The
neutron and proton separate and continue on.
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the better the statistical confidence of a model. Examples are discussed in the context

of MCNP in Section 2.2.3.

2.2.2 Cross Sections

In the most basic sense, a cross section is a quantification of the probability of a

certain nuclear reaction event. Suppose the rate of incoming particles a is given as

Ia particles per unit time [20]. A target made up of material X is presented with a

density of N particles per unit area. The outgoing particles b (usually the particles

measured) appear at a rate of Rb. Thus, the cross section σ is quantified as

σ =
Rb

IaN
, (2.3)

measured in units of area. The common unit is barns, where 1 barn = 1x10−24 cm2.

This is a statistical phenomenon which relates to the quantum mechanical nature of

these reactions.

For the purpose of broadly enabling consistent and high-fidelity modeling, cross

sections for different reactions can be categorized into data sets according to the tar-

get, incident particle, and reaction products. There are many libraries that catalog

evaluated cross sections that are based on experimental data, simulations, and model

calculations. The cross section libraries investigated in this research are ENDF/B-

VIII.0 [42], CP2020 [43], TENDL-2019 [44], and JENDL/DEU-2020 [45]. For sim-

plicity, these libraries are hereafter referred in shortened form as ENDF, CP2020,

TENDL, and JENDL (or JENDL/DEU), respectively. A deuteron breakup calcu-

lation code by Morrell was also considered [9]. The ubiquitous ENDF library was

amalgamated by many institutions from experimental data and calculations. Though

it focuses on neutron-induced reactions, it also contains proton tables. CP2020 fo-

cuses on charged particles (proton, deuteron, triton, 3He, and α particles) incident
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on targets of those same particles, 6Li, and 7Li, with varying maximum energies.

TENDL uses the TALYS simulation code to calculate cross sections for nearly every

known isotope up to Z=115, for neutron, proton, deuteron, triton, 3He, α, and γ

energies up to 200 MeV. The JENDL/DEU library focuses on deuteron cross sections

on lithium, beryllium, and carbon targets, calibrating calculations from a custom

deuteron reaction code system with a multitude of available experimental data. Based

on deuteron breakup theory, Morrell developed a Python program to calculate the

expected yield of deuterons on a target from an inputted deuteron energy and target

material, benchmarked against experimental data from higher energy above 10 MeV

deuteron breakup on a variety of targets.

2.2.3 MCNP

Originally developed for neutron and gamma-ray transport, LANL’s Monte Carlo

Neutral Particle (MCNP®) transport code has expanded to include electrons and

other charged particles, with the “NP” being changed to “N-Particle” [46]. The

most recent version, MCNP6, can simulate a host of particle types through a variety

of complex geometries [47]. Cross section libraries are an integral part of MCNP

simulations as they provide the probabilities used by the MC method. These provide

the probabilities used by the MC method. According to the source particle definition,

MCNP will track a particle’s path and interactions until it stops (e.g., is absorbed) or

leaves the system. At each step, the path or interaction is determined using random

numbers to chose an interaction based on the chance of that interaction.

Consider a simulation of a proton bombarding a 9Be target, surrounded by a vac-

uum. The proton is created and sent toward the target. Traveling in a vacuum,

there are no interactions until the proton reaches the target. At this point the pro-

ton can do one of several things: scatter, get absorbed into a beryllium nucleus, or
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otherwise interact with a nucleus. MCNP “rolls a die,” picking a random number

and the interaction associated with it. The first particle tracked may scatter multiple

times, changing direction and depositing energy until it gets absorbed and creates

an excited compound 10B nucleus. What happens as a result of that absorption is

also determined by probability as well. The nucleus could emit a neutron which is

then tracked until it leaves the system or initiates a new reaction. The next particle

may get absorbed as well, but this time the 10B nucleus simply de-excites by emitting

a gamma ray. Meanwhile the third particle sent never gets absorbed and exits the

system after a few scatters. Combining and averaging these interactions provides a

solution to the problem of protons bombarding a 9Be target.

MCNP can keep track of specific actions in a so-called ”tally”. One such tally is

when a certain particle, say a neutron, crosses a specific surface. This tally is weighted

according to the number of source particles and the number of neutrons which cross

the surface. MCNP has a large variety of different tallies [28].

2.3 Optimization Methods

Optimization is the process of searching for the best solution to an objective

function. Methods are numerous. One way to differentiate among these methods

is to sort them into three groups: deterministic, stochastic, and enumerative [48].

Deterministic methods follow mathematical definitions to reach a solutions, like taking

the derivative to determine the slope at a point, and searching in the direction toward

a minimum. These are limited to problems with mathematically defined phenomena.

Enumerative methods involve stepping through every possibility within a parameter

space to land on a global extreme. These methods, while thorough, can be incredibly

time-consuming with many parameters. Stochastic methods use random sampling to

test many different points in a parameter space to pinpoint the best solutions, and
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can be used in conjunction with the other two. This family of stochastic methods is

potentially useful for nuclear reaction processes and MCNP as different combinations

of model parameters can produce a wide range of results that are too numerous to

explicitly list.The approach chosen for optimization is a genetic algorithm, and will

be discussed in more detail in Section 3.3.2.
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III. Methodology

The goal of this research is to conduct a preliminary investigation into optimizing a

target configuration (as defined by a set of materials and corresponding thicknesses) to

maximize neutron production from a charged particle beam. To accomplish this, op-

timization studies were conducted by stochastically designing MCNP [28] simulations

with parameters from Dakota [29] and evaluating the results. To build confidence in

the MCNP simulations, the models of the various reactions involved – which depend

on the cross section libraries – must be validated against literature. This chapter will

discuss the steps and reasoning taken to get the final optimization code, including

the potential sources of error and uncertainty. The validation will be discussed first,

followed by the implementation of the Dakota optimization.

3.1 MCNP Validation

This section will describe the process for validating MCNP models of the various

reactions. Specifically, the cross section libraries driving the model results will be

investigated. The need for validation is obvious: the simulations of basic reactions

must be evaluated before relying on the outputs of the optimization code.

The first step in validation was choosing the reactions and gathering literature on

those reactions for comparison. Then, an MCNP model was developed to perform the

simulations in a manner reflecting the experiments in the literature. The simulation

results were then be compared to the literature for validation. The output neutron

energy spectrum was plotted in comparison with the literature to allow shape and

magnitude comparison. Where applicable, the total neutron production was also

considered, particularly if the spectrum shape was in disagreement. Some literature

used only arbitrary units when reporting the neutron spectrum; in these cases the
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shape and, if applicable, total neutron flux were compared.

A quantitative statistical comparison was not performed. However, the goal was

to identify the cross-section library that most closely represented reality for this study,

not suggest detailed improvements for any given library.

3.1.1 Choosing the Reactions

After (and during) an extensive literature review of various materials and previ-

ous neutron production capabilities, a list of suitable materials was compiled based

upon availability and commonality. In each of these datasets, a stationary target

made of a given material was irradiated with either protons or deuterons and the

resulting neutrons were measured. The reactions, energies, and corresponding lit-

erature is summarized in Table 3.1. Materials were considered suitable if they had

high neutron production rates for incident particle energies below 8 MeV, but the

energies of particular note were 2 and 5 MeV, as these are what Gamble II and Mer-

cury can produce, respectively. In one case, a beam energy outside the 8 MeV limit

was considered (16 MeV deuterons on beryllium) due to the availability of multiple

high-quality datasets. [49,50]. Many experiments used energies much larger than the

present range [51] as higher energies increase neutron production.

Proton Reactions

The materials considered for the proton reactions are lithium and beryllium.

Lithium is a common material used for neutron production [25]. The threshold for

the 7Li(p,n) reaction is 1.881 MeV [52]. This reaction is somewhat unique in that

at low energies near the threshold, the neutron angular distribution peaks around

25-30◦ off the incident beam axis [52]. Beryllium is also a common material for

neutron production in various applications, such as boron neutron-capture ther-
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Table 3.1. Reactions Explored for MCNP Validation

Reaction Energy (MeV) Corresponding Paper
Li(p,n) 1.912 Lederer (2012) [52]

2.52 Lefevre (1969) [53]
Be(p,n) 3.7 Howard (2001) [11]

5.0 Ibid.
D(d,n) 0.2 Gillich (2010) [54]*

2.0 N/A
Li(d,n) 2.0 Jones (1974) [55]
Be(d,n) 2.6 Meadows (1993) [56]

7.0 Ibid.
8.8 Weaver (1973) [30]
16 Harrig (2018) [24]

Meulders (1975) [50]
C(d,n) 5.0 Tajiri (2014) [31]

apy [13,14]. The threshold is 1.749 MeV for the 9Be(p,pnα)α reaction and 2.06 MeV

for 9Be(p,n)9B [11]. However, it can have detrimental health effects [57], which must

be considered for future development. Another material identified, but not considered

for this optimization, was vanadium. The 51V(p,n)51Cr reaction has a threshold of

1.565 MeV [58–60], but its production below Ep=5 MeV was negligible compared to

lithium and beryllium. At higher energies this reaction may have use.

Deuteron Reactions

The materials considered for the deuteron reactions include deuterium (in the

form of deuterated polyethylene), lithium, beryllium, and carbon. Also identified

but not used in the optimization were oxygen, aluminum [61], tantalum [39, 50],

and titanium [39]. Tritium was considered, but due to cost and safety issues it

was not investigated further. As in the proton reactions, the light materials lithium

and beryllium are common materials for neutron production with deuterons [50, 62].

Deuterium is useful because the D(d,n) reaction produces an energy peak from the Q

value of 3.3 MeV. Also, it has a good cross section even in the keV energy range [54]
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and could be used on the back of a target to react with low energy deuterons emerging

from earlier layers. Carbon does not have the toxicity of beryllium or the cost of

deuterium [31], making it a useful, cheap target.

3.1.2 MCNP Validation Models

The MCNP 6.2 [63] code was used for all simulations (for both the validation

and optimization), which were run on high-performance computing (HPC) clusters.

The code was established on both Bridgman and Mustang systems enabling their use

throughout this research. Bridgman, AFIT’s system, consisted of 10 nodes with 16

processors per node. Mustang, one of the Air Force Research Lab’s HPC systems,

consisted of 1176 computing nodes, each with two 24-processor cores operating at

2.7 GHz [64].

The MCNP model is a simplified version of the experimental setup commonly used

in the literature. It consists of a source, a target cell, and a “detector” surface (for

the surface tally), as shown in Figure 3.1. The source is a mono-directional, mono-

energetic disk source with a radius of 1 cm, intended to model a “pencil beam” [43].

The source was defined using either protons or deuterons depending on the reaction

being modeled and had a uniform geometric distribution within the disk. The beam

was co-axial with the x-axis (as indicated by the centerline in Figure 3.1).

Figure 3.1. The MCNP validation model covered a solid angle corresponding to 5◦, a
common setup in literature.
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The target was a cylinder with a 5-cm radius located 5 cm away from the source,

coaxial with the x-axis. This positioning ensured all the source particles would hit

the target while providing material for internal scattering if applicable. The tar-

get thickness (the height of the cylinder) was determined by the particular reaction

and literature, although it was always much less than 1 cm. The stopping distance

was calculated for each material at a range of energies using SRIM [65], discussed

in Section 3.3.2. These distances were used as minimum thicknesses for the MCNP

simulations, as well as for confirming the target thicknesses from the literature mea-

surements. Often, the thickness used in a validation run was twice to ten times

greater than the stopping range, common for thick targets designed to maximize

neutron yield.

Each target consisted of purely the most common isotope of a given material.

For example, the carbon targets were entirely made of 12C. Lithium had the most

abundant natural second isotope, 6Li, at 6%, but the cross sections for the proton and

deuterons at the energies considered was significantly lower than for 7Li. 9Be is the

only naturally occurring isotope fo beryllium, and 13C only comprises of 1% of natural

carbon. Impurities in targets of these elements would depend on budget in practice,

but for this exercise they are neglected. The one or so percent difference between pure

and lab materials is much less than the statistical uncertainties of the MCNP models,

and the differences between the MCNP results and experimental values. Similarly,

the CD2 is assumed to be 100% deuterated.

The detector surface was the far circular face of the boundary cylinder (the right

side of the surface in Figure 3.1). For the validation simulations, the detector surface

covered a ±5◦ solid angle from the origin. This configuration was chosen to best

match with the measurements in the literature that mostly used small detectors,

which covered approximately 5◦. Many papers also had measurements at different
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angles from the x-axis, in 5-10◦ increments, and the neutron flux did not appreciably

change between those increments, so this 5◦ was a logical detector surface extent.

One downside to this small solid angle is the low statistics. The solid angle,

calculated according to the simplification Ω = 1
2
(1 − cos θ) · 4π, is 0.024 sr, just

0.2% of the sphere. Many particles are needed to produce reasonable statistics, and

some reactions are better than others. This means the simulations may take up to

several hours. The “nps” (number of particle histories to be run before terminating)

values ranged from 5e7 to 5e9 to ensure each reaction achieved reasonable statistical

uncertainties (< 10%). If fewer neutrons are produced by the target per source

particle, then more particles are needed to achieve comparable uncertainty. This

result indicates that a reaction that requires a higher nps value is generally less

desirable.

Finally, the model used the surface current tally type (F1:n) [28], which counts the

number of particles crossing a surface (in this case the detector surface) and weights

them according to the total number of source particles. These were also binned

into discrete energy groups and scaled with a multiplier card (FMn) to normalize

the units to those used in the literature. The F1 tally card has default units of

crossing particle/source particle. For example, the F1 output units for modeling a

(p,n) reaction would be neutrons per source proton. The most common unit reported

in literature is 109 n/µC/sr/MeV. Since the F1:n tally defaults to units of neutrons

per source particle, the MCNP tally must be scaled with the FM card. The charge

of a proton or deuteron is 1.6022·10−13 µC, so if the bin size is 1 MeV then the unit

conversion using a 0.024-sr solid angle is as follows:

n

p
· p

1.6022 · 10−13 µC
· 1

0.024 sr
· 1

1 MeV
· 10

9

109
= 260059 · 109 n

µC · sr ·MeV
, 1 (3.1)

1A calculation early in the research used a solid angle of 0.0241 sr, which yields a multiplier of
258980, just a 0.4% difference from 260059 and well within significant digits. The 258980 multiplier
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where n refers to the number of neutrons produced per proton p. This number can

be scaled to bin sizes other than 1 MeV by dividing by the bin size. For example, if

a reaction used 0.25 MeV bins, the multiplier would be 1,040,236. The specific bin

size (all equal widths) and range for each reaction was estimated from the literature

spectrum and adjusted as needed.

3.2 The Comparison Process

When each run was complete, it could then be compared to the corresponding

literature. The number of particle histories run could be tweaked if needed to produce

a statistical uncertainty of less than 10% for each energy bin. (Since the total tally is

a summation of each bin, the uncertainty on the total neutron flux is much smaller.)

A 5% uncertainty was initially the target, but this was not attained for all energy bins

for some cases. Results were plotted alongside the experimental data. However, since

the goal of this research is to find the highest neutron flux with a multi-layered target

and not create a specific spectrum, the total neutron production was also considered

for some reactions. The total neutron production from MCNP was reported as the

sum of the bins. If the bin width was not 1 MeV in a run, the total was multiplied

by the bin width to normalize. If the literature did not have a specific total neutron

production number, the literature spectrum was integrated. Spectrum results are also

plotted with the statistical error bars for each energy bin. Numbers are compared

both quantitatively and qualitatively.

was used for the majority of the validation runs.
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3.3 Optimization

3.3.1 Optimization MCNP Models

The MCNP model for the optimization portion includes two main alterations

from the validation model. First, the detector angle was changed from ±5◦ to ±30◦

(Figure 3.2) to boost statistics. Each MCNP validation run at 5◦ took on the orders

of minutes to hours to get acceptable statistics. Multiplying that by the few hundred

runs the optimization software will need to find the solution results in a prohibitive

runtime. The change to 30◦ reduces the number of particles needed to get within

5-10% total neutron production uncertainty by about 1000. This reduces the runtime

of the whole process, while retaining the uncertainty targets for the results. This may

actually be more representative of the NRL experimental setup as an NRL test object

size may be much larger than a small detector and be located at a shorter distance

than was done in the validation literature experiments where additional distance was

used to improve neutron spectroscopy and refine angular distributions. However, this

introduces an issue in that there will be a non-uniform fluence across this angular

distribution, a factor that was not explored in this work.

The second change was the addition of two target layers, for a total of three.

The thicknesses and material composition of these three layers were chosen by the

optimization software, as described in Section 3.3.2. Otherwise, the model is the

same, consisting of a 1-cm radius disc source, cylindrical targets, surface tally, and

kill zone.

3.3.2 Dakota Optimization

Overview of Dakota

Dakota is a software suite developed by Sandia National Laboratory (SNL) that

serves as an interface for simulation codes and iteration methods [66]. The software
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Figure 3.2. The MCNP validation model covered a solid angle corresponding to 30◦,
with a three-layer target.

allows for a wide range of customization, from uncertainty analysis to design optimiza-

tion, as used in this research. It runs simulations based on a discrete or continuous

user-defined range of parameters, keeping track of each simulation and changing vari-

ables accordingly. Depending on where the optimization was run, different versions

were used: version 6.8 on Bridgman, 6.11 on Mustang, and 6.14 on the author’s per-

sonal computer. The differences between them were minimal, and did not noticeably

affect the running nor results.

Optimization Method: SOGA

The single objective genetic algorithm (SOGA) optimization method was chosen

because it is good for multiple discrete variables (such as the specific materials consid-

ered for the target), derivative-free (a MC method was used to model the reactions,
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not equations), and bound constraints (minimum and maximum thicknesses) [66]. A

genetic algorithm (GA) (an evolution-based algorithm) samples a parameter space

first with a set of parent characteristics, or genes. Crossovers (combining genes) and

mutations (altering genes slightly) are performed, and the new population is evalu-

ated. The fitness of each member of the new population is assessed and the best are

chosen to be parents of the next population. The program loops until a user-defined

convergence criteria is reached [67]. SOGA is also a conceptually straightforward

implementation of a GA that is particularly strong in global optimization.

Settings and Parameters

The two parameters that were changed throughout the optimizations were the

target layer material composition and the thickness of each layer. The materials are

chosen from a set list, as outlined in Section 3.1.1. Dakota chooses the thickness by

assigning an integer from 1-100, which represents the percentage of the maximum

thickness of a layer. This was done to simplify the optimization for use with Dakota.

If a continuous range of thicknesses was used, the number of possible values would

depend on the magnitude of the maximum thickness and the significant figures speci-

fied for the range. Since this varies between target materials, and the thicknesses and

materials were were varied independently, the percentage of the maximum thickness

(in steps of 1%) was chosen to represent the range of thicknesses. A script converts

the percentage to centimeters according to the maximum thickness for the particular

layer’s material and fills in the template MCNP model. This maximum thickness is

the maximum distance a particle of a particular energy is expected to travel into a

certain material. If a particle is not expected to travel beyond a certain distance, then

it is unnecessary to have the optimization explore thicknesses beyond this. Additional

thickness or layers would reduce the number of neutrons that pass through and in-
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crease material cost. Justification for this is discussed in the next paragraph. These

maximum thicknesses were found using SRIM [65] calculations for each reaction in

Table 3.1. Approximately five percent was added to each SRIM result to provide a

buffer. The values from SRIM and the actual maximum thickness are summarized in

Table 3.2.

A study was conducted for a single-layer target to compare the thickness of the

MCNP model that produces the most neutrons (as determined via Dakota) to the

SRIM thickness. Dakota was used to step through a range of thicknesses, outputting

the forward neutron production for each run. Somewhat arbitrarily, 8 MeV deuterons

on 9Be and 2.75 MeV protons on 7Li were chosen for this, with the results of the

Be(d,n) reaction displayed in Figure 3.3. As the thickness increased, the neutron pro-

duction increased until it reached a maximum value at SRIM’s projected range. The

neutron production stayed relatively constant beyond that point, decreasing slightly

as the thickness increased. It is assumed that this is due to the increased neutron

scatters that could occur within the material, increasing the chances of a neutron

Table 3.2. Materials and Maximum Thicknesses Used in Optimization

Incident Energy Material SRIM Range Maximum Thickness
Particle (µm) Used (cm)

Protons
2 MeV

Li 159.08 0.017
Be 48.52 0.005

5 MeV
Li 785.20 0.083
Be 233.61 0.025

Deuterons

2 MeV

Li 102.54 0.011
Be 32.07 0.004
CD2 47.08 0.005
C 24.78 0.003

5 MeV

Li 466.82 0.050
Be 141.37 0.015
CD2 210.01 0.022
C 109.41 0.012
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changing direction or becoming embedded in the material. The Li(p,n) reaction

showed similar trends. This demonstrates confidence in the SRIM calculations for

the material thickness range used in the optimization.

3.3.3 Code Suite: Putting It All Together

The code suite is outlined in Figure 3.4. First, a run-specific shell script initializes

the options unique to each run — creating a new work directory, and defining the

particle, energy, and number of particles (nps) for MCNP to use, as well as the run

IDs — and writes these to the parameters file and other input files. Next it submits

the job to the PBS system, which runs Dakota with the Dakota input file.

Figure 3.3. The Dakota thickness scan shows the maximum neutron production does
occur at the SRIM projected range. Four runs were completed, each in finer steps.
The first, shown as the gray points, went to 1 cm, and showed the slight decrease in
forward neutron production as thickness increased. The yellow also shows this trend on
the short range of 0.1 cm. The orange and blue, as shown in the zoomed inset image,
are the finest scope, and the difference between the two is due to different seeds, but
they are within the statistical uncertainty of about 5%.
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Figure 3.4. This figure lays out the process of beginning a new run with various settings in the newrun###.sh file and running
a new Dakota input file, which loops through MCNP runs with different parameters until convergence is reached.
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Dakota loops through three steps for each evaluation, indicated by the numbers

in Figure 3.4. These evaluations can be done in parallel, as defined by the Dakota

input file. The first step (1.) is running the custom simulation driver, which has three

main sections: pre-processing (a. and b.), execution (c.), and post-processing (d.).

The driver is run in a work directory unique to each evaluation N (named workdir.N,

explained in Figure 3.4). In pre-processing, the driver runs the Dakota utility dprepro

(a.) to replace the evaluation’s parameters — layer material and thicknesses — in a

certain file. In this case, dprepro edits the intermediate “Parameters Script,” which

is not to be confused with the Dakota parameter files used by dprepro. The driver

runs this Parameters Script (b.), which calculates the actual layer thickness from

the percentages given by Dakota and correctly formats the MCNP input file. The

execution stage of the driver submits the MCNP job, which runs MCNP and saves

the output (c.). When the driver sees that the output is finished, it runs a Python

script to parse the output (d.) and saves it to a file Dakota can read (2.). The output

is the objective function result and part of the population described in section 3.3.2.

Dakota aggregates these results from each evaluation, chooses new parameters (3.),

and the process loops until convergence. The results are saved in several output files.

Example files for the whole process are included in Appendix A.
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IV. Results

4.1 MCNP Model Validation

This section summarizes the results of the MCNP model validation of the proton-

and deuteron-induced neutron production reactions models, which will be used for the

target optimization. Neutron energy spectra from the MCNP binned output tallies

are plotted in comparison with the corresponding literature (where applicable). In

some cases, the literature has arbitrary or relative neutron production units: these

are provided on a secondary axis and scaled to similar magnitudes as the MCNP

outputs for comparison of the spectrum shape. Since MCNP reports tallies according

to energy bin, the following plots consist of points at the center of the bin. The

bins, except where specified, are all the same width within each plot. Statistical

uncertainty is represented by error bars.

4.1.1 Proton Reactions

4.1.1.1 Protons on Lithium-7

The 7Li(p,n)7Be reaction was evaluated at incident proton energies of 1.912 and

2.52 MeV and compared to the works by Lederer et al. and Lefevre et al., respec-

tively [52, 53]. At energies just above the threshold of 1.881 MeV, the integrated

neutron intensity peaks at an angle about 30◦ off the centerline [52]. A 5◦ detec-

tor angle yielded almost no neutron tallies for a reasonable runtime of a few hours,

which makes sense as the yield at 0◦ is quite small. Thus, for the 1.912 MeV reac-

tion, a detector angle covering 30◦ was used. The Lederer 0-30◦ measurements were

summed, plotted on the secondary axis, and scaled to compare to the MCNP results

in Figure 4.1. The other literature found in addition to Lederer for this reaction and

energy had “arbitrary” or “relative” units for the neutron production [68–70], so only
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the shape was compared. The MCNP result is slightly shifted to the right, but the

general shape is similar.

The detector surface is a key difference between how the MCNP model and the

Lederer experiment were set up. As described earlier, the MCNP model “detector”

– the surface which tallied neutron crossings – was a large circle covering 0-30◦ 3.2.

Lederer et al. used a 3.89-cm-diameter detector 71.9 cm away from the lithium target,

for a small angle spread of about ±1.5◦. This was moved in an arc about the target

for each angle, with the change in solid angle at each measuring point accounted for

with a correction factor. The Lederer neutron spectrum data includes ±2.5◦ of the

angle listed; thus, the 30◦ bin includes 27.5◦ to 32.5◦, whereas the MCNP model had

a hard cutoff at 30◦. Lederer used the single detector, with an angle coverage of

±1.5◦, but this small angle difference – 30◦ versus 31.5◦ – was assumed to have only a

small effect. Alternatively, the results could be compared according to the slope from

the 0.07 to 0.10 MeV part of the spectrum by raising the magnitude of the Lederer

Figure 4.1. The MCNP results for the 1.912 MeV protons on lithium are shifted to
the right of the Lederer data but show a similar shape.

32



data, as in Figure 4.2. In this case, the MCNP simulation appears to underpredicts

the data below 0.06 MeV, which is similar to what happens with two of the Be(d,n)

reactions in Section 4.1.2.2. Based on the shape similarity, however, this is likely not

the correct interpretation.

The 2.52 MeV simulated spectrum matched closely to the Lefevre data [53], but

it had an additional slight peak around 0.7 MeV and was shifted slightly to lower

energy. This is plotted with the 1.912 MeV data in Figure 4.3. Lefevre did not report

experimental data below 0.3 MeV, so it will not be considered in the comparison.

Like the 1.912 MeV run, this MCNP model was done with a detector that covered

0-30◦. The Lefevre experiment covered approximately +/-6◦. The slight variations

between the two could be because of this angle discrepancy. Higher energy neutrons

are generally forward focused [71], while the production from protons of energies closer

to the threshold are not. Thus, the slight bump at 0.7 MeV may not be because of

Figure 4.2. If the Lederer data magnitude is increased to align with the edge of the
MCNP results for the 1.912 MeV protons on lithium, MCNP underpredicts neutron
production below 80 keV, much like the Be(d,n) reactions in Section 4.1.2.2.
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the angle discrepancy but more so a difference in the cross section library. The wider

angle could capture more lower-energy neutrons, which could contribute to the shift.

The tally cosine card may have been a better way to go about this, as will be discussed

in the conclusions of Section 5.1.

There is a large difference between the neutron spectrum from the 1.912 and

2.52 MeV protons. The threshold for the ground state reaction is 1.881 MeV and

results in 0◦ neutrons with energies of 0.03 MeV [72]. The first excited state threshold

is 2.372 MeV [72] and results in neutrons of 0.65 MeV. Below 2.5 MeV, fewer than 1%

of neutrons are from the excited state reaction [73]. This increase in neutron energy

between the two reaction types explains the ∼0.5 MeV shift in main peaks shown in

Figure 4.3.

The different cross sections also explain the additional magnitude increase of neu-

tron production between the two energies. At Ep = 1.912 and below, the cross section

Figure 4.3. The MCNP results for the 2.52 MeV protons on lithium are shifted to the
right of the Lederer data, but shows a similar shape. Statistical error is small than the
marker size. The 0.6 MeV increase from 1.912 to 2.52 MeV in incident proton energy
greatly increases the average neutron energy and total neutron production.
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is approximately 250 mb, exponentially decreasing as the threshold is approached, as

shown in Figure 4.4 [74]. Below 2.5 MeV, there is a peak of 600 mb at Ep ∼=2.25 MeV.

The initial 2.52 MeV protons deposit energy within the bulk material and drop closer

to the 2.25 MeV peak, increasing their chances of interacting to produce a neutron.

The cross section drops off after 6 MeV, near the maximum of Mercury, meaning pro-

ton energies up to that value will most efficiently produce neutrons. A study above

2.52 MeV was not conducted in this research and is recommended in future work.

4.1.1.2 Protons on Beryllium-9

The 9Be(p,n) reaction was evaluated at incident energies of 3.7 and 5 MeV, each

compared to Howard [11]. This reaction shows significant discrepancy between the

simulated spectra and the literature measurements. The MCNP model was set up

Figure 4.4. The 7Li(p,n) reaction cross section has a peak around 2.25 MeV and hovers
around 300 mb elsewhere below 5 MeV to the reaction threshold of 1.881 MeV [74].
Various experimental data points are included but not represented in the legend.
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with the 5◦ detector surface using 109 particles for each run. The 3.7 MeV run

– spectrum plotted in Figure 4.5 – produced a peak at about 1.1 MeV with the

ENDF/VIII library, which does not exist in the Howard data. However, two peaks at

about 0.6 and 1.65 MeV from the model using the ENDF library did match within a

tenth of an MeV.

The TENDL library did not perform well. The data diverges slightly below

0.25 MeV, Howard trending toward zero and MCNP producing more counts. In

calibrating their system, Howard et al. used the Al(d,n) above ∼0.25 MeV. Due to

the ∼0.25 MeV, the neutron production drops off significantly, increasing the uncer-

tainty. Thus, below 0.22 MeV they used literature to calibrate, conceding its potential

inaccuracy. Their total error above 250 keV was estimated to be less than 10%, and

below 250 keV it was 20%. However, even with this error, the MCNP spectrum is far

outside this range, often with a 20-30% discrepancy.

Figure 4.5. The 9Be(p,n) reaction was modeled using both the ENDF/VIII and
TENDL-2019 libraries and compared to the results of Howard et al. for 3.7 MeV
incident protons [11].
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The Ep = 5 MeV simulation, however, incorrectly predicted the lower energies

(see Figure 4.6). The peak at about 2.65 MeV agreed with Howard quite well. MCNP

had the other peak shifted to about 1.1 MeV, whereas the Howard data placed it

around 0.5 MeV. The TENDL library greatly underperformed.

The total neutron yield for both energies was also compared and summarized

in Table 4.1. Howard reported the total yield in Figure 17 of that paper. The

data from Figure 12 of the paper was integrated over to compare to the Figure 17

value as confirmation. The total production from the MCNP simulations was also

calculated. The value from each bin was summed and multiplied by the bin size. The

percent difference was then calculated (according to Howard − MCNP
Howard

). The 3.7 MeV

run produced over 40% more neutrons per µC per steradian than the Figure 17

Howard data, largely due to the middle peak. This makes sense, as the MCNP data

has the extra peak at 1.2 MeV. The 5 MeV total yield, however, was only 0.54%

different than the Howard reported yield. The higher proton energy at 5 MeV is

Figure 4.6. The 9Be(p,n) reaction was modeled using both the ENDF/VIII and
TENDL-2019 libraries, and compared to the results of Howard et al. for 5 MeV inci-
dent protons [11].
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modeled adequately by MCNP.

Table 4.1. Total neutron production from the Be(p,n) reaction, in units of 109 n/µC/sr

Ep Howard Howard Fig. 12 MCNP Bin % Difference
(MeV) Fig. 17 [11] (Integrated) [11] Summation

3.7 0.076 0.079 0.109 ± 4.9% 42.72%
5.0 0.442 0.461 0.444 ± 2.4% 0.54%

4.1.2 Deuteron Reactions

This section summarizes the results of the simulations of the Li(d,n), Be(d,n),

C(d,n) and D(d,n) reactions at various energies. How well each cross section library

compares to literature for both the outgoing neutron spectrum and total neutron

production in the forward direction is discussed. The ENDF libraries do not have cross

section data for deuteron-induced neutron production, in which case MCNP defaults

to using physics models if specified. These physics models are aimed at higher energy

interactions (>20-50 MeV) and also not accurate. Instead, the JENDL/DEU-2020

and CP2020 libraries were used for these reactions.

4.1.2.1 Deuterons on Lithium

The 7Li(d,n) reaction was evaluated at 2 MeV and compared to Jones [55]. The

MCNP simulation used 109 particles and the 5◦ detector range, producing statistical

errors ranging from 15 to 40% in individual bins but 5% in the overall yield. Jones

measured the neutron production above 2.5 MeV at angles from 0-90◦. To integrate

for the total flux and to calculate average energies, Jones et al. extrapolated two

ways: A) horizontally finishing the spectrum and B) down to the origin (indicated by

thick dashed lines in Figure 4.7) [55]. As will be seen later, Weaver [30] also uses these

two methods. The MCNP results might suggest a third way: C) carrying the line
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upward at an angle. This would need more further investigation to make a definitive

conclusion.

The MCNP spectrum using JENDL/DEU matches well with the Jones data. The

peak at about 13 MeV (from the Li(p,n) reaction) is in both the simulation and the

experimental data, and the slope upward below about 6 MeV is similar. Figure 4.7

includes lines indicating 25% above and below each Jones data point: for the most

part, the MCNP data error bars stay within this range. There is a section from

6 to 11 MeV where the MCNP model did not register any counts. This result is

reasonable due to the low statistics of the binning and could be more accurately

modeled by increasing the number of particles in the run. This reaction is excellent

for producing higher energy neutrons from lower energy. With 2 MeV deuterons, a

peak around 13 MeV is created due to the 7Li(d,n)8Be reaction having a Q-value of

15 MeV.

The MCNP model produced a total neutron yield of 0.116x109 n/µC/sr. Jones et

Figure 4.7. The 7Li(d,n) reaction was modeled using both the JENDL/DEU-2020
library, and compared to the results of Jones et al. for 2 MeV incident deuterons [55].
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al. report in Figure 5 of their article a value of 0.122x109 n/µC/sr, with a total un-

certainty of 12-15%. Indeed, roughly interpolating their data in Figure 4.7 according

to method A yields 0.124x109 n/µC/sr. The total neutron yield for Jones (reported

using extrapolation method A) and MCNP agree to within 5%.

4.1.2.2 Deuterons on Beryllium

The 9Be(d,n) reaction was modeled at incident particle energies of 2.6, 7, 8.8, and

16 MeV. Both the JENDL/DEU-2020 and TENDL-2019 libraries were used for the

MCNP simulations for comparison, though TENDL greatly under-produced neutrons.

The 2.6 MeV run with the JENDL/DEU-2020 library compared well to the data

from Meadows, et al. [56] (Figure 4.8). There is a peak in both the MCNP simulation

and Meadows at around 1.75 MeV, though the coarse binning of the MCNP model

adds some uncertainty. Above 2 MeV, most values match within a few percent. Using

the TENDL library however, neither peak appears.

Figure 4.8. The 9Be(d,n) reaction (Ed=2.6) was modeled using both the JENDL/DEU-
2020 and TENDL-2019 libraries, and compared to the results of Meadows et al. [56].
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The simulations using 7 and 8.8 MeV deuterons under-predicted neutron pro-

duction below about En=4 MeV, indicating a shortcoming in the JENDL library at

this neutron energy range. The TENDL library greatly under-predicts neutron yield

across the entire energy range, in particular below 6 MeV. Indeed, this agrees with

prior literature [75] and is a known problem. For each of the 7 and 8.8 MeV runs, the

only setting changed was which cross section library was used. Smith et al. [76] also

investigated 7 MeV deuterons on 7Be but reported their values in arbitrary units,

plotted with the secondary axis in Figure 4.9. The Meadows data has a local peak

just below 1 MeV not seen in Smith. The binning is too large to see in MCNP. The

8.8 MeV run (see Figure 4.10) was similar to the 7 MeV run in that the JENDL

library underproduced below 4 MeV

A study of 16 MeV deuterons bombarding a beryllium target was also conducted.

Although this energy is outside the range of possibilities at NRL pulsed-power facili-

Figure 4.9. The 9Be(d,n) reaction (Ed=7) was modeled using both the JENDL/DEU-
2020 and TENDL-2019 libraries, and compared to the results of Meadows et al. [56]
and Smith. et al. [76].
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Figure 4.10. The 9Be(d,n) reaction (Ed=8.8) was modeled using both the JENDL/DEU-
2020 and TENDL-2019 libraries, and compared to the results of Weaver et al. [30].

ties, it proved useful due to the existence of multiple high quality measurements. The

MCNP simulations were compared to several papers: measurements by Meulders et

al. [50] and by Harrig et al. [49], and a hybrid breakup model developed by Mor-

rell [9] that combines contributions from elastic and inelastic breakup. Meulders and

Harrig themselves did not quite agree on the spectrum, but the JENDL library best

matched the more recent Harrig data. TENDL again yielded significantly different

results, creating a quarter of the neutron production seen in the other calculations

and the measurements. The Morrell code modeled deuteron breakup by a combina-

tion of the Dancoff [37] and Serber [35] methods, focusing on deuteron energies above

16 MeV [9]. It underpredicts neutron production at 16 MeV, although not as much

as TENDL.

The total neutron flux was also examined for the 2.6, 7, and 8.8 MeV runs, and

summarized in Table 4.2. MCNP reported sum totals of the bins, which were then

normalized by dividing by the bin sizes. The Meadows and Weaver totals were re-
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Figure 4.11. The 9Be(d,n) reaction (Ed=16) was modeled using both the JENDL/DEU-
2020 and TENDL-2019 libraries, and compared to the results of Meulders et al. [50]
and by Harrig et al. [49] and a hybrid breakup model developed by Morrell [9].

ported in each, but their neutron spectra were also integrated for comparison. This

integration was done using the right endpoint method, which is essentially the same

as what MCNP reports. This adds some uncertainty to the integration, which was

not quantified. Weaver only reported down to 2.5 MeV and used the same extrapo-

lation method “A” as Jones, as previously outlined in section 4.1.2.1. The reported

total production from the literature was used in the percent difference calculations.

The difference in yield at 2.6 MeV is likely due to the coarseness of the bin sizes,

combined with the sharp angle of the spectrum. The large difference in the 7 and

8.8 MeV runs are due to the discrepancy below 4 MeV.
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Table 4.2. Total neutron production from the Be(d,n) reaction, in units of 109 n/µC/sr

Ed Meadows Meadows MCNP % Difference
(MeV) Integrated

2.6 0.215 0.273 0.284 ± 4.2% -32.2%
7.0 4.670 4.611 3.755 ± 1.9% 19.6%

Weaver Weaver
Integrated

8.8 9.116 9.347 7.2816 ±2.6 % 20.1%

4.1.2.3 Deuterons on Carbon-12

The C(d,n) reaction was modeled at 5 MeV, compared with a measurement by

Tajiri, et al. [31]. The spectrum is shown in Figure 4.12. Like for the Be(d,n)

reactions, the models underpredicted the neutron production from this reaction at

lower energies, namely below 2.5 MeV. The JENDL MCNP model follows closely

above 2.5 MeV, but underpredicts below that. The TENDL run only matches at

about 3 MeV.

The total neutron flux was calculated for the JENDL run, summarized in Ta-

ble 4.3. Tajiri et al. reported the total neutron flux but also found a curve fit

equation for neutron production from 5 to 9 MeV incident deuterons. The results of

this equation are also tabulated. The reported total flux was compared to the MCNP

simulation, which only produced half the expected yield. This is also dependent on

the confidence of the lower energies in the Tajiri data. The large difference is evident

in the plot, greatly reducing the confidence of this reaction model’s cross section data.

Nonetheless, the total production is quite low compared to the lithium and beryllium

reactions.

This production rate, lower than the lithium and beryllium reactions, is reasonable

based on the cross section under 5 MeV, as shown in Figure 4.13. However, this

decreases the likelihood of carbon being a good target material.
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Table 4.3. Total neutron production from the C(d,n) reaction (Ed=5 MeV), in units of
109 n/µC/sr

Tajiri Tajiri MCNP % Difference
Reported Equation Integrated

0.440 0.441 0.220 ± 3.4% 50.0%

Figure 4.12. The 12C(d,n) reaction (Ed=5 MeV) was modeled using both the
JENDL/DEU and TENDL-2019 libraries, and compared to the results of Tajiri et
al. [31].

4.1.2.4 Deuterons on Deuterated Polyethylene

The D(d,n) reaction is modeled with a potential target material, deuterated

polyethylene. Both the D(d,n) and C(d,n) reaction are combined to consider the

total neutron production that would occur using the material. The D+D −−→ 3
2He+

n reaction has a Q value of 3.27 MeV. A 200 keV deuteron energy run was conducted

but did not produce enough neutrons to be considered. With the incident energy of

2 MeV, neutron energies up to around 5 MeV can be expected. Figure 4.1.2.4 shows

a peak at ∼4.75 MeV, within the 4.5-5 MeV bin. Since not all the Q value energy is

imparted into the neutron, and the deuterons attenuate as they traverse the material,
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Figure 4.13. The 12C(d,n) reaction cross section plot [74] according to JENDL/DEU
peaks around 200 mb at ∼5 MeV, though experimental reactions suggest this occurs
as low as 2 MeV.

the peak just below 5 MeV is reasonable.

Here again the shortcomings of the TENDL library are evident,as this library

does not produce the expected fusion neutron peak. This is odd considering the

cross section used by the TENDL library as plotted in Figure 4.15 is consistent with

experimental measurements and ENDF/VIII. As in the C(d,n) simulations, the CD2

produces fewer neutrons than the lithium or beryllium reactions. One interesting

possibility is the use of deuterated polyethylene on the back of the target to make use

of deuterons that are too low in energy to produce neutrons via the other reactions.

4.2 Optimization Results

The multi-layered target was optimized to maximize total neutron flux in four

scenarios: 2 MeV protons, 5 MeV protons, 2 MeV deuterons, and 5 MeV deuterons.

46



Figure 4.14. The CD2(d,n) reaction (Ed=5 MeV) was modeled using both the END-
F/VIII and TENDL-2019 libraries.

Figure 4.15. The D(d,n) reaction cross section plot [74] according to JENDL/DEU-
2020 peaks around 200 mb at ∼5 MeV, though experimental reactions suggest this
occurs as low as 2 MeV.
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This section will discuss each run and its significance. The neutron spectrum of each

is also discussed. A summary of the optimal targets are in Table 4.4, with total

neutron production expected based on the assumed currents from Section 1.3.1.

4.2.1 2 MeV Protons

For 2 MeV protons, the best target consisted of only lithium with a thickness of

at least 83 µm. The lowest percentage of the maximum thickness Dakota reported,

as outlined in Section 3.3.2, was 52%. This is multiplied by the maximum depth of

2 MeV protons in lithium from Table 3.2 of 159.08 µm to get 83 µm. Only 52% of the

total stopping distance is reasonable, as the protons are sufficiently slowed to reach

below the threshold of the reaction.

Dakota does not know the protons can stop before reaching the next layer. Thus,

there are several target compositions considered by Dakota in which the total thick-

ness is much greater than the range of proton. As the thickness scan in Section 3.3.2

showed, additional thicknesses only very slightly decrease the forward detector counts,

likely due to scattering and a small amount of neutron reactions. Given the statistical

uncertainty in this work, the effects of extra target thickness are not a concern.

Figure 4.16 shows a plot of the total neutron production of each evaluation through

which the Dakota software stepped. The best runs yielded a value of 0.035·109 n/µC/sr,

but with a 20% statistical uncertainty. Methods of improving this simulation will

Table 4.4. Optimization layer thickness results

Target composition n Production Gamble II Mercury
(Thickness & Material) 109 n/µC/sr 1012 n/sr 1012 n/sr

Ep = 2MeV > 83 µm Li 0.035 0.525 -
Ep = 5MeV 28 µm Be, > 755 µm Li 0.927 - 2.78
Ed = 2MeV 15 µm Be, > 50 µm Li 0.174 2.61 -
Ed = 5MeV > 150 µm Be 1.505 - 4.52

48



be discussed in Section 5.2. From these results, however, Dakota converged rather

quickly to a straightforward solution.

The spectrum for this target is plotted in Figure 4.17. There is large statisti-

cal error due to too few nps in the run as a result of the low neutron production

rate. MCNP repeatedly crashed beyond 108 particles due to an unresolved bug.

(The CP2020 library seems to have been creating neutrons of negative energy, caus-

ing MCNP to crash. Investigation is ongoing.)It is thought to be a problem with

the CP2020 library producing neutrons with negative energy. When compared to

the 1.912 MeV validation results from Section 4.1.1.1, as in Figure 4.17, the spec-

trum looks generally plausible. The magnitude is similar for the reaction with just

a 0.1-MeV incident particle energy increase, but slightly extended to form a wider

peak. This flat region is also seen in the 2.5-MeV results in Figure 4.3, between the

1.912 MeV curve and beginning of the slope of the peak in the 2.5 MeV curve.

Figure 4.16. The Dakota evaluations for 2 MeV protons quickly reach a maximum of
0.035·109 n/µC/sr with a single 83 µm-thick lithium layer.
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Figure 4.17. The optimized neutron spectrum from the 2 MeV proton run, along with
the 1.912 MeV protons validation results.

4.2.2 5 MeV Protons

For the 5 MeV proton run, the optimized target was 28 µm of Be, followed

by at least 755 µm of Li, for a total neutron production of 0.927·109 n/µC/sr,

±9%. However, an all-lithium target produced just 2% fewer neutrons, for a to-

tal of 0.905·109 n/µC/sr, ±9%. Since these two are within the statistical uncer-

tainty of the other, they would be considered the same in terms of total production.

However, the 9Be(p,n) cross section is slightly higher at 5 MeV, indicating an ex-

pected slight increase in total production for the optimal configuration proposed by

Dakota. Nonetheless, it may very well be that this small percentage does not justify

adding a material like beryllium, which can pose significant safety risks.The evalua-

tions are plotted in Figure 4.18, which shows a good convergence, though the average

plateaus at about 300 evaluations. Note also the banding that occurs at about the

0.4·109 n/µC/sr level. This is the pure beryllium target total output.
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Figure 4.18. The optimized target for 5 MeV protons is 28 µm of Be, followed by at
least 755 µm of Li. The average values of each generation are also plotted, and shown to
plateau at about 300 evaluations, though the upper level convergence does not happen
until about 775 evaluations.

The outgoing neutron spectrum is plotted in Figure 4.19. A contribution of neu-

trons from each layer is plotted in Figure 4.20. The first peak at about En=0.6 MeV

is consistent with the Ep=2.5 MeV reaction in Figure 4.3. The peak at ∼En=3 MeV

is consistent with that of Figure 4.6. The peak at ∼En=4.3 MeV was not seen in

the validation, since the Li(p,n) reaction was only evaluated at Ep=2 MeV, below

higher reaction thresholds. Looking at these threshold and Q-values however, the

4.3-MeV peak is likely not from the cross section library. THe library used, CP2020,

only consideres deuterons on lithium up to 3 MeV. It is likely MCNP’s model physics

(MPHYS) settings – which are not optimized for sub-100 MeV ions – is creating these.

In turning this setting off, the peak disappeared, but the spectrum was slightly differ-

ent. The rest of the MCNP simulations were done with model physics on, but since
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the cross section libraries covered the particle energy ranges, it is unlikely this had

additional impact. Further investigation was not completed.

Also considered for this reaction was the distribution of a target with a beryllium

first layer and lithium second layer. Each evaluation that met these two criteria

(including those that had “zero” thickness, i.e., only beryllium or only lithium as well),

was plotted in Figure 4.21. If a material was used on two consecutive layers, such as

“Be-Li-Li,” then these layer thicknesses were added. Note the different scales of the

axes (beryllium’s maximum thickness was less than lithium due to the higher stopping

power). Dakota tended to band and leave gaps in the phase space sampled. Two

MCNP parameter studies (p-study) [77] were done running through a more uniform

Figure 4.19. The spectrum from the 5 MeV protons on beryllium and lithium target
shows the peaks from the individual reactions, but also the unknown production above
3 MeV, likely due to model physics. This MCNP setting was turned on for this run,
and the cross section library used only considered proton energies up to 3 MeV. There
are no Q values for reactions that produce the peak at 4.2 MeV.
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Figure 4.20. The lithium layer for the optimized 5 MeV proton target produced the
vast majority of the neutrons.

set of points for the 5 MeV protons. The second was done to fill in gaps the first one

left. These are combined in Figure 4.22. The two show interesting banding, with the

highest production appearing at beryllium thicknesses of ∼0.0025 cm, ∼0.0075 cm,

and ∼0.014 cm. An explanation for this is the statistical variance due to the Monte

Carlo method. Both sets had uncertainties of ∼9-10% for nps=1e6, which easily

encompasses the variance. A key feature, however, is that the points where the

beryllium thickness is 0, the total neutron production dips below 1.6·109 n/µC/sr.

While just at the edge of 10% variance, it does indicate that some beryllium at

higher proton energies does increase neutron production as expected based on the

cross section at 5 MeV.
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Figure 4.21. For the 5 MeV protons run, the evaluations of lithium and beryllium
layers show the parameter space and gaps in thicknesses.

4.2.3 2 MeV Deuterons

For the 2 MeV deuteron run, the optimized target was 15 µm of Be, followed

by at least 50 µm of Li, for a total neutron production of 0.174·109 n/µC/sr, ±7%.

The evaluations converge much more prominently in Figure 4.23. Some zero-value

evaluations were removed due to a timeout bug in the code.

The neutron spectrum for this optimized target is plotted in Figure 4.24. The

peak at ∼1 MeV is consistent with the peak in the Be(d,n) validation simulations

for 2.6 MeV deuterons (Figure 4.8), and with the rise as the neutron energy goes to

zero in the Ed=2 MeV Li(d,n) reaction of Figure 4.7. The height of this peak also

indicates that most of the deuterons are interacting in the first layer of beryllium.

The slight peaks at ∼5 MeV and ∼12.5 MeV are also consistent with the Ed=2 MeV

Li(d,n) reaction of Figure 4.7.
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Figure 4.22. The MCNP p-studies for 5 MeV protons show areas of high neutron
production, but also shows the variance between the two studies due to uncertainty.
The statistical uncertainty reported by MCNP was just under 10%.

4.2.4 5 MeV Deuterons

Finally, the optimization results suggest neutrons are best produced from 5 MeV

deuteron using an all-beryllium, >150-µm-thick target. This beam produced the most

of all four, with 1.505·109 n/µC/sr, ±7%. Figure 4.25 shows the convergence in about

160 evaluations.

There is no contribution from a lithium backing as in the 2 MeV run. This seems

to make sense as the beryllium cross section of the reactions appears to be higher than

that of lithium (see Figure 4.26), but this raises a question as to the validity of the

2 MeV run. One reason this difference may occur is the angular distribution of the

outgoing neutrons. Perhaps the low energy deuterons in the Be(d,n) reaction produce

neutrons at angles greater than 30◦ (as in the Li(p,n) reaction, Section 4.1), but do not

with the Li(d,n). This would make the Li(d,n) reaction more productive for forward
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Figure 4.23. The 2 MeV deuteron optimization evaluations clearly converge on a target
composition of 15 µm of Be, followed by at least 50 µm of Li.

Figure 4.24. The outgoing neutron spectrum for the Ed=2 MeV optimized target agrees
with the MCNP validation results in Section 4.1.2.
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Figure 4.25. The 5 MeV deuteron optimization evaluations clearly converge on a target
composition of at least 150-µm-thick beryllium.

neutrons, hence the inclusion in the 2 MeV run. But even the 5 MeV deuterons

deposit energy down below 2 MeV, so this still does not explain the aforementioned

results. Further investigation was not conducted.

This neutron spectrum from 5 MeV deuterons looks like a combination of the 2.6-

and 7-MeV deuterons on beryllium validation runs, but with an extra feature between

7 and 8 MeV. The Ed=2.6 MeV Be(d,n) reaction has a peak at neutron energies about

1.5 MeV, and some production at 5-6 MeV (Figure 4.8). The Ed=7 MeV Be(d,n)

reaction has a wide peak over neutron energies from 2-6 MeV, and some production

at 7-9 MeV(Figure 4.9). Since the wide first peak in the Figure 4.27 plot drops off at

4 MeV, the 4-6 MeV production and the double magnitude in the Ed=7 MeV reaction

is due to the higher deuteron energy. The neutron production of the En=7-9 MeV

range is not necessarily then dependent on the 7 MeV deuteron energy: it could come

from deuterons less than 5 MeV, appearing on the 7 MeV plot from deuterons that

had been depositing energy down below 5 MeV.
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Figure 4.26. The cross section of the Li(d,n) and Be(d,n) reactions, as plotted by
MCNP’s mcplot and defined by reaction number MT=4, shows the beryllium reaction
as higher than lithium down to about 0.3 MeV

Figure 4.27. The outgoing neutron spectrum for the Ed=5 MeV optimized target agrees
with the MCNP validation results in Section 4.1.2.
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V. Conclusions

5.1 Summary

There is a need for neutron sources for national security and other fields of re-

search. NRL is interested in using the ions from their pulsed-power generators to

produce neutron environments. This research explored what target materials best

leveraged NRL’s pulsed-power facilities to produce neutrons. Various reactions were

considered and optimizations were run to determine the material orders and layer

thicknesses that produced the most neutrons in the forward direction. NRL’s fa-

cilities produce 2 MeV (from Gamble II) and 5 MeV (from Mercury) protons and

deuterons.

The materials chosen for this work were lithium, beryllium, carbon, and deu-

terium in the form of deuterated polyethylene (CD2). These were chosen for their

common usage in other neutron production facilities, availability of experimental

measurements in literature that could be used for model validation, and high cross

section for low energy neutron production. Other materials identified but not used

in optimization were tritium, oxygen, vanadium, tantalum, and titanium. Tritium

was not considered due to cost and safety concerns, and the others because the cross

sections were low below 5 MeV. The expectation was that due to different charac-

teristics of the materials – cross sections and outgoing neutron angular distribution

– that there may be a best combination to most effectively produce neutrons. The

model was implemented using MCNP to simulate the reactions and determine the

total and energy-dependent neutron production. The objective of finding the best

material combinations was accomplished through a two-step process. First, it was

deemed necessary to validate models for each reaction against literature.Second, the

actual optimization for each of the four scenarios was developed. The optimization
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was implemented in a code suite to enable future extension to other materials, target

geometries, and beam spectra.

The 7Li(p,n) reaction was modeled with the the CP2020 cross section library at

proton energies of 1.912 and 2.52 MeV. The 1.912 MeV reaction matched the general

shape of the spectrum from literature – which used arbitrary units for the neutron

production – but was shifted about 10% toward higher energies (Figure 4.1). The

2.52 MeV reaction was shifted less than ∼5% toward the lower energies, but matched

the magnitude of the literature well (Figure 4.3). The 9Be(p,n) was evaluated at pro-

ton energies of 3.7 and 5 MeV using the ENDF/VIII-B library. The 3.7 MeV reaction

matched within about 5% to the two peaks in the literature, but had an additional

peak between the two (Figure 4.5). This created an additional 45% total neutron

production. The 5 MeV results were slightly better, but one peak was significantly

shifted higher by half an MeV (Figure 4.6). The total neutron production in the

forward direction was within a few percent of the literature.

The 7Li(d,n) reaction was only modeled at a deuteron energy of 2 MeV due to

the limited literature. The JENDL/DEU-2020 library matched the literature fairly

well, generally within 25% (Figure 4.7), and the total neutron production agreed with

literature within 5%. The 9Be(d,n) was evaluated at deuteron energies of 2.6, 7, 8.8,

and 16 MeV using the JENDL and TENDL libraries. The 2.6 MeV shape was modeled

fairly well (Figure 4.8), but was about 30% off the total neutron production reported

by the literature. The 7 and 8.8 MeV runs using the JENDL library underpredicted

neutron production below 4 MeV (Figures 4.9 and 4.10), both about 20% off the total

neutron production. The 16 MeV was close to the most recent literature, Harrig, but

about 10% smaller than the 1972 Meulders data (Figure 4.11). In each of these,

the TENDL library greatly under performed and is not recommended for use in this

specific case. The 12C(d,n) reaction was evaluated at 5 MeV, also with the JENDL
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library. It underpredicted neutron production below 2.5 MeV and the total neutron

by 50% (Figure 4.12). Literature was not found to compare the neutron spectrum

from 2 MeV deuterons on deuterated polyethylene, with the intent of combining the

12C(d,n) and D(d,n) reactions. A 200 keV deuteron energy run was conducted but

did not produce enough neutrons to be statistically considered. The MCNP results

for the CD2 model (Figure 4.14) showed a peak at about 4.8 MeV. Since the Q-value

for the D+D reaction is 3.27 MeV, the location of this peak is reasonable for 2 MeV

protons. The neutron production was about an order of magnitude lower than that

of beryllium and lithium, so it was unlikely to be a good target. The low forward

production at 200 keV did not bode well for the idea of using CD2 as a backing

to react with deuterons that had deposited their energy in the target, going below

any reaction thresholds. Also simulated was the V(p,n) reaction at proton energy of

5 MeV, but the low production rate and lack of literature prevented it from being

considered in this research. The MCNP validation process showed that while some

reactions were modeled very well, there exists gaps between MCNP simulations using

cross section libraries and physical experiments in literature.

The optimization runs yielded different preliminary targets for each of the four

scenarios, summarized in Table 4.4. The 2-MeV proton matched intuition as the

cross section of the 9Be(p,n) drops precipitously at 2.1 MeV, while the 7Li(p,n) cross

section holds at over 250 mb from 2 MeV down to the threshold at 1.88 MeV. This

target was calculated to yield 0.035 109 n/µC/sr, or 0.525 1012 n/sr from Gamble

II. For the 5 MeV proton run, the 7Li(p,n) cross section is generally higher than the

9Be(p,n) reaction under about 8 MeV, at least for the ENDF/B-VIII.0 library used

in the simulation. However, the optimization suggests that a thin slice of beryllium

in front of a thick lithium target has about the same neutron production as an all-

lithium target. The statistical uncertainty of the MCNP simulations was around 9%,
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and the difference between the two target designs was about 2%. Since the beryllium

layer is so thin, the 9% variation is reasonable to compare to an all-lithium target,

particularly since the cross sections of each are within 10% around a deuteron energy

of 5 MeV. This target was calculated to yield 0.927 109 n/µC/sr, or 2.78 1012 n/sr

from Mercury.

This reaction also revealed a potential flaw in the MCNP model and using some

libraries. In this 5 MeV proton case, the CP2020 library was used, which only goes

up to 3 MeV protons on 7Li. The extra area in the neutron spectrum in Figure 4.19

was found to likely be from the model physics. When turning the model physics off,

extra neutron production appeared, but it is unclear how MCNP handles being forced

to contend with energies above the maximum in a cross section library as the results

conflict with the manual guidance. All of the optimization runs were done with model

physics on, and these were not checked to see how they behaved with the option off.

For instance, the peak in the 3.7 MeV protons on beryllium: was it caused by the

model physics or a peculiarity in the cross section library?

The 2 MeV deuteron run had the smaller convergence limit of 1% and increased

initial population of 50. These changes increased the precision and therefore confi-

dence over previous runs. According to the cross section plots of the 7Li(d,n) and

9Be(d,n) reactions, 9Be generally dominates. It could be that the angular distribution

of the outgoing neutrons differ, and so while interaction with beryllium is more likely,

interactions with lithium actually produce more forward neutrons. More investiga-

tion would be needed to back up this supposition however, as will be discussed in the

next section. This target was calculated to yield 0.174 109 n/µC/sr, or 2.61 1012 n/sr

from Gamble II.

The 5 MeV deuteron run had a 10% convergence limit and an initial population

of only 25 for the Dakota input file. These parameters can restrict the number of
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samples Dakota makes, increasing the likelihood of finding a local maximum, rather

than a global one. This tendency may explain the lack of the lithium back layer

as in the 2 MeV run. This target was calculated to yield 1.505 109 n/µC/sr, or

4.52 1012 n/sr from Mercury.

The 2-MeV deuteron reactions had a production rate 4 times that of 2 MeV

protons, and 5 MeV deuterons had nearly double the production of 5 MeV protons.

This work investigated the process of designing an optimized target for neutron

production with pulsed-power generators. It took a multi-layered target approach not

greatly explored in current literature. MCNP models of reactions at various energies

were compared to experiments in literature, revealing shortcomings in current cross

section libraries and the importance of these libraries. An optimization approach

was developed to combine multiple materials for four scenarios. This can be taken

further to additional materials, energies, libraries, and refined techniques to provide

a greater understanding of the merits of multi-layered versus single material targets.

This lays the foundation for additional objective functions to be explored based on

need, such as neutron energy spectra, angular distribution, and uniformity. Neutron

production from pulsed power is a promising alternative to other more costly and

infrequent sources.

5.2 Future Work

Finishing the design and fabrication of a neutron-producing pulsed-power tar-

get for NRL is an endeavor that exceeds the ability of a single Master’s student in

18 months. While a good step forward was taken, far more can be done. This section

will step through what is lacking in the current work – the validation and initial

optimization – and suggestions for how to take it further.

There were many gaps in the validation studies. Of the materials studied, vali-
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dating the reaction cross section models at additional energies would be beneficial,

including 5 MeV protons on lithium and 5 MeV deuterons on beryllium, lithium,

and CD2. Additional materials can also be considered to increase the optimization

space. Only two materials for proton reactions greatly limited the potential mate-

rial combinations, though layer thicknesses added complexity. Oxygen, vanadium,

tritium, tantalum, and titanium are among those identified of future interest to the

optimization. The higher Z materials have significant cross sections at energies above

5 MeV however, and may not be available for use within the current NRL facilities.

With the large discrepancies in some of the validation runs, understanding what

reactions the libraries considered and modeled, as well as their outgoing energy and

angular distribution, would provide insight into how they shape the MCNP results. In

addition, going through each result to look at the impact of model physics — if they

were used or not — would build confidence in the libraries and current results. If the

model physics did have an impact on neutron production, rerunning the validations

and optimizations would focus the results on what only the libraries produce. A far

more in-depth verification and validation study is recommended.

Additionally, other types of reactions could be considered. Gamma ray production

would be useful to know for a particular target. Neutron reactions within the targets

may impact how many escape the target. Secondary reactions, particularly with

deuteron fusion reactions, may change the neutron production or spectrum.

An additional feature of the neutron production, which was not an objective of

this research, is that of the outgoing neutron spectrum. While spectra were plotted

for the results discussed here, an additional or alternative objective function to be

optimized would be a specific single energy peak or specific neutron spectrum shape.

The maximization of production would be set as a lower priority, and the different

materials would provide an excellent palette to paint a particular picture. This could
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be done using the same SOGA method with the spectrum as the only objective, or

through a similar multi-objective genetic algorithm (MOGA), where the spectrum

and production are optimized.

Sources of uncertainty varied greatly in this work. While most of the validation

runs showed the general shape with a statistical uncertainty of 5-10% for each bin,

the optimization runs had much higher uncertainties. To decrease the uncertainty,

number of particles run would increase as would the runtime. The optimizations and

validations were run on a single node. Running on more nodes would greatly decrease

the run time and/or allow for more particles to be run. Since the optimization

convergence criteria can be set to 1% or similar, the MCNP models could also be

run to produce a statistical uncertainty of less than that precision. To cite a specific

example, the 2 MeV proton run had a large statistical error, only ∼160 evaluations,

and a 10% convergence. The 2 MeV deuteron run was initially done with these same

settings, and initially missed what became the final result. While a different result

is unlikely based on the cross sections, things like this can easily be missed without

optimal settings. The 5 MeV deuteron run likewise had about 160 evaluations and

should be investigated further. The current optimization runs left large gaps in the

parameter space, as in Figure 4.21. Increased processing power would enable a larger

initial population and more sampling. More settings, such as crossovers or mutation,

could be tweaked and explored to get a more complete picture of the parameter space.

An MCNP variance reduction technique, which could also provide more informa-

tion about the out-going neutrons, would be to use the cn tally cosine card. This

could determine the angle of the neutrons as they left the back of the rear-most

layer, binning over certain angles. This card would eliminate the need for the large

boundary cylinder and may speed up the runs.

When the MCNP parameter study was conducted on the 5 MeV proton run,
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there was still considerable variation between neighboring points (Figure 4.22). The

lighter (higher neutron production) points vary fairly obviously from one thickness

to another, an example of the statistical uncertainty within MCNP. The iterative

p-study scans did not take much longer than the Dakota optimization, which had a

large amount of bunching and banding. Granted, this case was with two materials,

but with three or even four layers, consideration of this enumerative approach may

be worthwhile. This could also be done with Dakota with more materials.

The code suite could also be improved. Currently the Dakota software does not

correlate which material is assigned to the layer thickness. They are independent

of each other: if a first layer value of a contributes to a higher neutron production,

Dakota does not know that it was also a layer of material b at thickness a which is

producing more neutrons. Instead, the number a shows up frequently and Dakota

continues to choose that value at the expense of others. This can be seen in the

vertical banding in Figure 4.21, particularly at beryllium thicknesses of 0, ∼0.0025,

and ∼0.013 cm. If the code were somehow able to link the thickness and material,

the optimization may be more efficient. Also, a more cohesive package would greatly

increase usability. A singular Python package, could be developed to combine initial

settings and subsequent results visualization.
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Appendix A. Optimization Code Examples

This appendix consists of example code for the optimization runs. It follows the

flow chart in Figure 3.4.

The example is from the 2 MeV deuterons run. It has a run identification number

of 4614. The process is described in Section 3.3.
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Listing A.1. newrun4614.sh

1 #!/bin/sh

2

3 num=’4614’

4 newdir="daksrun${num}"

5

6 nps=’1e7’

7 energy=’2’

8 particle=’d’ # use h for protons , and d for deuterons

9

10 # Create a new directory for this particular run

11 mkdir daksrun${num}

12

13 #copy common files to new run

14 cp -r templatedir daksrun${num}/ templatedir

15 cp l2sim_driver.sh daksrun${num}/ l2sim_driver.sh

16 cp daksl.in daksrun${num}/ daksl${num}.in

17 cp daksub.pbs daksrun${num}/ daksub${num}.pbs

18 chmod 755 ${newdir }/ daksub${num}.pbs

19 chmod 755 ${newdir }/ templatedir/runMCNP.pbs

20 chmod 755 ${newdir }/ l2sim_driver.sh

21

22 # cd to the new directory

23 cd daksrun${num}

24

25 # Update the run numbers in the template files

26 sed -i "s/numero/${num}/g" daksub${num}.pbs # update the dakota

submission pbs file

27 sed -i "s/numero/${num}/g" templatedir/runMCNP.pbs # Add the run

number to MCNP submission

28
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29 # Update settings in ParamsInReplace.sh

30 sed -i "s/3 nergy/${energy }/g" templatedir/ParamsInReplace2.sh # Add

the energy for this run

31 sed -i "s/partic1e/${particle }/g" templatedir/ParamsInReplace2.sh #

Add the energy for this run

32 sed -i "s/NumPartS/${nps}/g" templatedir/ParamsInReplace2.sh # Add

the nps for this run

33

34

35 # Submit the Dakota PBS job!

36 qsub daksub${num}.pbs

37

38 echo "******* From newrun${num}: daksub${num}.pbs Submitted *******"
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Listing A.2. daksub4614.pbs

1 #!/bin/bash

2

3 #PBS -N DakLay4614

4 #PBS -l walltime =29:00:00

5 #PBS -l select =1: ncpus =48: mpiprocs =48

6 #PBS -q standard

7 #PBS -A <project number >

8 #PBS -j oe

9 #PBS -r n

10 #PBS -V

11

12 date

13 # Note when the run started

14

15 cd $PBS_O_WORKDIR

16

17 export DAKOTA_NPROCS =48 #MAKE THIS EQUAL TO NUMBER OF PROCESSORS

REQUESTED

18 # export NProcs=$DAKOTA_NPROCS

19 export MPI_SHEPHERD=true

20 export MPI_DSM_DISTRIBUTE=true

21

22 dakota -i daksl4614.in -o daksl4614.out

23

24 date

25 # Note when the run ended
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Listing A.3. daksl4614.in

1 # Dakota Input File: MCNP Multi -Layer Thickness Study Test

2 # Initial template by Thomas Schlitt -- for Zack Bretz , edited by

Zack Bretz

3 # November 2021

4 # Usage: dakota -i daksl000.in -o daksl000.out

5 # Building in conjunction with Zack Bretz optimization problem

6 # This deck should optimize a three layer target of various

materials , bombarded by protons or deuterons

7

8

9 environment

10 tabular_data

11 tabular_data_file = ’soga3Layers.dat ’

12

13 method

14 soga

15 population_size = 50

16 convergence_type best_fitness_tracker

17 percent_change = .01 num_generations = 15

18 print_each_pop

19 # convergence_type average_fitness_tracker

20 # num_generations = 20

21 # percent_change = .1

22

23 # defaults

24 # fitness_type merit_function

25 # replacement_type elitist

26 # initialization_type unique_random

27 # crossover_type shuffle_random

28 # num_parents = 2
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29 # num_offspring = 2

30 # crossover_rate = 0.8

31 # mutation_type replace_uniform

32 # mutation_rate = 0.08

33 # convergence_tolerance = 1.e-4

34

35

36

37 model

38 single #<<-- single analysis rather than multiple (DACE , etc)

39

40

41

42 variables

43 # continuous_design = 2 # This is how you specify the variable

type to work with

44 # descriptors ’thick1 ’ ’thick2 ’

45 # lower_bounds 0.001 0.001

46 # upper_bounds .5 .5

47

48 discrete_design_range = 3

49 # this range will determine the percentage of the thickness to be

used for each

50 # layer , of which we will limit to 3

51 descriptors ’thick1 ’ ’thick2 ’ ’thick3 ’

52 lower_bounds 1 1 1

53 upper_bounds 100 100 100

54

55 discrete_design_set

56 # integer 1

57 # descriptors ’mat1 ’ ’mat2 ’

58 # elements_per_variable 3 3
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59 # elements 32 42 62 32 42 62

60

61 string 3

62 descriptors ’mat1 ’ ’mat2 ’ ’mat3 ’

63 elements_per_variable 4 4 4

64 elements ’32Sp@ces -0.535 ’ ’42Sp@ces -1.848 ’ ’6222Sp@ces

-1.05’ ’62Sp@ces -2.0’

65 ’32Sp@ces -0.535 ’ ’42Sp@ces -1.848 ’ ’6222Sp@ces

-1.05’ ’62Sp@ces -2.0’

66 ’32Sp@ces -0.535 ’ ’42Sp@ces -1.848 ’ ’6222Sp@ces

-1.05’ ’62Sp@ces -2.0’

67

68 interface

69 fork

70 asynchronous evaluation_concurrency = 4

71

72 analysis_drivers = ’l2sim_driver.sh ’

73 parameters_file = ’params.in’

74 results_file = ’results.out ’

75 file_tag file_save

76 work_directory named ’workdir ’

77 directory_tag directory_save

78 link_files = ’templatedir /*’

79 deactivate active_set_vector

80

81 responses

82 objective_functions = 1

83 sense = "max"

84 descriptors = ’TotNFlux ’

85 no_gradients

86 no_hessians
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Listing A.4. l2sim driver.sh

1 #!/bin/sh

2 # Sample simulator to Dakota system call script

3 # The first and second command line arguments to the script are the

4 # names of the Dakota parameters and results files.

5 #

6 #

7 #

8 # DO NOT TOUCH!

9 params=$1 #These are the connection points that DAKOTA will

interface with !

10 results=$2

11 # echo

12

13 # echo "===== results = ${results} ====="

14

15 numarr =(${results //./ })

16 evalnum=${numarr [2]}

17 # echo "1sim - eval number: ${evalnum }"

18

19 # --------------

20 # PRE -PROCESSING

21 # --------------

22 # Incorporate the parameters from Dakota into the template , writing

ros.in

23 # dprepro $params dob.template <<Target >>

24 dprepro --inline "?? ??" $params ParamsInReplace2.sh

ParamsInReplaced${evalnum }.sh

25

26 # echo "1.5 sim ls of $(pwd): $(ls) ---- end ls ---- Should have

ParamsInReplaced${evalnum }.sh"
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27

28 #above line is done in each workdir.N, where N is the evalnum

29 # ParamsInReplace.sh is in the templatedir folder

30 # echo "2sim ========= PIR${evalnum }.sh has been created and

dpreproed ======"

31

32 # Copy the evaluation number N into the params folder

33 sed -i "s/evaluati0nnumber/$evalnum/g" ParamsInReplaced${evalnum }.sh

34 # echo "3sim ========= The eval num has been sed ’d to PIR${evalnum }.

sh ======"

35

36 #echo ’4sim ######################################### ’

37 # echo "5sim pwd: $(pwd) <should match > ${evalnum }" # Ascertain the

workdir

38 #echo "6sim ls of $(pwd): $(ls)"

39

40

41 # ---------

42 # EXECUTION

43 # ---------

44

45 # Fill in MCNP template by running ParamsInReplace${evalnum }.sh (

Parameters input replace in MCNP)

46 chmod 755 ParamsInReplaced${evalnum }.sh # Make sure it can be run

47 ./ ParamsInReplaced${evalnum }.sh # run it

48

49 # echo "7sim ====== ${evalnum} MCNPtargets3.i created ======"

50

51

52 # Run MCNP!

53 # mpiexec -np 48 mcnp6.mpi xsdir=xsdir_mcnp6 .2 _JDEU_CP2020 i=

MCNPtargets3.i o="${evalnum}_MCNP.o"
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54 # mcnp6 xsdir=xsdir_mcnp6 .2 _JDEU_CP2020 i=MCNPtargets3.i o="${

evalnum}_MCNP.o" tasks 4

55 # mpirun -np 4 singularity run /p/work1/projects/afitenp/MCNP/

MCNP620/mcnp620mustang_mpi.sif ixr xsdir=xsdir_mcnp6 .2 _Bretz i=

MCNPtargets3.i o="${evalnum}_MCNP.o"

56 # srun -n 12 mcnp6 xsdir=xsdir_mcnp6 .2 _Bretz i=MCNPtargets3.i o="${

evalnum}_MCNP.o"

57

58 sed -i "s/NUMEVAL/${evalnum }/g" runMCNP.pbs # Update with the

current eval number , same as N in workdir.N

59 #chmod 755 runMCNP.pbs #not sure this is necessary but it’s here

60 qsub runMCNP.pbs # Submit the MCNP job to the debug queue

61 echo "******* qsubbed runMCNP.pbs in eval ${evalNum }*******"

62

63 ticker =0

64 while [[ ! -e ${evalnum}_MCNP.o ]]; do

65 if [[ $ticker -ge 45 ]]; then

66 echo "Took more than 1.5m for ${evalnum}_MCNP.o to write"

67 touch ${evalnum}_MCNP.o

68 echo "Touched ${evalnum}_MCNP.o, will write filler in next

step."

69 fi

70 (( ticker ++))

71 sleep 2

72 done

73 echo "Took ${ticker} seconds for ${evalnum}_MCNP.o to write"

74 sleep 10 # We need to make sure ${evalnum}_MCNP.o is finished

75 MCNPfin=false

76 while [[ ! $(tail -n 1 ${evalnum}_MCNP.o | grep ’ mcnp ’) ]]; do

77 if [[ i -ge 48 ]]; then

78 echo "*********************${evalnum}_MCNP.o failed to

finish after 8 minutes *********************"
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79 echo "${evalnum}_MCNP.o failed to write" >> ${evalnum}_MCNP.

o

80 echo " surface 99.2" >> ${evalnum}_MCNP.o

81 echo " total 9.99999E+00 0.0000" >> ${evalnum}

_MCNP.o

82 echo " mcnp v" >> ${evalnum}_MCNP.o

83 echo "***** **** *** ** * Wrote error and filler out code

for ${evalnum}_MCNP.o* ** *** **** *****"

84 # break

85 fi

86 ((i++))

87 if [[ i -ge 50 ]]; then

88 echo "*********************${evalnum}_MCNP.o failed to

finish after 8.33 minutes , something else wrong

*********************"

89 break

90 fi

91 sleep 10

92 done

93

94 echo " ===== ${evalnum}_MCNP should have finished writing ===== "

95

96 rm runtp* # these take a lot of storage , unneeded

97 # echo "8sim ======= created ${evalnum}_MCNP.o======="

98 # echo "9sim ======= SHOULD ’VE RUN MCNP INP ${evalnum }======="

99

100

101

102 # ---------------

103 # POST -PROCESSING

104 # ---------------

105 # extract function value from the simulation output
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106 # the MCNP output file must be in the format N_MCNP.o, where N is

the workdir.N number

107 python get_flux.py

108 # echo "10sim ======= SHOULD ’VE RUN GET_FLUX ${evalnum }======="

109 # echo;echo;echo

110 # echo ’11sim === end sim ===’

111 # echo;echo;echo
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Listing A.5. ParamsInReplace2.sh

1 # This file should be initially placed in the templatedir directory.

2 # The values which will be subbed into the MCNP template will be

3 # edited by dprepro.

4

5 # The variable following evalNum should be sed ’ed in by lsim_driver.

sh,

6 # and this file renamed ParamsInReplaced${evalNum }.sh

7 evalNum=evaluati0nnumber

8

9 #echo "Params Check 1"

10

11 # Does evanNum ==the N in workdir.N?

12 cwdp=$(pwd) # Current working directory path

13 cwdparr =(${cwdp //// })

14 cwd=${cwdparr[${#cwdparr[@]} -1]} # last element in the path

15 cwdarr =(${cwd //./ })

16 evalwN=${cwdarr [1]}

17

18 # echo ’next line is line 19’

19 if [[ $evalNum -eq $evalwN ]]

20 then

21 echo "par2 ====== We are in the right place! ${cwd} ======"

22 fi

23

24

25 # ----------------------------

26 # Other Settings (Defined & sed ’d in newrun ###.sh)

27 # ----------------------------

28 nps=’1e7’ # number of particles to run

29 energy=’2’ # Energy in MeV
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30 particle=’d’ # Particle is either p or d

31 #echo "*** Should have ${nps} nps , ${energy} MeV energy , and ${

particle} particles in eval ${evalNum }***"

32

33 # ----------------------------

34 # dprepro variables

35 # ----------------------------

36 # These thickness percentages should be integers 1-100,

corresponding

37 # to the percentage of the max thickness

38 #echo ’par3 dprepro vars next ’

39 thickp1=’?? thick1 ??’

40 thickp2=’?? thick2 ??’

41 thickp3=’?? thick3 ??’

42

43 # Materials

44 matl1=’??mat1??’

45 matl2=’??mat2??’

46 matl3=’??mat3??’

47

48

49 # Function to get the layer ’s max thickness for a particular

material

50 get_tmax () {

51 matl=$1

52

53 if [[ $particle == ’h’ ]]; then

54 if [[ $energy -le 2 ]]; then

55 if [[ $matl == ’32Sp@ces -0.535 ’ ]]; then tmax=".017" #

SRIM: 159.08 um

56 elif [[ $matl == ’42Sp@ces -1.848 ’ ]]; then tmax="0.005"

#SRIM: 48.52 um
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57 elif [[ $matl == ’6222 Sp@ces -1.05’ ]]; then tmax=".01"

#SRIM: NA

58 elif [[ $matl == ’62Sp@ces -2.0’ ]]; then tmax="0.004" #

SRIM: 37.62 um

59 fi

60 elif [[ $energy -gt 2 ]]; then

61 if [[ $matl == ’32Sp@ces -0.535 ’ ]]; then tmax=".083" #

SRIM: 785.20 um

62 elif [[ $matl == ’42Sp@ces -1.848 ’ ]]; then tmax="0.025"

#SRIM: 233.61 um

63 elif [[ $matl == ’6222 Sp@ces -1.05’ ]]; then tmax=".01"

#SRIM: NA

64 elif [[ $matl == ’62Sp@ces -2.0’ ]]; then tmax="0.019" #

SRIM: 178.97 um

65 fi

66 fi

67

68 elif [[ $particle == ’d’ ]]; then

69 if [[ $energy -le 2 ]]; then

70 if [[ $matl == ’32Sp@ces -0.535 ’ ]]; then tmax="0.011" #

SRIM: 102.54 um

71 elif [[ $matl == ’42Sp@ces -1.848 ’ ]]; then tmax=".004"

#SRIM: 32.07 um

72 elif [[ $matl == ’6222 Sp@ces -1.05’ ]]; then tmax=".005"

#SRIM: 47.08 um

73 elif [[ $matl == ’62Sp@ces -2.0’ ]]; then tmax="0.003" #

SRIM: 24.78 um

74 fi

75 elif [[ $energy -gt 2 ]]; then

76 if [[ $matl == ’32Sp@ces -0.535 ’ ]]; then tmax="0.05" #

SRIM: 466.81 um

77 elif [[ $matl == ’42Sp@ces -1.848 ’ ]]; then tmax="0.015"
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#SRIM: 141.37 um

78 elif [[ $matl == ’6222 Sp@ces -1.05’ ]]; then tmax=".022"

#SRIM: 210.01 um

79 elif [[ $matl == ’62Sp@ces -2.0’ ]]; then tmax="0.012" #

SRIM: 109.41 um

80 fi

81 fi

82

83 else

84 echo "Incorrect particle designation in ParamsInReplace.sh."

85 echo tmax="NaN"

86 fi

87

88 echo $tmax

89 }

90

91 # Define the maximum thicknesses for each layer

92 tmax1="$(get_tmax $matl1)"

93 tmax2="$(get_tmax $matl2)"

94 tmax3="$(get_tmax $matl3)"

95 echo "Max thicknesses for eval $evalNum are ${tmax1} ${tmax2} ${

tmax3}"

96

97 # ----------------------------

98 # Do calculations

99 # ----------------------------

100 #echo ’par4 calcs next ’

101 thick1=$(echo "scale =5; $tmax1*$thickp1 /100;" | bc)

102 thick2=$(echo "scale =5; $tmax2*$thickp2 /100;" | bc)

103 thick3=$(echo "scale =5; $tmax3*$thickp3 /100;" | bc)

104

105 vx_3=$(echo "$thick1+$thick2" | bc)
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106

107

108

109 # ----------------------------

110 # Perform substitutions

111 # ----------------------------

112 # Save a new copy of mcnp template

113 # This file should be copied into the workdir.N folder , so we need

to

114 # copy the MCNP template from templatedir into this workdir.N

115 # mcnptemplatein=’mcnp.template .3 layers.in’

116 #echo ’par5 perform sed subs ’

117 Mt3=’MCNPtargets3.i’

118 cp ../ templatedir/mcnp.template .3 layers.in $Mt3

119

120

121

122 # Sub thicknesses

123 sed -i "s/thick1/$thick1/g" $Mt3

124 sed -i "s/thick2/$thick2/g" $Mt3

125 sed -i "s/thick3/$thick3/g" $Mt3

126

127

128 # Sub materials

129 sed -i "s/mat1/$matl1/g" $Mt3

130 sed -i "s/mat2/$matl2/g" $Mt3

131 sed -i "s/mat3/$matl3/g" $Mt3

132 sed -i ’s/Sp@ces/ /g’ $Mt3 # Remove those spaceholders

133

134

135 # Sub surface vector values

136 sed -i "s/vx_3/$vx_3/g" $Mt3
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137

138

139 # Other settings subs

140 sed -i "s/numPart/$nps/g" $Mt3

141 sed -i "s/3 n3rgy/$energy/g" $Mt3

142 sed -i "s/p@rticle/$particle/g" $Mt3

143

144 echo ’end params sh’
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Listing A.6. mcnp.template.3layers.i

1 Bretz thesis , 2 layer test deck template for Dakota optimization

2 c

3 c -

4 c

5 c ********************************************

6 c Cell Cards

7 c ********************************************

8 c

9 1 mat1 -1 imp:n=1 $ First target layer cell

10 c Note: mat1 will be a string which includes the material number and

the density

11 c Example: "42 -1.484"

12 c

13 2 mat2 -2 imp:n=1 $ Second target layer cell

14 c

15 3 mat3 -3 imp:n=1 $ Third target layer cell

16 c

17 9 0 1 2 3 -99 imp:n=1 $ Vacuum environment

18 c

19 99 0 99 imp:n=0 $ Kill zone

20

21 c ********************************************

22 c Surfaces

23 c ********************************************

24 c

25 c n RCC vx vy vz hx hy hz R

26 1 RCC 0 0 0 thick1 0 0 5 $ First Target layer

27 c

28 2 RCC thick1 0 0 thick2 0 0 5 $ Second target layer

29 c
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30 3 RCC vx_3 0 0 thick3 0 0 5

31 c

32 c

33 99 RCC -6 0 0 26 0 0 11.547 $ Boundary cylinder

34 c

35

36 c ********************************************

37 c Data Cards

38 c ********************************************

39 c --------------------

40 c Material Cards

41 c --------------------

42 c

43 c Need to figure out the multiple materials and xsec libraries , as

well as the

44 c multiple

45 c

46 c Lithium , density = 0.535

47 m31 3007.00h 1 $ Li p CP2020

48 m32 3007.83o 1 $ Li d JENDL

49 c

50 c Beryllium , density = 1.848000

51 m41 4009.00c 1 $ Be p ENDF8

52 m42 4009.83o 1 $ Be d JENDL

53 c

54 c Carbon , density = 2

55 m62 6012.83o 1 $ C d JENDL

56 c

57 c CD2 , deuterated polyethylene , density = ?????

58 m6222 6012.83o 1 $ The carbon part , JENDLDEU

59 1002.00o 2 $ The deuterons part , CP2020

60 c
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61 c

62 c HLIB card to add proton library

63 c

64 c

65 c --------------------

66 c Physics Cards

67 c --------------------

68 c minimum: mode and how long to run

69 mode n p@rticle $h d $t

70 nps numPart $ do we want to vary this?

71 c cut:d j .1 $ this line needed since MCNP by default cuts

deuterons below 2 MeV

72 cut:p@rticle j .001

73 c

74 c

75 c --------------------

76 c Source

77 c --------------------

78 c --- Disk source perpendicular to z-axis uniformly emitting

79 c ERG -MeV deuterons mono -directionally in the +ve x-direction

80 c

81 SDEF POS = -5 0 0 AXS=1 0 0 RAD=d1 PAR=p@rticle ERG=3 n3rgy

VEC=1 0 0 DIR=1

82 SI1 0 0.1 $ radial sampling distance , second number is Rmax

in cm

83 SP1 -21 1 $ radial sampling weighting: r^1 for disk

84 c

85 c --------------------

86 c Tallies

87 c --------------------

88 f11:n 99.1 99.2 99.3 $ All neutrons that incident the outer

cylinder

87



89 e11 .5 34i 18 $energy bins

90 fm11 1.48287 e7 $ per uC charge , ie , per deuteron? w/ 10e9 as

in lit plots

91 c The "detector" using this setup would be face 99.2

92 c

93 PRINT $ print it all

94 c PRINT 110
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Listing A.7. runMCNP.pbs

1 #!/bin/bash

2

3 #PBS -N MCNP4614_NUMEVAL

4 #PBS -l select =1: ncpus =48

5 #PBS -l walltime =00:20:00

6 #PBS -q debug

7 #PBS -A <project number >

8 #PBS -r n

9 #PBS -V

10 #PBS -j oe

11

12 echo ’********** ’

13 echo ’Run start:’

14 date

15 echo ’********** ’

16

17 mpiexec -np 48 singularity run /p/work1/projects/afitenp/MCNP/

MCNP620/mcnp620mustang_mpi.sif ixr xsdir=xsdir_mcnp6 .2 _Bretz i=

MCNPtargets3.i o=NUMEVAL_MCNP.o

18

19 echo ’********** ’

20 echo ’Run end:’

21 date

22 echo ’********** ’
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Listing A.8. get flux.py

1 #!/usr/bin/env python

2 ##########################

3 # PYTHON EXECUTION DRIVER:

4 #########################

5 ’’’

6 Author: Thomas Schlitt

7 Date: 11/7/21

8

9 Edited by Zack Bretz Jan 2022

10

11 Purpose:

12 -------------------

13 This script analyzes Be target output -- looks for "surface 99.2" (

yes , with two spaces in there) then finds the total neutron

production afterwards

14 ’’’

15 ########################################

16 # IMPORTS

17 ########################################

18 import os

19 import sys

20

21 fdir = os.getcwd () #There’s your home -directory for you

22

23 # fdir = current working directory (workdir.1,workdir.4,etc)

24 # num takes the full path of the workdir path and returns the

integer tail

25 num = fdir.split(’.’)[-1]

26 # ex. ~/ research/dakota/workdir .10

27 # num .: = 10

90



28

29 tally_bool = False #Stay false until we find the "Surface 99.2"

flag

30 #########################################################

31 # TIME TO PROCESS OUTCOME OF SIMULATIONS

32 #########################################################

33 with open(os.path.join(fdir ,"{0} _MCNP.o".format(num))) as f:

34 lines = f.readlines ()

35 for l in lines:

36 if ’surface 99.2’ in l:

37 tally_bool = True #turn on the tally bool

38 if ’total’ in l and tally_bool == True:

39 res = float(l.split()[1]) # save the negative of the total

flux number

40 print res

41 break #once we’ve found the result , break the loop and move on

42

43

44 fpath = fdir + r"/results.out .{0}".format(num)

45 # fpath creates the target file path & name for the results.out.#

that DAKOTA is looking for

46

47 with open(fpath ,’w’) as f: #with open() creates a text

editor instance under object "f"

48 f.write(’{0:.8f}’.format(res)) #write to the text file "f" one

number

49 # "0" means its the first

argument in the .format () call

50 # ":.8f" means write 16 decimal

places
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