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Abstract

This research determined a methodology for characterizing the Fast Beam Facility

(FBF) at The Ohio State University Nuclear Reactor Laboratory to test the response

of photovoltaic arrays to nuclear weapon radiation. Additionally, this research de-

veloped neutron and gamma nuclear weapon output spectra of two environments for

comparison to the FBF spectrum. A Bonner sphere spectrometer (BSS), coupled with

the unfolding program Maximum Entropy Deconvolution (MAXED), was employed

as a means of determining the energy spectrum of neutrons. Using the ISO 8529

americium beryllium (AmBe) source as the a priori default spectrum, MAXED was

used to unfold the spectrum of neutrons detected using the BSS from a 500 mCi AmBe

source. An MCNP model of the experiment was created with the ISO 8529 spectrum

used as the neutron source spectrum. The resulting unfolded neutron spectrum has

similar characteristics to the ISO 8529 reference spectrum, with peaks located at 3.1

and 4.7 MeV corresponding to the peaks of the reference spectrum. Spectral de-

viations from the ISO 8529 reference spectrum caused by low-energy, non-neutron

interaction events or neutrons thermalized through interactions in the experimental

environment are accounted for in the model and reflected in the final unfolded neu-

tron spectrum. Next, the neutron and gamma flux received at a fixed photovoltaic

array from two detonation scenarios were modeled with MCNP6: a ground-only and

a single building model for various height-of-bursts and yields. Thermalization due

to neutron interaction and scattering of gamma rays with environmental materials is

observed in the spectrum of resulting radiation incident on the photovoltaic array.
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DETERMINATION AND SIMULATION OF THE NEUTRON

SPECTRUM OF NUCLEAR DETONATIONS AND SURROGATE

SOURCES

I. Introduction

With international relations changing rapidly over the last half-decade, it is never

too soon to examine the capabilities of other technology that can help in detecting,

measuring, and defining weapon detonations. North Korea’s recent weapon deto-

nations are prime examples of the situations where this technology would be the

most useful, as quickly identifying a detonation will provide information on how to

defend against such weapons. Retired U.S. Army Gen. Vincent Brooks said in a

press-conference, “Nuclear or not ... these are missiles that do threaten our two most

important allies and our principal allies in northeast Asia. . . This has to be some-

thing that the United States is drawn into addressing,” [1]. This is especially true

when considering the growing tensions originating from Russia increasing its nuclear

forces, China’s pursuit of new nuclear capabilities, and threats to the U.S. and its al-

lies by North Korea [2]. Nonetheless, Thomas Cartledge, a nuclear engineer with the

Defense Threat Reduction Agency (DTRA), stated that “The scenario has changed.

. . Now, if you see a mushroom cloud go off in New York City, you won’t know who

did it, or what kind of weapon they used,” [3]. This issue still persists even with the

changes to the international relations of the United States.

1



1.1 Motivation and Purpose

Photovoltaic (solar) panels are one of the technologies that potentially meets the

capabilities described above. According to Dr. Lei Raymond Cao of The Ohio State

University Department of Mechanical and Aerospace Engineering, “a pre-coded solar

charge controller or power management system could capture the time sequence of

signature from the detonation, sending real-time information to a central control

center” [4]. Solar panels in the vicinity of a blast could collect and send characteristic

information of a nuclear blast to an information center outside of the damage zone,

providing real-time data.

In order to further examine the capability of photovoltaics as a form of nuclear

detection, the response of the panels must be examined using a nuclear weapon like

source of radiation. Since it is not an option to use an actual nuclear weapon (NW) to

observe the effects on the panels, a surrogate source must be used and manipulated to

mimic the radiation output by a NW detonation. The source planned for this research

is the Fast Beam Facility (FBF) at The Ohio State University Nuclear Research Lab

(OSU-NRL). The FBF was characterized previously near the core of the reactor using

bare wire activation with the programs STAYSL and SAND-II. As shown in Figure 1,

the neutron spectrum inside the FBF ranges from 0.01 eV to 10 MeV. Although there

will be differences in the neutron spectra from this region near the core and the region

at the end port of the FBF, this spectrum provides insight into the energies of the

neutrons emitted by the reactor. By shaping this spectrum, the FBF will be a useful

neutron source that can be used to mimic nuclear weapon output spectra.

2



Figure 1. The neutron energy spectrum of the Fast Beam Facility at OSU NRL.

To accomplish the task of shaping the beam from the reactor, a neutron collimator

will be attached to the end of the beam port amongst other filters, as shown in Figure 2

[4]. The neutrons will pass through the collimator and filters and interact with a solar

cell. A beam chopper placed between the end of the neutron beam port and the solar

cell along with a timing signal from a control-aquisition instrument will allow for time

modulation of the beam. Additionally, a xenon flash lamp and another timing signal

will simulate sunlight for combined light and neutron exposure. For experimental

consistency, the solar cell and xenon flash lamp will both be in a light-tight enclosure

to minimize background light interference. Lastly, a beam stop will be placed behind

the solar cell to ensure the safety of the experiment. This setup will allow the effects

of the radiation on the solar cell to be recorded and studied in future research.

3



Figure 2. Schematic drawing of real-time data acquisition with a time modulated fast
neutron beam for combined light and neutron exposure. Reproduced with permission
from [4].

The purpose of the research conducted for this thesis is to determine a method-

ology for characterizing the Fast Beam Facility (FBF) at The Ohio State University

Nuclear Reactor Laboratory. After characterization, the FBF can then be utilized

to test the response of photovoltaic arrays to nuclear weapon radiation. The flux

wire activation used to characterize the neutron spectrum near the core will not be

used to characterize the FBF due to energy limitations. Flux wires utilize threshold

reactions that are typically on the order of a few MeV. This does not give the discrimi-

nation necessary to characterize the FBF. The Bonner sphere spectrometer, however,

produces a continuous response up to approximately 12 MeV [5]. For this reason,

the capabilities of the Bonner sphere spectrometer is examined. This entails testing

the accuracy of the Bonner sphere spectrometer (BSS) using a source with a known

neutron spectrum. Furthermore, the Maximum Entropy Deconvolution (MAXED)

program is used to unfold the neutron spectrum of the known source. This research

will also examine the viability of MAXED in producing accurate unfolded neutron

spectra. Lastly, this research also provides modeled weapon output spectra for vari-

4



ous yields and height-of-bursts using the Monte-Carlo N-Particle (MCNP) transport

program. The weapon output neutron spectrum can be compared to the Fast Beam

Facility neutron spectrum so that modifications can be made to the port. The goal

is to shape the neutron beam coming from the port so that it is characteristically

similar to that of a nuclear weapon output spectrum. This additional work will be

conducted outside of the scope of this thesis by the OSU-NRL and AFIT staff and

researchers.

1.2 Methods and Limitations

Using the publicly released neutron and gamma output spectra of Fat Man, an

MCNP input file is created to calculate the neutron and gamma fluence one kilometer

away from a detonation. This models the NW detonation spectra that is most likely

to interact with a solar panel placed approximately 1 km from a blast. The spectra

are shown in Figure 3 and Figure 4. The spectra 1 km from the source provides a

good initial guess as to what energy photons and neutrons will interact with the solar

panel in a realistic scenario. Thus, these spectra are referenced when comparing the

output neutron spectrum from the FBF. Before characterizing the FBF at OSU, the

BSS is tested for accuracy using a source with a known spectrum. In this research,

the source is an americium-beryllium (AmBe) source. MCNP and MAXED are the

two programs utilized to do the spectrum unfolding. Using the latest version of

MCNP (MCNP6), the response functions of the BSS are modeled for various neutron

energies. Then, the input data, response function, and an a priori spectrum are used

by MAXED to deconvolve the measured neutron spectrum of the AmBe source. More

details on this process is included in a later chapter.

5



Figure 3. The photon energy spectrum 1 km from a source modeled after Fat Man.

Figure 4. The neutron energy spectrum 1 km from a source modeled after Fat man.

There are a few limitations to this research that will be noted here. First, a large

portion of this work is computational which comes with limitations of its own. One of

the most notable limitations is the statistical uncertainty associated with most Monte-

Carlo based programs. Another limitation is the fitting method used by MAXED.

By requiring an a priori spectrum, MAXED leans heavily on the competence of the

user. Additionally, a higher quality a priori spectrum leads to improved MAXED

spectral responses. This is not much of a challenge for neutron sources that have
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well-known and documented spectra, however it is much more challenging for neutron

spectra that have not yet been characterized. Lastly, a limitation that touches on the

theoretical side of this research involves the NW spectrum model. The model is based

on Fat Man which may or may not be an accurate representation of modern nuclear

weapons. Because of this, the nuclear weapon spectrum might be slightly different

than the spectrum that would be emitted if a nuclear detonation occurred today.

The portion of this work that is experimental also has limitations. The BSS, al-

though it has a wide range continuous response, is limited by the number of polyethy-

lene spheres. The number of spheres correlates to the energy discrimination of the

system. More spheres of varying sizes would allow for more discrimination between

neutron energies, however it also increases the complexity of the unfolding process

which can lead to inaccurate unfolding. This is due to the response matrix of the

detector and its associated polyethylene spheres: when the response functions for

spheres overlap, or when the functions are very similar, unfolding programs cannot

discriminate between the neutrons collected by the different spheres. This means that

although the energy of the neutron may vary slightly, the neutrons collected by two

spheres with similar responses will be unfolded and assigned to approximately the

same energy. Additionally, BSS’s are known for their low energy resolution due large

fluctuations in the number of collisions the neutrons undergo before being detected

as well as indistinguishable capture reactions [6]. Another limitation is the source

used to test the accuracy of the BSS. The americium beryllium (AmBe) source emits

a broad energy range of neutrons: up to approximately 11 MeV, where the average

neutron energy is approximately 4 MeV. For this reason, it is a good source to test

the versatility of the BSS. However, it is slightly different than the modelled FBF

neutron spectrum in that it has a higher flux for the lower energies, whereas the FBF

is expected to have a higher flux for the faster neutrons.
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II. Theory

The concepts and theory involved in the research are discussed in the following

sections. This includes literature related to the topics described in the previous

chapter.

2.1 Radiation Interactions

In order to better understand the underlying physics of neutron interactions af-

ter they emerge from the nuclear weapon, various concepts must first be discussed.

These concepts include the fundamental theories behind neutron interactions. By un-

derstanding the interactions of neutrons in the environment after they emerge from

the weapon, the resulting spectra that reaches the photovoltaic array can be deter-

mined. Additionally, this understanding can be applied to other neutron sources and

used to determine the resulting neutron spectra from any source in any environment.

2.1.1 Neutron Interactions

For low energy interactions between nucleons, the energy per nucleon is approxi-

mately 10 MeV or less. This energy region is of interest as it corresponds to commonly

used neutron source energies. To examine the individual types of interactions, the for-

mula for a general nuclear reaction is shown in Equation 1, also written as X(a, b)Y ,

where a is the projectile, X is the target, and Y and b are the products where b is

typically lighter than Y [7]. In general, for light projectiles with A ≤ 4, Y will stop

in the target material and b is a nucleon or γ that escapes and can then potentially

be detected.

a+X → Y + b (1)
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The different types of interactions between particles can be explained by examining

the different types of projectiles, targets, and products that fulfill Equation 1. For

example, if b is a γ, then this interaction is called radiative capture. If a is a γ,

then the reaction is called the nuclear photoeffect. Scattering occurs when X and

Y are the same nucleus: elastic scattering when the products are in their ground

states, and inelastic scattering when either product is in an excited state. These

two interactions slow or moderate the neutrons, making absorption of the neutron

by the target material more likely. This equation is accurate when describing most

interactions, however, there are slight variations. An example of this is a knockout

reaction where a and b are the same particle but there is another nucleon ejected,

making three products instead of two. Another example is a transfer reaction where

one or two nucleons are transferred from the projectile a to the target X, resulting

in only one product, Y . Transfer reactions are a type of direct reaction where most

of the target’s nucleons do not partake in the reaction. This type of reaction is often

used to examine the shell structure of the nuclei involved, since they result in a Y

that is in an excited state. Occasionally, a and X merge for a short period of time,

sharing the energy, before b is expelled. On the other hand, resonance reactions occur

when a quasi-bound state is reached between the reactants before b gets expelled [7].

At any given time, any of these reactions are theoretically possible. However,

depending on the target and incoming particles, certain reactions have higher proba-

bilities of occurring than others. The measure of this relative probability is known as

the cross-section, often denoted σ. Cross-sections play an important role in neutron

transport programs, like MCNP, which use the cross-sections to determine the neu-

tron propagation through a material. Cross-sections vary widely with neutron energy

and target material.

The reactions discussed previously are important when it comes to analyzing and
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shaping a neutron beam, since any matter between the beam source and the target ma-

terial will change the beam’s neutron energy spectrum. If a beam of mono-energetic

neutrons is directed towards a material of arbitrary thickness, the beam collected at

the back end of the material may have a much lower intensity. The decrease in inten-

sity is directly proportional to the thickness and composition of the material. This

intensity loss relationship is given by Equation 2 where dI is the loss in intensity of

the neutron beam, Io is the initial intensity of the beam, σt is the total cross section,

n is the number of atoms per unit volume of the material the beam traverses, and dx

is the material thickness [7].

dI = −Ioσtndx (2)

The cause of the decrease in intensity of the mono-energetic beam is that the

neutrons are either scattered or absorbed in the material. This either causes the

loss of neutrons in the beam or reduces the energy of a given neutron, but at the

same time creates lower energy neutrons. When looking at a single neutron emitted

by the beam, it is likely that the neutron will scatter more than once before either

being absorbed or making it out of the material to be collected by a detector, assuming

that the material is more than a few mean-free-paths thick. The mean-free-path is the

average distance a particle travels in a medium before interacting [8]. For neutrons,

the mean-free-path is equal to the inverse of the total macroscopic cross-section. The

energy distribution of a single neutron scattering more than once is best described as

in Figure 5 [7]. Mono-energetic neutrons scatter off carbon-12, creating a spectrum

of neutron energies ranging from 0.72E to E, as shown in Figure 5(a). This spectrum

is then divided into five separate groups, resulting in Figure 5(b). Figure 5(c) shows

the calculated energy distribution after the mono-energetic neutron scatters up to

four times. As shown, the energy spectrum of the scattered neutron spreads out and
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decreases with subsequent scatterings.

Figure 5. (a) A monoenergetic neutron of energy E gives, after a single scattering
from 12C, a flat distribution of laboratory energies E′ from 0.72E to E. (b) After a
second scattering, we get the five flat distributions shown, whose sum is the peaked
distribution. (c) An exact calculation of the energy distribution after 1, 2, 3, and 4
scatterings. Reproduced with permission from [7].

When the neutrons approach thermal energies, their speeds become comparable

to the thermal motion of the atoms of the material [7]. Thus, it can be assumed that

the neutrons reach thermal equilibrium with the atoms in the material after a given

amount of time and at a certain temperature if the volume of material is sufficient.

Applying statistical mechanics to describe the neutron energy distribution results in a

Maxwell distribution function. This function is shown as Equation 3, where f(E)dE
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is the fraction of neutrons with energies between E and E + dE, n is the number of

neutrons per unit volume, k is the Boltzmann constant, T is the temperature at which

thermal equilibrium is achieved, and E is the energy of the scattered neutron. This

equation is plotted in Figure 6. When comparing Figure 5(c) and Figure 6, one can

observe that the former becomes the latter with significantly more than four neutron

scatterings.

f(E)dE =
2πn

(πkT )3/2
E1/2e−E/kTdE (3)

Figure 6. Maxwellian energy distribution representing a neutron energy spectrum after
many scatterings. Reproduced with permission from [7].

By studying the interactions mentioned above using neutron beams, nuclear re-

actors, and smaller planchette sources, the effects of neutron sources that cannot

currently be produced, like the neutrons from a nuclear detonation, can be extrap-

olated through statistical modeling. For example, neutron transport programs have

the ability to allow the user to create a scene out of various geometries and materi-

als, and then model the amount and energies of neutrons reaching a certain point or

surface some user-defined distance from the source. This location is often denoted

as a detector. The source starts the transport process by creating particles of user-
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designated energies that propagate throughout the materials and geometries from the

source location. This can be done simplistically for small geometries or for large-scale

scenarios. Regardless, the particle interactions involved are the same, only the num-

ber of interactions is different. For a model that mimics a nuclear detonation, with

a potentially large volume of neutron interaction, there will be significantly more in-

teractions involved as compared to modeling the inside of a 4 mm detector crystal.

By comparing the source energy spectrum and the energy spectrum of the particles

collected at the detector, the differences are explained by the interactions discussed

above.

2.1.2 Neutron Activation

A transfer reaction, also known as neutron capture, occurs when the projectile a

is a neutron and the product Y becomes a new element, typically in a radioactive

state. This process is also referred to as neutron activation. For low-energy incident

neutrons, the excited product usually results in a γ emission. Figure 7 shows some

of the resulting processes after neutron capture occurs. The excitation energy of the

radioactive product A′ is equal to the neutron separation energy plus the energy of the

incident neutron. In addition, these reactions can be used to determine the energy

and spin-parity of the capturing nuclei. The spin and parities are determined via

Equations 4 and 5, where I ′ is the spin capturing state, I is the spin of the original

nucleus (X), l is the orbital angular momentum of the neutron, s is the spin angular

momentum of the neutron, and π is the parity of the original nucleus [7].
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Figure 7. Low-energy neutron capture leads to state I’, which then emits a primary γ
followed by a secondary γ. Reproduced with permission from [7].

I ′ = I + l + s (4)

π′ = π(−1)l (5)

Thermal neutrons result in s-wave capture, where the neutron orbital angular

momentum l is 0, and I ′ = I ± 1
2

and π′ = π [9]. For the capture state to decay via

γ emission, the γ spectrum shows the primary radiations from the capture state to

lower excited states and secondary radiations from the lowest excited states to the

ground state. These primary and secondary radiations are shown in Figure 7 as the

primary and secondary γ rays [7]. It is also common for the neutron capture to result

in a radioactive ground state.

These reactions are useful for a multitude of reasons, one of which is neutron acti-

vation analysis (NAA). NAA is used to detect the elemental makeup of materials by
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examining the characteristic radiation emitted by elements in the material after they

absorb neutrons [10] [11]. The analysis is done by exposing a sample of the material

to a beam of thermal neutrons, initializing the (n,γ) reaction. The radioactive nuclei

produced then emits γ’s (prompt γ) or β decays and then emits a γ’s (delayed γ) to

become stable again. The activity of the sample after irradiation can be calculated

according to Equation 6 in decays/s, where φ is the neutron flux in neutrons/cm2/s,

σ is the thermal neutron capture cross section in barns, m is the mass of the isotope

in grams, and A is the isotope mass number of the sample [7]. By applying this equa-

tion and an assumption about the efficiency of the gamma spectroscopy detector, the

total time required to count to get a resolved gamma peak can also be calculated.

Additionally, if the cross-section is known, and the activity can be measured, this

equation can be used to calculate an unknown neutron flux. On the other hand, if

the flux is known, it can also be used to calculate for unknown cross-sections.

Activity = 0.602
m

A
σφ(1− exp(−λt)) (6)

By counting the γ rays using a high-purity germanium (HPGe) detector or a

similar device, the energies of the prompt and delayed γ rays can be recorded. From

this information, the isotopes in the sample can be determined. Additionally, the

intensities of the γ ray energy peaks are directly proportional to the amount of the

original isotope in the sample [7]. This methodology was utilized to characterize the

neutron spectrum near the core of the FBF at OSU-NRL, the results of which were

discussed in Chapter 1.

2.1.3 Neutron Particle Transport

To better understand how transport programs like MCNP work, it is critical to

understand the theory behind neutron transport as a whole. Transport theory in gen-
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eral is based on the Boltzmann transport equation and its solution which describes

the transport of neutral particles as they collide with one another [12]. For clarity, the

Boltzmann transport equation is shown as Equation 7. When looking at the terms,

the Boltzmann transport equation accounts for the rate of accumulation of neutrons

by subtracting the rate of leakage out of the volume, subtracting the total interaction

rate due to absorption or scatterings, adding the total fission rate which produces

a given energy spectrum, and finally adding the differential scatterings of the neu-

trons. With seven independent variables, solving the Boltzmann transport equation

analytically is not achievable. The difficulty of solving this equation can be reduced

by making assumptions, but this makes the application less practical. It can also be

approximated for very limited applications in terms of the diffusion theory approx-

imation. However, this approximation is typically only used for describing neutron

transport in reactors since it assumes the neutrons are monoenergetic. Because of

these limitations, numerical techniques are required to get realistic solutions of the

Boltzmann transport equation.

1

v(E)

dΦ(−→r , E,
−→
Ω , t)

dt
=

−
−→
Ω ·
−→
∇Φ(−→r , E,

−→
Ω , t)− Σt(

−→r , E,
−→
Ω )Φ(−→r , E,

−→
Ω , t)

+ χ(E)

∫
dE ′

∫
dΩ′vΣf (−→r , E ′,

−→
Σ′)Φ(−→r , E ′,

−→
Ω′, t)

+

∫
dE ′

∫
dΩ′Σs(

−→r ;E ′;
−→
Ω′ →

−→
Ω )Φ(−→r , E ′,

−→
Ω′, t) (7)

The most commonly used numerical technique is the Monte Carlo method. Math-

ematicians John von Neumann and Stanislaus Ulam proposed a solution that com-

bined the probabilities of each possible interaction the particle could undergo in a

material with random sampling techniques to create a ’random walk’ for each par-
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ticle [12]. Using a roulette wheel to do the hard work, Monte Carlo techniques do

not solve the Boltzmann transport equation, but instead simulate the behavior of the

particles through space. The random sampling techniques involve probability density

functions for each possible particle interaction. This interaction parameter, x, has a

distribution as shown in Equation 8. A number is then randomly selected between

0 and 1 that is assigned to x, which determines whether a specific interaction event

occurs for the particle in question.

p(x) = 1 0 ≤ x ≤ 1 (8)

Statistically, the Monte Carlo solution is an approximation for the unique solution

that has a corresponding confidence interval in which the correct answer lies [12].

Additionally, the statistical uncertainty associated with this numerical method is

indirectly proportional to the simulated number of particles. The accuracy of the

approximation improves according to the law of large numbers. When more samples

are taken, the average of those samples gets closer to the ”true” mean. This average

is shown in Equation 9, where N is the number of samples, xi is the recorded variable

for the ith sample, and x is the mean or average of the variables.

x =
1

N

N∑
i=1

xi (9)

Physically, the Monte Carlo process can be described in a few steps. First, the

particles are introduced into an environment by a source. The particles are tracked

through the environment where both the energy and direction of each particle is

randomly sampled from their corresponding probability distribution functions [12]

[13]. Additionally, the type of interactions for each particle are randomly sampled

using the associated cross-sections for each interaction. It should be noted that the
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types of interactions treat the particle differently: scatterings change both the energies

and directions of the particles, and leakages, captures, and fissions end the current

particle’s transport and start the transport of the next particle. The final result is a

total count of particles that make it through the environment to a desired location.

MCNP, one of the most commonly utilized Monte Carlo based programs, is a

“general-purpose, continuous-energy, generalized-geometry, time-dependent, Monte

Carlo radiation-transport code designed to track many particle types over broad

ranges of energies,” developed by Los Alamos National Laboratory (LANL) [14].

MCNP6 is the most recent version of MCNP and is the merge of MCNP5 and MC-

NPX. This version includes new features and capabilities including, but not limited

to, an expansion of particle types to include heavy ions, updated high-energy physics

models, muon capture physics, LLNL photofission and neutron fission multiplicities,

double differential particle interaction cross-section generator, and more.

A single MCNP6 input deck consists of three sections: cell cards, surface cards,

and data cards. The cell card is where the cells for each of the surfaces is created.

The surface card creates the surfaces that make up the cells from the previous section.

This includes the shape and its corresponding dimensions for each surface. Lastly,

the data cards consist of the material makeup of each surface, the source information,

the tallies, and the number of particles. The tallies are chosen based on the type of

data the user is looking for. For example, the F2 tally calculates the flux averaged

over a surface that the user also chooses.

2.1.4 Neutron Detection

Neutron detection utilizes the interactions discussed previously. There are three

categories of commonly used neutron detectors, one of which is gas-filled detectors.

Gas-filled detectors consist of a chamber filled with gas that also has an electrode on
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each end with an applied potential difference between the two electrodes [15]. When

radiation interacts with the gas, it ionizes and creates ion pairs inside the chamber.

The cations are attracted to the cathode and the anions to the anode, creating a pulse

that can be measured. This process is shown in Figure 8. There are three types of

commonly used gas-filled detectors: ionization chambers, proportional counters, and

Geiger-Mueller (GM) counters. The processes of these three detectors are similar,

however they vary in magnitudes of applied voltage and geometries.

Figure 8. Schematic of a gas-filled detector. Reproduced with permission from [15].

Semiconductor detectors are also commonly used neutron detectors. Similar to

gas-filled detectors, semiconductor detectors rely on ionization by the incident radia-

tion. However, instead of a gas-filled chamber, the material is a solid material with

a crystal lattice and the ionization creates electron-hole pairs rather than ion pairs

[16]. Since standard semiconductor materials do not have high neutron absorption

cross-sections, a neutron reactive layer is typically applied on the outside of the semi-

conductor. This material utilizes neutron reactions to convert the neutron into a

reaction product that enters the semiconductor and creates the electron-hole pairs.

This process is shown in Figure 9 [17]. These electron-hole pairs are then collected,

creating an electrical signal that can be detected.
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Figure 9. Simple device design of a semiconductor detector. Reproduced with permis-
sion from [17].

Lastly, scintillation detectors are also commonly used for neutron detection. Scin-

tillation detectors work quite differently than the other two types of detectors. The

incident neutron interacts with the scintillator, creating a charged particle, an alpha

particle, or a high-energy photon that excites electrons in the scintillator, changing

the electron configuration [18]. The various excited states for an organic molecule,

including the singlet states, S#, triplet states, T#, and the vibrational states, S##,

are shown in Figure 10 [8]. Typically, a molecule excited to a state higher than the

S1 singlet state de-excites on the order of picoseconds via internal conversion to the

S10 state. The prompt fluorescence, or optical photon, emitted by the scintillator is

caused by the de-excitation of the S10 state to one of the various ground states [8].

The photon interacts with the photocathode which then releases an electron. This

electron is accelerated toward a dynode by a voltage potential. When it interacts

with the dynode, additional electrons are released. These electrons are accelerated

toward a second dynode that results in the release of more electrons. This process

amplifies the current by multiplying the amount of electrons produced from a single
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photon interaction. The current is then strong enough to create a pulse that can

be detected. This process is shown in Figure 11. Occasionally, intersystem crossing

occurs where the excited singlet state is converted to a triplet state. This process

is shown on the right side of Figure 10. This state can also de-excite to produce a

delayed optical photon, often called phosphorescence. These photons typically have

lower energy than those created in the fluorescence.

Figure 10. Electron energy levels of an organic molecule. Reproduced with permission
from [8].
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Figure 11. Schematic of a scintillation detector. Reproduced with permission from
[18].

Inorganic scintillators operate similarly to organic scintillators, following electron

excitation and de-excitation. One of the principles that sets inorganic scintillators

apart are added impurities. These impurities, also called activators, in the crystal

lattice allow the wavelength of the emitted optical photon to be controlled by changing

the energy band structure of the scintillator by reducing the energy of the transition

from the conduction band to the valence band. This process is shown in Figure 12

[8]. The historical example of this phenomenon is sodium iodide. By adding thallium

iodide to the crystalline sodium iodide, the light produced in the scintillator was

significantly larger than that produced by organic scintillators of the time [8].

Figure 12. Activated scintillator energy band structure. Reproduced with permission
from [8].
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Most detectors have two different modes that they can operate in: pulse and

current mode. Pulse mode processes the signal generated from each interaction sep-

arately, whereas current mode averages the signals together to create a net current

signal [15]. Pulse mode, the more commonly used of the two modes, requires a time

separation between two pulses so that the signal is distinct. This time separation is

referred to as the dead time of the detector and it is highly dependent on the system.

For a paralyzable system, a pulse that occurs during the dead time extends the dead

time. This is problematic for any source with a high neutron flux as the interaction

rate will be too high for the detector to count more than one interaction. For a non-

paralyzable system, the dead time is not extended when a pulse occurs during the

dead time caused by the previous pulse, making this system the most ideal for sources

with high neutron fluxes. The concepts of a paralyzable and non-paralyzable systems

is shown in Figure 13 [15]. Furthermore, Figure 14 shows the relationship between

the count rate of a detector and the interaction rate for ideal non-paralyzable, and

paralyzable detectors.

Figure 13. Depiction of how paralyzable and nonparalyzable systems operate. Repro-
duced with permission from [15].
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Figure 14. Relationship between the count rate and interaction rates for various types
of detecting systems. Reproduced with permission from [15].

Another important aspect of neutron detection is the efficiency of the detector.

The efficiency, also referred to as the sensitivity of the detector, is a determination

of the detectors ability to detect radiation [15]. For detectors in pulse mode, the

efficiency is equal to the probability that the incoming particle will interact with the

detector medium and a pulse will be created and collected. Detector efficiency is

typically broken up into two parts: geometric efficiency and intrinsic efficiency. Geo-

metric efficiency, like the name entails, depends on the geometry of the detector and

source positioning and is approximately equal to the number of particles reaching the

detector over the number of particles emitted by the source. This relationship, defined

by the solid-angle Ω between the source and detector, is shown in Figure 15. Intrinsic

efficiency is dependent on the material makeup of the detector and is proportional

to the ratio of number of particles emitted to the number of particles reaching the

detector.
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Figure 15. Geometric efficiency depends on the solid-angle Ω, where the detector A is
some distance d from the source S. Reproduced with permission from [15].

Since neutrons do not directly ionize materials, they depend on reactions like

(n,p), (n,γ), or (n,α) for the ionization to occur. For this reason, neutron detectors

will either have a conversion region or the detector will consist of a material with

a high cross-section for a neutron reaction. For fast neutron detection, the (n,p)

reaction is generally relied on for signal generation. However, for thermal neutrons,

the primary reactions for signal generation are the (n,γ) and (n,α) reactions. For

this reason, materials with high thermal neutron absorption cross-sections are used.

Lithium-6 (6Li) has a high absorption cross-section for thermal neutrons at 941 barns

for the reaction shown in Equation 10. The energy dependent cross section is shown

in Figure 16.

n+6 Li → 4He+3 H + 4.78MeV (10)
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Figure 16. 6Li(n, α) reaction cross-sections [19].

Although 6Li is a useful material for detecting thermal neutrons, it is not as effi-

cient at detecting fast neutrons due to the lower reaction cross-section for this region.

However, fast neutrons can be moderated down to thermal regions and then interact

with 6Li, where the probability for the (n,alpha) reaction is high. One of the more

commonly used moderating materials is polyethylene. This is due to its high hydrogen

content and low impurities. Hydrogen is very efficient at moderating neutrons be-

cause its mass is near equal to the mass of a neutron. When a neutron interacts with

hydrogen, a large portion of its energy can be transferred to the hydrogen nucleus,

substantially reducing the energy of the incident neutron. As shown in Figure 17, it

takes approximately ten collisions with hydrogen nuclei to reduce the energy of the

incident neutron by a factor of one thousand.

With moderating materials, 6Li can also be used to detect fast neutrons. The

neutron detection efficiency of a 6LiI(Eu) crystal is dependent on the moderation

of the neutron energy and is shown in Figure 18. As shown, the efficiency of the

scintillator increases with increasing moderator thickness [20]. This shows that the
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integrity of the detector holds when used with various sized polyethylene spheres.

Further deconvolution analysis is needed to determine the neutron spectrum when

detecting moderated neutrons. This process is discussed later in this chapter.

Figure 17. The effects of neutron scatterings on neutron energy for various materials.
Reproduced with permission from [21].

Figure 18. Thermal neutron detection efficiency by different thicknesses of 6LiI(Eu)
crystal. Layers of various thicknesses of polyethylene rings were used to optimize the
neutron energy moderation. Reproduced with permission from [20].
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This research involves a LiI(Eu) scintillation detector where the ionizing radiation

interacts in the detector to produce UV and/or visible light [15]. A scintillating

detector was chosen over the other common detectors because they are known for

their high conversion efficiency which produces high energy resolution. Additionally,

they are relatively inexpensive compared to other detectors. The LiI(Eu) crystal used

was enriched to 96% 6Li (natural lithium is only 6% 6Li) to detect thermal neutrons.

The europium in the crystal acts as an activator. The purpose of the activator is to

lengthen the wavelength of the light emitted by the scintillator. The activator does

this by reducing the energy required to jump the band gap and therefore reduces the

energy of the resulting photon that is emitted [22].

2.2 Neutron Spectrum Unfolding

2.2.1 Bonner Sphere Spectrometer

Introduced in 1960, the Bonner sphere spectrometer, or BSS, measures neutron

spectra using a 4mm by 4mm LiI(Eu) scintillator crystal [23]. Capitalizing on the

thermal neutron cross-section of 6Li in the LiI(Eu) crystal, the detector operates in-

terchangeably within the center of polyethylene spheres of varying sizes. The spheres,

with diameters ranging from two to twelve inches, allow neutrons with energies rang-

ing from 0.025 eV to approximately 10 MeV to be measured by the LiI(Eu) crystal.

For this reason, BSS are typically involved in characterizing unmoderated reactors

[6].

There are a few factors that affect the BSS and its response, efficiency, and energy

resolution. Although the larger spheres are necessary to moderate fast neutrons to

thermal energy ranges, they also increase the chance of a lower energy fast neutron

being absorbed before reaching and interacting with the detector crystal. This is

shown in Figure 19. Additionally, when an incident neutron collides with a hydrogen
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nucleus in the polyethylene sphere, it can potentially be deflected back out of the

sphere and never reach the detector crystal. This is also shown in Figure 19. System-

atically, the BSS also suffers from low-energy resolution due to the loss of information

about the incident neutron energy. This is caused by the variation in the number of

collisions occurring in the moderating spheres. Due to this, the average energies of

the neutrons are calculated for each sphere. The capture reactions in the detector

crystal are also indistinguishable, furthering the loss of information about the energy

of the incident neutron [6].

Figure 19. Depiction of the possible neutron paths when interacting with the Bonner
Sphere spectrometer with two varying sized polyethylene sphere moderators [23].

To ensure the accuracy of the BSS in detecting neutrons, the system should be

calibrated accordingly. The Environmental Measurements Laboratory (EML) rec-

ommends that the calibration be done with the National Institute of Standards and

Technology (NIST) monoenergetic neutron beams. However, AFIT does not have this

capability so the calibration must be done with different sources. The EML also rec-

ommends that the normalization of the response matrix of the detector be performed
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using a 252Cf fission neutron source in an open air calibration facility. This limits the

ground and air scattering to approximately 3% of the total contribution of neutron

moderation [6]. This step is not necessary as the response functions were determined

using MCNP modeling. The BSS can also be calibrated in a regular laboratory with

a standard neutron source, like 241Am, to determine the optimal operating voltage

[5].

The BSS is chosen to conduct the neutron detection in this research due to its

versatility and mobility. AmBe neutron sources emit neutrons with an average energy

of 4.2 MeV and a maximum energy of 11 MeV via the reaction shown in Equation 11

[24], where the reactant α is emitted by the radioactive 241Am. This high energy

range of neutrons makes the AmBe source viable in testing the BSS’s efficiency at

detecting higher energy neutrons. After effectively detecting the neutrons emitted by

the AmBe source at AFIT, the BSS will be used to characterize the broader energy

range of neutrons emitted by the FBF at the OSU-NRL in future research.

9Be+ 4He→ 12C + 1n+ γ (11)

2.2.2 Spectrum Unfolding Programs

To determine the neutron spectrum of a source, the raw data collected by the

scintillator must be deconvoluted or unfolded. The unfolding is done by relating the

number of interactions recorded in the detector (counts) to the neutron flux energy

spectrum. This relationship is defined as the response function of the detector and

a discussion of neutron flux is required to examine it fully. Neutron flux is defined

as the rate of flow of neutrons. Specifically, it is the density of neutrons that has

traveled a set distance in space in a given amount of time, resulting in units of

neutrons/cm2/sec [25]. Equation 12 shows the neutron reaction rate density, ρn, in
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terms of the macroscopic cross section for the given interaction for neutron energy E,

Σ(E), and the neutron flux at time t for neutron energy E, φ(E, r, t) [23].

ρn = Σ(E)φ(E, r, t) (12)

When the neutron energy flux and the counts are known, the detector response can

be determined via Equation 13, where Bi is the number of counts for the ith detector

setup, φg is the differential neutron flux for the gth energy group, Ri,g is the response

of the ith detector to the gth energy group, and ∆Eg is the width of the energy bin

of the gth group [23]. Solving this equation for Ri,g gives the response function for

one detector setup. For the BSS, the response matrix is the response function of

each polyethylene sphere setup including the setup without a sphere (bare detector)

compiled into a single matrix. The matrix is determined using MCNP by modeling

each BSS setup and creating a neutron source with a known energy flux. The input

code of the model is attached in the appendix. An example of the response functions

is shown in Figure 20 [26].

Bi =
n∑

g=1

φgRi,g∆Eg (13)
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Figure 20. Calculated response functions of EML multisphere neutron spectrometer
detectors of varying sizes with BF3 counters. Reproduced with permission from [26].

Nk + εk =
∑

Rkifi (14)

The program Maximum Entropy Deconvolution (MAXED) is specifically designed

for the BSS and uses the relationship in Equation 14 to determine the neutron energy

spectrum of a source, where Nk is the counts, Rki is the discretized response function,

εk is the unknown measurement error, and fi is the discretized neutron spectrum. This

relationship is applied to each detector setup, k [26]. Finding a unique solution f(E)

requires more information for MAXED. An initial estimate, or a priori spectrum,

must be input to MAXED so that it can be modified by the new data. MAXED then

uses the modified spectrum as the best estimate of the neutron spectrum from the

source. The best estimate will be close to the true neutron spectrum if an accurate

a priori spectrum is used. The solution with the largest degree of entropy, S, is

the best solution. This value is calculated as shown in Equation 15, where fDEF
i is

the a priori discretized spectra [26]. This is MAXED’s way of keeping the unfolding
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process unbiased and consistent and it is the mathematical basis for the spectrum

deconvolution [23].

S = −
∑

[fi ln (fi/f
DEF
i ) + fDEF

i − fi] (15)

Finally, MAXED carries out the error of the spectrum unfolding by combining

the unknown uncertainties, εk, and the standard deviations of the measurements, σk,

into a chi-squared statistic, shown as the left-side of Equation 16, where Ω is usually

equal to the number of detectors [26]. It should be noted that this equation assumes

that the unknown errors, εk, are normally distributed with a mean equal to zero and

that the variances of the unknown errors are equal to σ2
k. The chi-squared value thus

provides an indicator of the goodness-of-fit of the spectrum to the actual recorded

data. Further information on the MAXED unfolding algorithm can be found in the

MAXED technical report [26]. An example of a neutron spectrum unfolded using

MAXED is shown in Figure 21, where the units for the y-axis is fluence per lethargy

(neutrons/cm2). The fluence per lethargy is defined as the time integrated neutron

flux divided by the logarithmic ratio of the initial neutron energy to the moderated

neutron energy. According to the technical report, this example unfolding resulted

in a chi-square value of 8 for the maximum entropy spectrum and 262 for the default

spectrum. These values seem quite high compared to normal chi-squared statistics

where any value below one is desired. This is because MAXED relies on the a priori

spectrum to unfold. The chi-squared statistic is therefore entirely dependent on the

accuracy of the a priori spectrum. If the a priori spectrum is close to the true

spectrum of the source, the chi-squared value will be close to 1. However, if there

is not enough information about a neutron source or it has not been characterized

by other means, the a priori spectrum may be very different than the true source

spectrum. This will result in a high chi-squared value that is directly proportional
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to the difference between the two spectra. In conclusion, MAXED is a viable tool in

unfolding neutron spectra for the neutrons collected with a BSS.

∑
ε2k/σ

2
k = Ω (16)

Figure 21. Default and MAXED spectrum for an example discussed in the MAXED
technical report. Reproduced with permission from [26].
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III. Methodology

3.1 BSS Response Functions

MAXED requires the response functions for the detector used in counting the

neutrons. Since it is difficult to find sources that have a wide range of neutron energies

with relatively similar fluences, the response functions are determined via simulation

with MCNP6. Using the same model from Decker in 2014, the model created in

MCNP6 is shown in Figure 22 [23]. As shown, the source is a parallel beam of mono-

energetic neutrons. Using the F4 tally, MCNP outputs the neutron flux averaged

over the detector surface. This model is run with various neutron energies for each

configuration of the polyethylene spheres to produce the response function for each

setup. The MCNP6 output is then plotted, as shown in Figure 23.

Figure 22. Diagram of the computational model used by MCNP6 to reproduce the
response function for each moderated sphere [23].
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Figure 23. BSS response matrix derived using MCNP6, based upon input parameters
described by Mares and Schraube [23].

Figure 23 shows that the bare detector captures significantly more low-energy

neutrons than higher energy neutrons. Most of the higher energy neutrons do not get

absorbed by the detector when there is no moderator around it. The anomalous peak

just below 1 MeV corresponds to the peak in the (n,α) absorption cross-section in

6Li, shown in Figure 16. The response function of the bare detector follows the shape

of the 6Li (n,α) absorption cross-section plot nearly identically. The only difference

occurs from 10−8 to 10−6 MeV where, instead of being linear, the response function

plateaus. This is likely due to the fact that the detector crystal is not completely

made-up of 6Li. Instead, 4% of the crystal consists of iodine and europium. These

two elements have noticeably high absorption cross-sections, as shown in Figures 24

and 25 where both 127I and 153Eu are mostly dominated by the (n,γ) reaction in this

region [19]. Although the cross-sections for both are still significantly lower than

the 941 barns (n,α) cross-section for 6Li, they still factor into the total probability

of interactions inside the crystal. As such, the resulting γ’s that are produced may

not have enough energy to create a light pulse in the detector. Therefore, these
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interactions are not counted. Another possible cause of this anomaly is the thickness

of the crystal. Neutrons with low energies may be interacting with the crystal on

the edge of the material. If the light pulse emitted by the resulting interaction is

too low, the detector will not count it. These interactions can also be applied to the

analysis of the other detector response curves as well since the other configurations

also appear to have a drop-off response in this energy range.

Figure 24. Neutron absorption cross-sections for 127I [19].

Figure 25. Neutron absorption cross-sections for 153Eu [19].
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The two and three-inch sphere setups have similar response functions. The two-

inch sphere has a slightly higher response for the low-end of the spectrum, whereas

the three-inch sphere has a significantly higher response for neutron energies above

10−5 MeV. Because of the lack of characteristic features in these spectra for the low

and high energy ranges, these two spheres are useful in characterizing neutrons with

energies between 10−7 and 10−3 MeV.

Starting with the five-inch sphere, the maxmimum response occurs for fast neutron

energies around 1 MeV, as shown in Figure 23. At this thickness, neutrons with

energies just below 1 MeV are being moderated enough by the sphere to interact in

the detector crystal and are counted. There is still a large response for neutrons with

energies above 10−3 MeV for this sphere, showing that the five-inch sphere setup is

still thin enough for lower energy neutrons to make it to the detector crystal without

getting absorbed by the sphere.

The eight-inch sphere shows a shift in the maximum response from that of the

five-inch sphere. Physically, this shows that as the moderator thickness increases,

the detector counts more interactions involving neutrons with energies above 1 MeV.

The maximum response occurs between 1 and 2 MeV for the five-inch sphere. The

response falls off drastically for neutrons with energies lower than 0.3 MeV, signifying

that most of the neutrons below this energy threshold get absorbed by the moderating

sphere or deflected away from the detector in the center.

The 10 and 12-inch spheres have similar characteristics to the eight-inch sphere

response curve. The major differences lie in the maxmimum response location and

the significant reduction to the response for energies below the maximum value. The

10-inch sphere has a maximum response around 3 MeV whereas the 12-inch sphere

has a maximum around 5 MeV. It should be noted that the maxima of both the 10-

inch and 12-inch spheres are lower in terms of response magnitude than the eight-inch
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response peak. This is likely due to the fact that more neutrons are being absorbed

by the moderator as it thickness increases. In addition, more neutrons with energies

above the peak values are thermalized and react with the detector crystal. This is

shown by the slight increase to the response functions above 2 MeV.

In conclusion, the response functions provide valuable information about the neu-

tron interactions within the polyethylene spheres by showing the moderation principle

in action. Additionally, the response functions for all of the detector setups make-up

the response matrix that is utilized by MAXED to unfold the neutron spectra of var-

ious sources. The response functions act as the distribution of the neutrons that are

recorded by the detector for each setup. The variation between unfolded spectra is

not caused by the response functions but by the magnitude in the number of counts

collected for each setup.

3.2 Testing the BSS

3.2.1 Experimental Setup

The LiI(Eu) detector was setup using the crank operated, steel, mobile storage

unit, shown in Figure 26 [5]. The AmBe source was placed on the table, 30 cm from the

detector. Using coaxial cables, the detector was attached to a CAEN data aquisition

device that utilized the CoMPASS software to record the counts. This setup is used

as it is fairly easy to repeat and requires the least amount of components, making

it rather transportable. The collection occurred for approximately one hour for the

bare, 2”, 3”, 5”, 8”, 10”, and 12” sphere configurations, for a total of seven hours

of data collection time. The data was recorded as counts per bin in SPE format per

the CoMPASS software’s capabilities. Using Python3, the counts for each setup were

summed over the total number of bins. Next, the total counts were divided by the

total run time of the detector, giving the counts per second for each detector setup.
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The results were compiled in this manner because MAXED requires the counts per

second for each detector setup to be combined into a single input file to conduct the

spectrum unfolding.

Figure 26. Depiction of the BSS setup on the mobile storage unit. Reproduced with
permission from [5].

3.2.2 MAXED Unfolding

The version of MAXED utilized for this research is part of the UMG package from

RSICC, called MXD FC33. There are three inputs required for MAXED to unfold

a spectrum: the *.ibu measured data file, the *.fmt response functions file, and the

*.flu default spectrum file. The format of these three files are particular to MAXED

requirements. Each of the three file formats are listed and described in the following

three tables [27].

The input file includes the measured data recorded by the LiI(Eu) for each setup.

The format of this file is included in Table 1. An example input file is also shown

in Figure 27. The first line is self-explanatory and is not used by MAXED. Line

2 is the number of measurements (7 for all sphere and bare setups) and the data

correction factor. This value is set to zero so that the data is not changed. However,

if the collection time was low, resulting in very few counts, the data correction factor
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could be changed to a non-zero value to make-up for the lack of counts. However,

this is not recommended because any anomalous counts will also be increases, which

would then give inaccurate unfolding results. The rest of the lines are for the data

for each configuration. Each of the inputs are separated by a space for these records.

The identification for each setup cannot be more than 8-characters in length. Next,

the diameter of the sphere is included in inches. The measured data is the corrected

count rate. The measured data uncertainty is included in absolute units and then as a

percentage. The default percentage values are used for this research. Lastly, a ”flag”

is included as an integer from one to seven. This includes the data in the unfolding.

These records are repeated for all detector setups as additional lines. These records

are summarized in Table 1.

Figure 27. Example MAXED input file for the measured data.
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Table 1. The format for the measured data file input for MAXED [27].

Line Number Description

1 A user chosen header (not used by MAXED; max 80

characters)

2 Number of measurements; Data correction factor (usu-

ally set to 0)

3a Name for the bare setup; sphere’s diameter (0”); mea-

sured data; absolute uncertainty; percentage uncer-

tainty; a ”flag” (a positive number for inclusion)

3b Same as 3a but for the second setup (2” sphere)

... ...

Last Same as 3a but for the last sphere (12”)

The second input file includes the response functions. Once again, this file contains

a header up to 80 characters long that is not used by MAXED. This file also includes

a second header line with the same parameters as the previous one. The third line

is the number of energy bin edges in the response function for the first setup and 0

for the units of energy (MeV). Next, the energy bin edges are listed. The dummy

variables are set to 0 or to any other integer and are not used by MAXED. Additional

lines are described in Table 2.
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Table 2. The format for the response functions file input for MAXED [27].

Line Number Description

1 A user chosen header (not used by MAXED; max 80

characters)

2 A user chosen header (not used by MAXED; max 80

characters)

3 Number of energy bin edges; units of energy (1 for MeV)

4 Energy bin edges

5 Dummy variable (set to 0)

6 Number of response functions

7a Short response function ID; 2 blank spaces; long re-

sponse function ID

7b Dummy variable; response function units, six dummy

variables

7c Response functions for the designated setup

8a,8b,8c Same as 7a, 7b, 7c for the next setup

... ...

Last Same as 7a, 7b, 7c for the last setup (12” sphere)

The last input file is the default spectrum file. This includes the a priori spectrum

information. Once again, the first line in this file is a user defined header of 80

characters or less that is not used by MAXED. The second record is the form of the a

priori spectrum and the energy units. The form of the spectrum is set to 2, or fluence

rate per bin. The units of energy is set to 1 for MeV. The first number in the third

line is another dummy variable not used by MAXED. It is set to zero. The rest of

the values in this line are the number of energy bins, repeated twice, and the highest
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energy bin edge. The rest of the lines include the actual a priori spectrum data and

are described in the Table 3 [27].

Table 3. The format for the a priori spectrum input file for MAXED [27].

Line Number Description

1 A user chosen header (not used by MAXED; max 80

characters)

2 Default spectrum form; energy units

3 Dummy variable; number of energy bins (repeated);

highest energy bin edge

4 First low energy bin edge; the first bin; uncertainty of

the first bin

5 Second low energy bin edge; the second bin; uncertainty

of the second bin

... ...

Last Last low energy bin edge; the last bin; uncertainty of

the last bin

After creating these three input files, MXD FC33 is applied for the calculations. A

control file can also be created but is not necessary to run the program. This involves

listing the directory locations of each input file in a separate *.inp file. MXD FC33

also requires the highest energy of the solution spectrum in the same units as the

response functions, the user-requested final chi-squared per degree of freedom, the

temperature and temperature reduction factor parameters, the energy bin structure

and the representation of the solution spectrum, and the users choice of default spec-

trum scaling. The values chosen for this portion of research are included in Table 4.

These values can are also included in the control file and are listed as separate lines.
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For further information on how to create a control file, refer to the UMG package

manual [27].

Table 4. Additional required values for MAXED to unfold. These values are also listed
in the control input file [27].

Line Number Chosen Values Description

5 7. Highest energy of the solution spectrum

6 1.1 Requested final chi-squared per degree of freedom

7 1.0, 0.85 Default temperature/temperature reduction factor

parameters

8 2, 1 Energy bin structure of the default spectrum, so-

lution spectrum is plotted as df
dE

9 0 Do not multiply the default spectrum with a scale

factor

10 0 Do not use the MXD FC33 determined scale factor

3.3 Nuclear Detonation Simulations in MCNP

Using the DTRA released weapon spectrum of Fat Man, MCNP models were

created with various yields and heights-of-bursts (HOBs). Two models were created:

a flat plain, and a flat plain with a single, 100 m tall concrete building. The building

has one meter thick walls as well as a one meter thick base and ceiling. Additionally,

the building is filled with the same air composition and density as the air outside of it.

Schematics of the models are shown in Figures 28 and 29. The source probability (SP)

and source information (SI) supply the probability distribution of neutrons emitted

by the Fat Man source. These values are included in Appendix 0.4. These values set

the probability distribution function of the source. The weighting factor relates the

yield of the weapon to the neutron flux emitted. For Fat Man, the weighting factor is
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1.590× 1023 per kT of yield. The source position is set to 10 m, 200 m, and 1 km to

model various HOBs. The detector is placed 1 km from the ground-equivalent of the

source location (ground-zero). Using two F5 tallies, the neutron and photon flux is

detected at a point detector and recorded in particles/cm2 for a defined energy range

of 0.01 eV to 20 MeV. The MCNP input card is also included in Appendix 0.4.

Figure 28. Schematic of the flat plain model in MCNP.

Figure 29. Schematic of the single building on a flat plain model in MCNP.
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The goal of modeling nuclear detonations in MCNP is to provide an estimate of the

radiation that would be incident on a solar panel located approximately 1 km away

from a NW explosion. Although, realistically, solar panels at this range are likely to

be damaged by the shock wave, the signal resulting from radiation interactions in the

solar panels will potentially be transmitted to a control facility a substantial distance

away before the panels are destroyed. A distance of 1 km is a good starting point to

examine the fluxes emitted by a detonation of various yields. It should be noted that

weapons with smaller yields may not have a strong enough output that would reach

a panel 1 km away. On the other hand, weapons with much higher yields will likely

destroy the panel before any information could be collected. Additionally, a radius of

1 km is approximately one-fourth the size of a medium-sized city like Dayton, Ohio.

At this range, it is likely that the radiation will interact with at least one solar panel

in Dayton or any arbitrary city.
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IV. Results and Analysis

The purpose of this section is to show the collective results of the research con-

ducted. This includes the results from the BSS testing, the AmBe unfolding, and the

MCNP scenario modeling. The AmBe unfolded spectrum is compared to the ISO

8529 reference spectrum to show the validity of MAXED’s deconvolution [28]. The

BSS collected data is compared to the results of the BSS MCNP model to show the

accuracy of the BSS and to validate that MCNP accurately models complex scenarios.

Additionally, the results of the MCNP detonation scenarios are discussed.

4.1 BSS Counting Results

The raw data collected by the BSS includes the counts for all events occurring in

the LiI(Eu) detector. Shown in Figure 30, the photopeaks correspond to the charac-

teristic neutron events. However, the additional low-energy events are likely caused

by gammas interacting with the detector. Since this research focuses on neutrons,

the low-energy events are excluded from the AmBe unfolding. The varying heights

in the peaks are characteristic of the neutron moderation occurring in the different

sized polyethylene spheres.

Figure 30. Raw counts collected by the BSS for one hour runs.

The five and 10-inch spheres have nearly identical peak values near 3,000 counts.
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Whereas, the 12-inch sphere peaks with a magnitude of approximately 250 counts less

than the five and 10-inch peaks. Additionally, the eight-inch sphere has the highest

peak value at just below 4,500 counts. Furthermore, the two smallest spheres, the

two and three-inch spheres, have the lowest magnitude peak values at around 300

and 900 counts, respectfully.

These distinguishing characteristics can be explained by examining the response

matrix of the BSS. As shown in the response matrix, Figure 23, the two and three-

inch spheres have the lowest responses for higher energy neutrons and the highest

responses for low energy neutrons. The low counts associated with the smaller spheres

are physically justified by the examining the known AmBe neutron spectrum and the

response matrix of the detector. Since most of the neutrons emitted by the AmBe are

around 4 MeV, a majority of the neutrons will not be moderated sufficiently by two

or three inches of polyethylene and will likely pass through the detector, uncollected.

However, there is still a chance that the emitted neutrons scatter before reaching

the polyethylene sphere since air is present between the source and detector. If the

neutrons scatter sufficiently, their energies will be low enough to be collected by the

detector. This is the most probable cause of counts collected for the two and three-

inch spheres.

The counts of the five and 10-inch spheres can also be explained by their cor-

responding response functions. The response function of the five-inch sphere peaks

around 0.6 MeV. However, this sphere has the highest response of all spheres from 2

keV to 0.6 MeV. On the contrary, the response of the 10-inch sphere only surpasses

the response of the five-inch sphere for neutron energies above 2 MeV. For all ener-

gies below this threshold, the response of the 10-inch sphere is an order of magnitude

lower than that of the five-inch sphere. The most likely cause of the similar counts for

these two spheres is that the neutrons reaching the spheres, on average, have energies
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of 2 MeV or greater. For this reason, the 10-inch sphere moderates and records most

of these neutrons. The five-inch sphere, however, only moderates and records some

of them. The rest simply pass through the detector without getting recorded. The

five-inch sphere is also moderating and recording a significant amount of the neu-

trons with energies below 2 MeV, whereas the 10-inch sphere does not due to a high

likelihood of the polyethylene absorbing the neutrons before they reach the detector.

When adding the described events for each sphere, the ratio between the two spheres

is roughly the same, leading to two peaks with nearly the same counts.

The same explanation applied to the 10-inch sphere can be applied to the 12-

inch sphere. The slight decrease in counts is likely caused by an increase of neutron

absorption in the polyethylene sphere or an increase in neutron deflection away from

the detector. This is also reflected in the response function by a slight decrease in

magnitude of the peak response for the 12-inch sphere compared to the magnitudes

of the eight and 10-inch response peaks.

Lastly, the eight-inch sphere has the highest counts of all setups. The most plausi-

ble cause of this is that most of the neutrons have an energy of approximately 2 MeV

when they reach the polyethylene spheres, which corresponds to the peak response

of the eight-inch sphere. In fact, the eight-inch sphere has the highest response for

2 MeV neutrons. Additionally, the eight-inch sphere has a higher response for lower

energy ranges than the 10 and 12-inch spheres. Therefore, the eight-inch sphere is

recording more lower-energy neutrons than the two larger spheres. This will also in-

flate the number of counts being recorded, leading to an increase in peak magnitude.

Finally, the counts were summed for the photopeaks only. From there, the count

rate is determined for each sphere including the bare detector. The uncertainties are

calculated according to the steps described below [23]. First, the absolute uncertainty,

σ, is determined for each detection configuration according to Equation 17, where x
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is the sample mean and n is the sample size.

σ =

√∑
(x− x)2

n
(17)

Next, the fractional uncertainty of the count rate, CRfrac, is calculated using Equa-

tion 18, where N is the total number of counts under the photopeak. The values for

this are between 0.3% and 1.2% for the setups involving moderating spheres. The

bare detector has a fractional uncertainty closer to 2%. This is likely due to the

reduced amount of interactions in the detector as a results of the high energy of the

incident neutrons as compared to the lower energy of the moderated neutrons, leading

to a significant decrease in the number of counts recorded compared to those recorded

for the other setups.

CRfrac =
1√
N

(18)

Then, the absolute uncertainty of the count rate is calculated by multiplying the

fractional uncertainty by the count rate for the respective detector setup. Finally,

the R-value, a measure of experimental error, is calculated using Equation 19. Once

again, these values are fairly low for the setups involving the polyethylene spheres

(around 1%), however it is significantly higher for the bare setup (6.71%). This

high error can again be explained by the low counts. All of the values described

are included in Table 5, where the count rate (CR) units are counts/second. The

CR, CRfrac, CRabs, and R values are then used by MAXED to unfold the AmBe

spectrum.

R =
2(σ)

N
(19)
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Table 5. The associated uncertainties calculated for each sphere presented in the format
for the measured data file input for MAXED [27].

Detector N σ CR CRfrac(%) CRabs R (%)

Bare 2729 91.57 7.580E-01 1.914 1.451E-02 6.71

2in 7381 43.57 2.050E+00 1.164 2.386E-02 1.18

3in 19967 107.43 5.546E+00 0.708 3.925E-02 1.08

5in 65659 353.86 2.026E+01 0.390 7.118E-02 1.08

8in 94731 510.60 2.908E+01 0.325 8.550E-02 1.08

10in 66249 353.75 2.040E+01 0.389 7.150E-02 1.07

12in 61908 330.79 1.909E+01 0.402 6.911E-02 1.07

4.2 AmBe Unfolding Results

Using Python, the unfolded AmBe neutron spectrum and the scaled reference

spectrum are plotted. The spectra are shown in Figures 31. The reference ISO8529

spectrum was scaled by a factor of 245 for the best fit. Additionally, the first energy

bin is excluded due to having an uncharacteristically high value of 805 particles/cm2.

This is likely caused by a binning error with MAXED and for this reason the corre-

sponding bin of 0.1067 MeV is treated as an outlier and is excluded from the results.

It is important to note that MAXED returned a final chi-squared value was excep-

tionally high because of this, with a value of 1,022.593 for this unfolding. For this

reason, the chi-squared statistic is not an accurate representation of the closeness of

fit between the a priori spectrum and the unfolded spectrum.

52



Figure 31. Resulting AmBe neutron unfolded spectrum and scaled ISO8529 reference
spectrum.

The two spectra have similar characteristics, with respect to the size of the peaks.

The two main peaks of the unfolded spectra occur around 3.1 and 4.7 MeV, corre-

sponding to the peak energies of the ISO 8529 spectrum. However, there are slight

deviations between the unfolded spectrum and the reference spectrum. For example,

the flux below 3 MeV of the unfolded spectrum is significantly lower than the scaled

reference spectrum. The likely cause for this discrepancy is statistical variations in

MAXED’s unfolding for the lower energy region. For lower energies, the interactions

of the neutrons are harder to predict. This is because neutrons are more likely to

be absorbed by the polyethylene or even the detector at lower energies, resulting in

indistinguishable capture reactions. On the other hand, the number of scatterings

in the polyethylene varies widely. The combination of these events leads to a large

fluctuation in MAXED’s interpretation of what is happening to the lower energy neu-

trons. Additionally, the unfolded spectrum flux for energies above approximately 6

MeV is also lower than the ISO8529 spectrum flux. The most probable cause of this
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discrepancy is thermalization due to the environment around the detector. However,

it is also likely that there are events occurring in the detector that are not caused by

neutrons. Although most of the low-energy events are excluded, it is possible that

there are gammas interacting with the detector and being counted as neutrons with

energies similar to those that make up the photopeaks discussed in Figure 30. This

would include the counts of these non-neutron events in the MAXED unfolding, and

possibly skew the results.

To assure the accuracy of MAXED’s unfolding process, a model of the experiment

with the bare LiI(Eu) detector was created in MCNP where the neutron source is set to

equal the neutron energy distribution provided by the ISO8529 source. The MCNP

input deck for this model is included in the appendix. A schematic of the model

setup is included in Figure 32. The neutron flux averaged over the LiI(Eu) detector

cylinder was calculated in this model to show the theoretical neutron spectrum after

the neutrons traversed 30 cm in air in a room with surrounding concrete walls. This

gives a more accurate view of the neutron energies that are reaching the detector

rather than assuming that the a priori spectrum is the exact same as the ISO8529

AmBe spectrum. The resulting spectrum produced by the model is shown scaled

in Figure 33 with the scaled ISO8529 spectrum. The scaling factor for the ISO8529

spectrum is the same and the MCNP modelled spectrum is scaled by a factor of

2.88× 107.
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Figure 32. Schematic showing the setup of the MCNP model of the ISO8529 source
neutron spectrum.

Figure 33. Scaled neutron spectrum resulting from the MCNP model of the moderated
ISO8529 source with the scaled ISO8529 source spectrum.

As shown, the scaled MCNP AmBe spectrum varies from the ISO8529 spectrum.

This is because the model accounts for any thermalization as a result of interactions

with the environment. In this case, the environment consists of concrete walls and

air around the source and detector. Regardless, this slight moderation was likely not

accounted for with the ISO8529 source since these spectra are typically recorded in

highly controlled environments where the scattering is minimized. The slight devi-

ations between the two spectra, expressed by the overall shape of the spectra, can
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be explained by the lack in accuracy to the realistic dimensions of the experimental

setup. A smaller version of the concrete room was modeled in MCNP rather than an

accurate replica as the complexity of the model would increase significantly, and with

it, the overall computer run time. This includes the exclusion of the wooden table

that the AmBe source was resting on.

Using the MCNP modelled spectrum as the new, more accurate a priori spectrum,

MAXED was utilized again to unfold the AmBe neutron spectrum. The resulting

unfolded spectrum is shown in Figure 34 along with the scaled MCNP modelled spec-

trum. Again, MAXED unfolded an uncharacteristically high fluence to the first few

energy bins. In this case, it is likely caused by the high fluence associated with the

modelled spectrum. For this reason, the first three bins are excluded from the re-

sults and the characteristic unfolded and modelled spectrum is plotted as shown in

Figure 35. As shown, the new unfolded AmBe spectrum is fairly consistent with the

MCNP modelled spectrum after 4 MeV. However, there is a large difference between

the spectra for energies below this threshold. This is likely caused by the absorption

of neutrons below 4 MeV by the environment that was not modelled in MCNP in

addition to the low-energy statistical discrepancies discussed previously. It should be

noted that because of this error in the first few energy bins, the chi-squared value

returned by MAXED for this unfolding was 40.073, which is significantly lower than

chi-squared returned for the first unfolding due to the high fluence of the MCNP mod-

elled spectrum for the first three energy bins. This is indicative of MAXED’s reliance

on the accuracy of the a priori spectrum: the more accurate the a priori spectrum,

the better the unfolding. Logically, this makes sense as MAXED depends on the a

priori spectrum to initiate the unfolding process mathematically. However, this also

indicates that the chi-squared value, or MAXED’s way of stating the goodness-of-fit,

is also dependent on the accuracy of the a priori spectrum. As a result, the viability
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of utilizing MAXED to unfold known and unknown neutron spectra relies heavily on

the competency of the user. Shown in Figure 36, both unfolded AmBe spectra are

plotted to show the difference in MAXED’s unfolding results by using two slightly

different a priori spectra.

Figure 34. Neutron spectra resulting from the MAXED unfolding of the BSS data
with the MCNP modelled spectrum as the a priori spectrum and the scaled MCNP
modelled spectrum.
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Figure 35. Neutron spectra resulting from the MAXED unfolding of the BSS data
with the MCNP modelled spectrum as the a priori spectrum and the scaled MCNP
modelled spectrum excluding the first three energy bins.

Figure 36. Neutron spectra resulting from the MAXED unfolding of the BSS data with
the MCNP modelled spectrum as the a priori spectrum and the ISO8529 spectrum as
the a priori.
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4.3 MCNP Scenario Modeling Results

For three different yields and three different HOBs, the neutron and photon fluxes

are found at a point 1 km away from the ground equivalent detonation site (ground-

zero) in MCNP. The fluxes for the 1 kT yield models are plotted and shown in

Figures 37 through 44. The only difference between the 1 kT yield models and the 10

kT and 100 kT models is an increase to the both the neutron and gamma fluxes by

an order of magnitude. This is because MCNP does not treat the different yields as

anything other than a weighting factor. This essentially multiplies the generated flux

by a user-designated factor. Since this research utilized the DTRA released spectra, it

also uses the corresponding weighting factor of 1.590× 1023 per kT yield. The higher

yield fluxes are included in the appendix. For both the plain and the single building

model, the resulting neutron and photon fluxes are the same for all yields at 1 km

HOB. Since the 100 m tall concrete building is directly beneath the source location,

the neutrons that reach the detector do not interact with the concrete building. This

is a matter of simple geometry. If the building was placed more in-line with the

trajectory of neutrons reaching the detector, the neutron flux would be slightly lower

due to interaction with the concrete, as shown in the 200 m HOB model.
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Figure 37. Neutron and photon flux for the flat plain model with 1 kT yield and 1 km
HOB.

Figure 38. Neutron and photon flux for the single building model with 1 kT yield and
1 km HOB.

Since the source is set to only emit neutrons, the production of gamma’s is a

result of interactions with the nitrogen-14 air. Although the (n,γ) absorption cross-

section for 14N is fairly small, as shown in Figure 39, it is still occurring on some

level [19]. Via the process shown in Equation 20, the neutron is absorbed by the

14N nucleus which then emits a γ-ray and 15N. Although the probability is even less
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than the previous reaction, the 15N nucleus may absorb another neutron to form 16N,

as shown in Equation 21. This reaction is important because it forms the unstable

isotope 16N, which is known to β decay and simultaneously release a γ-ray, usually

with an energy of 6.130 MeV [29]. The MCNP output also credits the generation of

photons to Bremsstrahlung radiation, proton annihilation, and pair production but

at an order of magnitude or more less than those created due to neutron capture.

Figure 39. Neutron absorption cross-sections for 14N and 15N [19].

14N + 1n → 15N + γ (20)

15N + 1n → 16N + γ (21)

At a HOB of 200 km, there is a slight difference in the neutron fluxes for the flat

plain and the single building models with an additional peak around 10−7 MeV. This

is likely due to the minimal interactions that some neutrons have with the concrete

building. A relatively small amount of the neutrons are being moderated by the
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concrete before reaching the detector, resulting in an increase of slow neutron flux by

approximately 105 particles/cm2. The reason that this value is so small is, again, a

matter of geometry. Although 200 m is significantly closer to the top of the 100 m

tall building than the 1 km HOB, the trajectory of the majority of neutrons reaching

the detector is not interacting with the concrete building.

Figure 40. Neutron and photon flux for the flat plain model with 1 kT yield and 200
m HOB.
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Figure 41. Neutron and photon flux for the single building model with 1 kT yield and
200 m HOB.

Finally, at a HOB of 10 m, the neutron source or detonation occurs inside of the

concrete building for the single building model. This results in a dramatic difference

between the flat plain and the single building model spectra, as shown in Figures 43

and 44. Most of the slow neutrons do not reach the detector when originating inside of

the building, resulting in a 10 order of magnitude reduction in the neutron flux in this

region. There is also a significant difference in the photon flux: the photon flux goes

from 109 particles/cm2 for the flat plain model to nearly 107 particles/cm2 between

0.01 and 0.2 MeV for the single building model. However, after 0.2 MeV, the photon

flux increases to approximately 109. This is likely due to the lower energy photons

being absorbed by the concrete, whereas the higher energy photons pass through

the building. Once again, the MCNP output credits this production of photons to

the (n,γ) capture reactions. In addition to the neutron captures occurring in the

Nitrogen-14 air, there are additional neutron captures occurring in the concrete of

the building. In particular, the Silicon-28 and Oxygen-16 that make-up approximately

87% of the concrete are reacting via neutron capture according to Equations 22 and
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23 to produce γ-rays. Although the (n,γ) absorption cross-sections are fairly low, as

shown in Figure 42, they are still occurring in the material due to the large amount

of generated neutrons emitted by the source.

16O + 1n → 17O + γ (22)

28Si+ 1n → 29Si+ γ (23)

Figure 42. Neutron absorption cross-sections for Si-28 and O-16.
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Figure 43. Neutron and photon flux for the flat plain model with 1 kT yield and 10 m
HOB.

Figure 44. Neutron and photon flux for the single building model with 1 kT yield and
10 m HOB.
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V. Conclusion and Future Work

This chapter reviews the main topics of the previous chapters and concludes the

research conducted for this thesis. Additionally, the work conducted for this thesis

is connected to the over-arching DTRA project as a whole. Future work including

where the project is headed is also discussed.

5.1 Conclusion

By utilizing the unfolding program Maximum Entropy Deconvolution (MAXED)

with the Bonner Sphere Spectrometer (BSS), the neutron spectrum of various sources

can be characterized. When used to unfold an americium-beryllium (AmBe) neutron

source, the resulting spectrum showed similar characteristics to the ISO8529 reference

AmBe spectrum with two peaks around 3.1 and 4.7 MeV. There are slight deviations

between the unfolded spectrum and the reference spectrum, which is likely the cause

of the high chi-squared value. One of the deviations is the slight decrease in the high

energy neutron flux. This difference is likely caused by thermalization through inter-

actions with the environment around the detector and the source. Additionally, there

are slight deviations in the low energy region. These may be caused by low-energy

events that are not caused by neutron interactions as well as statistical variations in

MAXED’s unfolding.

The MCNP model of the BSS experimental setup was developed to test these the-

ories and to verify the accuracy of MAXED and its unfolding process. The resulting,

modelled neutron spectrum shows the effects of neutron moderation via interactions

with the air and concrete walls surrounding the detector and source. Thus, the model

gives a more accurate representation of the ISO8529 spectrum particularly for this

experiment since the true ISO8529 spectrum was determined in a more controlled
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environment. By using this spectrum as the a priori spectrum, MAXED can con-

duct a more accurate neutron spectrum unfolding of the AFIT AmBe source. The

resulting, unfolded spectrum was found to statistically be a better fit to the true

spectrum of the AmBe source, as shown in the resulting lower chi-squared value of

39.439. Additionally, the magnitudes of the corresponding peaks were closer in value

to the scales ISO8529 spectrum. This indicated that the neutron spectrum of the

AFIT AmBe source is likely very close to the ISO8529 AmBe spectrum, although

they are not identical. This also provided insight into the MAXED unfolding process

by indicating its reliance on the accuracy of the a priori spectrum. This puts a large

dependence on the competency of the user and their ability to produce an accurate

guess spectrum either conceptually or via modeling.

The neutron and photon fluxes from both the flat plain and the single building

environments were modeled with MCNP for various height-of-bursts (HOBs) and

yields. The resulting fluxes are consistent with the physics of neutron interactions.

Neutron moderation is observed through an increase in the lower-energy neutron flux

for the single building model at 200 m HOB. Absorption is visible in the significant

neutron flux decrease for the single building model at 10 m HOB. An increase in the

gamma flux reflects the neutron, gamma reactions in the concrete. All of which are

consistent with the interactions detailed in previous chapters

In conclusion, the methodology followed in this research can be applied to other,

unknown neutron sources, specifically the Fast Beam Facility (FBF) at The Ohio

State University Nuclear Reactor Laboratory (OSU-NRL). The BSS coupled with

the program MAXED is a viable technology in detecting and characterizing both

known and unknown sources.

67



5.2 Future Work

To further the long-term goal of studying photovoltaics response to nuclear det-

onations, additional work can be conducted. First, the neutron beam measurements

for the FBF at OSU-NRL can be conducted using the BSS and the resulting spec-

trum can be unfolded with MAXED. This will be done by taking the BSS and the

required power and collection technology to OSU-NRL when the construction of the

FBF is completed. From here, the BSS will be setup directly against the FBF beam

port. The reactor will be powered on, likely to its maximum power of 450 kW, and

the neutron counts will be collected for each detector sphere setup, including one for

the bare detector. Since the flux coming from the reactor is significantly larger than

the neutron flux emitted by an AmBe source, it is likely that each detection setup

will only have to be irradiated for a short period of time (tens of minutes maximum).

From this data, the unfolded spectrum can be determined using MAXED, where the

a priori spectrum is modeled using MCNP. This unfolded spectrum will then be com-

pared to the weapon detonation scenario models spectra. Additionally, more detailed

weapon detonation models can be constructed in SWORD for a more accurate weapon

spectra. All of this additional research combined will provide a better understanding

of what the FBF neutron spectrum should look like in order to mimic the neutron

spectrum of a nuclear weapon detonation. This will most accurately simulate the

response of the photovoltaics in a real nuclear detonation scenario.
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Appendix A. AmBe Sample Input Files

AmBe Control File

AmBe Raw Data File
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AmBe Response Functions File
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AmBe Default Spectrum File
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Appendix B. MCNP AmBe Model

MCNP Input Deck for Bare Setup Model
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Continued
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Appendix C. MCNP Response Function Model

MCNP input deck of 12 in Detector Setup Response Function
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Appendix D. MCNP Fat Man Model

MCNP input deck of the flat plain for 1 kT yield, 1 km HOB
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Continued
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Continued
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Continued
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Continued
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Continued
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Continued
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MCNP input deck of a single building on a flat plain for 1 kT yield, 1 km HOB
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Continued
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Continued
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Continued
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Continued
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Continued
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Continued
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Plots for the flat plain model for 10 kT yield, for HOBs 1 km, 200 m, and 10 m,

respectfully
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Plots for the flat plain model for 100 kT yield, for HOBs 1 km, 200 m, and 10 m,

respectfully
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Plots for the single building on a flat plain model for 10 kT yield, for HOBs 1 km,

200 m, and 10 m, respectfully
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Plots for the single building on a flat plain model for 100 kT yield, for HOBs 1 km,

200 m, and 10 m, respectfully
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deviations from the ISO 8529 reference spectrum caused by low-energy, non-neutron interaction events or neutrons thermalized through interactions in the
experimental environment are accounted for in the model and reflected in the final unfolded neutron spectrum. Next, the neutron and gamma flux received at
a fixed photovoltaic array from two detonation scenarios were modeled with MCNP6: a ground-only and a single building model for various height-of-bursts
and yields. Thermalization due to neutron interaction and scattering of gamma rays with environmental materials is observed in the spectrum of resulting
radiation incident on the photovoltaic array.
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