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Abstract

Nuclear reaction data are at the heart of radiation transport calculations, models,
and simulations. In the Department of Defense, these data are critical for
nonproliferation, nuclear forensics, and nuclear weapon applications.  Unique
approaches are required to improve the measurement capability for many reactions
where data are inaccurate or do not exist. First, the newly developed Gamma
Energy Neutron Energy Spectrometer for Inelastic Scattering (GENESIS) provides
the ability to measure neutron inelastic scattering cross sections on different targets.
GENESIS was demonstrated to have a uniform neutron beam, average incident
neutron timing resolution of 9.0 ns, and total gamma (1.408 MeV) and total neutron
detection efficiencies of >0.13% and 0.183%, respectively. An initial experiment
measuring the °0O(n,n’y) reaction calculated the count rate from the second excited
state using the full energy and escape peaks. Second, a set of photocurable
scintillator resin formulations capable of neutron-gamma discrimination were
developed to support light-based 3D printing applications for advanced nuclear
physics measurements. The formulations resulted in hard, clear, PSD-capable
plastic scintillators that cured within 10 seconds using 405 nm light, produced a
light yield up to 83% of EJ-276, and a pulse shape discrimination figure of merit of
1.28 at 450-550 keVee. Lastly, a fast neutron beam facility was established to
improve thermal-neutron sensitive experiments by designing and installing a
tungsten collimator that reduced the thermal neutron background by ~778x.
Overall, this research contributed to the establishment of two new experimental
facilities, a 3D-printable plastic scintillator formulation, and proof-of-principle

methods to conduct novel measurements to address nuclear data needs.
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CAPABILITY DEVELOPMENT FOR ADVANCED (N,X)
NUCLEAR DATA MEASUREMENTS

I. Introduction

1.1 Motivation

Nuclear reaction data are at the heart of radiation transport calculations,
models, and simulations. In the Department of Defense, these data are critical for
radiation detection [1, 2], nuclear weapon detonation detection [3], nuclear
forensics [4-6], and nuclear weapon effects studies [7], including analysis supporting
certification of the survivability of systems in nuclear environments. Unfortunately,
there are large discrepancies in the data and gaps where data do not exist at all.
Therefore, it is critical to conduct experiments that measure nuclear data to

improve the accuracy and fill in known gaps [8-11].

1.2 Background

There are several organizations across the world that have identified nuclear data
needs for different applications. The Organisation for Economic Co-operation and
Development (OECD) Nuclear Energy Agency (NEA) maintains the Nuclear Data
High Priority Request List (HPRL), which contains 111 requests for nuclear reaction
data [8]. Of those 111 requests, four are inelastic scattering cross section requests
for 56Fe, 2°6Pb, 207Ph, and 23U and 25 are for ?*>Cf spontaneous fission neutron

spectrum-averaged cross sections.



Recently, there have been multiple efforts to bring the community together to
address nuclear data shortcomings. In 2013, the Nuclear Energy Agency (NEA)
created the Collaborative International Evaluated Library Organization (CIELO)
Pilot Project, which was an international collaboration to improve the evaluated
nuclear data for 'H, 160, 5¢Fe, 235U, 233U, and #*Pu [10]. In 2015, the Workshop on
Nuclear Data Needs and Capabilities for Applications (NDNCA) compiled the
nuclear data needs for a wide spectrum of nuclear applications, such as nuclear
energy, national security, isotope production, and other industrial applications [9].
Included in the multitude of data needs was the need for more accurate inelastic
scattering cross section data for H, Li, Be, B, N, O, Mg, Al, Si, Ti, V, Cr, Fe, Ni,
Cu, Ga, Zr, Nb, Mo, Eu, Gd, Ta, W, Ir, Pt, Au, Pb, Po, Ra, Th, U, Np, Pu, and
Am.

Since the NDNCA in 2015, there have been several meetings and workshops to
identify and discuss the nuclear data needs from the community and to prioritize and

address discrepancies and gaps including;:

e 2015 - Nuclear Data Working Group [12]

e 2016 - Nuclear Data Exchange Meeting [12]

e 2016 - Nuclear Data Interagency Working Group [12]

e 2018 - Nuclear Data Roadmapping Workshop (NDREW) [13]

e 2019 - Workshop for Applied Nuclear Data Activities (WANDA) [14]
e 2020 - Workshop for Applied Nuclear Data Activities (WANDA) [15]

e 2021 - Workshop for Applied Nuclear Data Activities (WANDA)

These organizations and meetings have shown the immediate and continuing need of

nuclear data over the entire spectrum of nuclear applications. This research aimed

2



to enable the complex and challenging experiments that are required to properly and

accurately measure these identified nuclear data needs.

1.3 Problem

The current nuclear data needs require novel approaches to measure specific
reactions where data is inaccurate or does not exist in the areas of neutron inelastic
scattering cross sections, high spatial resolution for neutron measurements and fast

neutron imaging, and thermal neutron sensitive measurements.

1.3.1 Inelastic Scattering Measurements

Neutron inelastic scattering cross sections are not fully characterized, and there
is a significant need for better data [8-10]. For 'O, there is a need for more accurate
inelastic cross section measurements across a broad range of neutron energies up to
20 MeV for national security, counter-proliferation, and nuclear energy applications [9,
10]. Currently, the experimental data available for O do not cover a wide range
of neutron energies, some of the partial levels are combined into one cross section,
and the discrepancies between the experimental data are high [16-29]. Additionally,
experimental data measurements are missing, to include the partial differential cross

sections. The existing data is described further in Section 4.1.2.

1.3.2 Light-based, 3D-Printable Plastic Scintillators

Plastic scintillators are among the most commonly used radiation detection
materials due to their low costs, ease of fabrication, fast response time, and ability
to distinguish between neutron and gamma-ray interactions [30-38]. Application of
additive manufacturing (AM) 3D printing techniques, such as light-based

stereolithography (SLA) and digital light processing (DLP), allows for the



fabrication of complex geometries and multi-material composites that are either
impossible or cost prohibitive to produce using conventional methods.

Successful 3D printing of plastic scintillators requires development of a suitable
feedstock material that is similar in cost to conventional scintillator and has
mechanical, chemical, and optical properties suitable for the 3D printing process. A
few researchers have developed formulations of scintillating resins that either have
or can be used in light-based 3D printers, but the light yield of these scintillators is
low (~35% of commercially available plastic scintillators) [39-41] and pulse-shape
discrimination (PSD) is not reported. Other recent research reports a DLP 3D
printed scintillator with light yield up to 67% of BC-408 plastic scintillator [42,43].
However, like the other light-based, 3D-printable formulations, PSD performance is

not reported.

1.3.3 Thermal Neutron Sensitive Measurements

The HPRL currently contains 25 requests for the 2*Cf spectrum-averaged cross
section (SACS) measurement for different reactions to improve the International
Reactor Dosimetry and Fusion File (IRDFF) [44,45]. Additionally, there are several
reactions, such as 'B(n,a)"Li and Li(n,t)*He, that do not have a 2*2Cf SACS
measurement. These reactions are endothermic and have high thermal neutron cross
sections, which significantly complicate the measurement of the 2*2Cf SACS due to
thermalized neutrons in the experimental environment.

Neutrons from 2°2Cf that do not interact directly with the target can interact
with the walls, ceiling, floor, and other materials within the room, and these
interactions reduce the neutron energy. This creates thermal and lower energy
neutrons that are uniformly distributed throughout the room [46,47]. For reactions

with high thermal neutron cross sections, the thermalized room-return neutrons will



dominate the reaction detection and prevent a correct measurement of the 2°2Cf

SACS from neutrons directly from 2*2Cf.

1.4 Research Objectives and Accomplishments

The purpose of this research was to advance the development of unique
capabilities to improve neutron nuclear data measurement in the areas of neutron
inelastic scattering cross section measurements, including °O(n,n’y), plastic
scintillator formulations that can be used in light-based 3D printing for fast neutron
imagery and high spatial resolution neutron detection, and thermal neutron
sensitive measurements. This research contributed to the establishment of two new
experimental facilities at Lawrence Berkeley National Laboratory and AFIT, a new,
3D printable scintillator formulations, and proof of principle for methods to conduct
novel measurements to address long-standing nuclear data gaps.

The newly developed Gamma Energy Neutron Energy Spectrometer for Inelastic
Scattering (GENESIS) at Lawrence Berkeley National Laboratory provides the ability
to measure the neutron inelastic scattering cross section on different targets, to include
16(). This research to advance neutron inelastic scattering cross section measurements

accomplished the following objectives:
e Develop and characterize GENESIS capabilities,
e Develop code and algorithms to process the data, and
e Calculate the 1°0O(n,n’) detection spectrum of the 2"¢ excited state.

Light-based 3D printing of organic scintillators allows the production of complex
shapes and sizes and can significantly reduce the manufacturing cost and time. This
research to advance neutron and gamma radiation detection and measurements by

taking advantage of light-based 3D printing accomplished the following objectives:



e Develop a formulation that can be rapidly photo-cured,

e Analyze the constituents in the formulation to provide the best radiation

detection performance, and

e Analyze the long-term stability and approaches to improve stability and

performance.

Thermal neutrons caused by room return need to be significantly reduced to
provide the needed environment for thermal neutron sensitive experiments, such as
YB(n,a) and SLi(n,t) 2*2Cf SACS measurement, and neutron detection
characterization. This research to advance thermal neutron sensitive experiments

accomplished the following objectives:

e Design and model a unique collimator that significantly reduced the thermal

neutron environment,
e Build and install the designed collimator, and

e Characterize the collimator performance.

1.5 Dissertation Layout

This document covers the breadth of the research and development of unique
capabilities to improve neutron nuclear data measurements. Chapter 2 discusses the
fundamental theory supporting the research. Chapter 3 discusses the development
and capabilities of GENESIS to measure inelastic scattering cross sections and
Chapter 4 discusses the results and analysis on the first measurement of **O(n,n’y)
using GENESIS. Chapter 5 discusses the development of a fast-, light-cured plastic
scintillator formulation with the observations and radiation performance of the

formulations that can be used in 3D printing. Chapter 6 discusses the need and



capability of newly installed neutron collimator to reduce room return and thermal

neutrons. Chapter 7 discusses the conclusions of this research.



II. Theory

2.1 Nuclear Structure

Nuclear structure is the arrangement of the protons and neutrons in the nucleus,
each with values of angular momentum, spin, and parity that contribute to the total
angular momentum and parity of the nucleus. A nucleus can be moved to an excited
state (i.e. a different arrangement of protons and neutrons) by neutron inelastic
scattering, and the gammas and transitions from the nucleus’s excited states are

dependent on the nuclear structure.

2.1.1 Binding Energy

The nucleus of the atom is comprised of protons and neutrons that are bound
together by the nuclear force, which is required to overcome the Coulombic repulsion
of the protons. The binding energy of the nucleus is computed as the masses of

individual protons and neutrons minus the mass of the nucleus given as

B = (Zm, + Nm, — [m(3Xy) — Zm,])c?, (2.1)

where m,,, m,,, and m. are the masses of a proton, neutron, and electron, respectively,
m(4Xy) is the mass of the atom, and c is the speed of light. The shorthand used
here for nuclear isotopes is the form 4 Xy, where X is the elemental symbol, Z is the
number of protons, N is the number of neutrons, and A is the combined number of
protons and neutrons. However, for brevity, an isotope can be specified in the form
4X, since elemental symbol indicates the number of protons in the nucleus and the
number of neutrons can be determined from A and Z.

For °Be, which contains 4 protons and 5 neutrons, the combined mass of the

individual nucleons is 4(1.00728 amu) x 5(1.00866 amu) = 9.0724 amu. The mass of
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Be is 9.0121 amu. Therefore, the binding energy is 58.154 MeV or 6.462
MeV /nucleon.

The separation energy of the neutron, S, is the energy needed for a neutron to
exceed the binding energy and be removed from the nucleus and can be calculated

as,

Su= BUXN) — B3 Xyot) = (3 Xno) — m(3Xn) —m ), (22)

where B(4Xy) and B(4'Xy_;) are the binding energies of the nucleus with and
without the neutron, respectively. The neutron separation energies for Be and O
are 1.665 MeV and 15.664 MeV, respectively. For this reason, °Be makes a good
target for neutron production while *O would require a much higher incident energy

particle and result in less neutron production as a function of particle energy.

2.1.2 Nuclear Angular Momentum and Parity

Each nucleon (proton and neutron) in the nucleus has an angular momentum,
¢, spin, s, and total angular momentum, 5 = ¢ + s. The angular momentum of a
nucleus, I, is the summation of the nucleons’ total angular momentum. Since a single
nucleon has an integer value of angular momentum and 1/2 value of spin, a single
nucleon has a total angular momentum of half integer. The angular momentum of an
odd-A nucleus is a half-integer value and the angular momentum of a even-A nucleus
is a whole integer value. Additionally, the parity of the nucleus is the product of the
nucleons’ parity, which is either even (+) or odd (-). The angular momentum and

parity of a nucleus are often written together as I™, such as 2*.



2.1.3 Shell Model

The shell model depicts nuclear structure and its associated excited states, similar
to the model of electron excited states of an atom. One version of the shell model uses
the potential, V (r) = —V;/(1 4 e"=f/2) to model the mean field potential resulting
from all nucleon interactions, where Vj is the depth of the well, R is the mean radius,
a is the skin thickness, and r is the radius. A spin-orbit interaction is included in the
shell model in order to produce the correct ordering of the individual orbitals in the
nucleus. Figure 2.1 depicts an example shell model potential and the discrete energy

states using spin-orbit coupling [48].
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Figure 2.1. The shell model of the nucleus using spin-orbit coupling to model the
nuclear structure [48].

For an odd-A isotope, the angular momentum and parity are determined by the
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unpaired nucleon. Using “Be as an example, there are 4 protons and 5 neutrons. The
unpaired neutron will determine the angular momentum and parity of the nucleus.
From Figure 2.1, the unpaired neutron will be in the 1ps/, state, which means the
angular momentum of °Be in the ground state is I = 3/2. The parity is determined
by angular momentum of the unpaired neutron, ¢ = p = 1, which is equivalent to a
odd parity. Thus, the angular momentum and parity of ?Be in the ground state is
3/27.

For an odd-odd isotope that contains an odd numbers of protons and neutrons,
such as 1B (5 protons and 5 neutrons), the angular momentum and parity are
determined from both the unpaired nucleons. Both the unpaired proton and
neutron are in the 1ps/, state, which means the angular momentum of 0B in the
ground state is [ = 3/2 4 3/2 = 3. The parity is determined by angular momentum
of the unpaired neutron and proton, ¢ = p = 1, which are equivalent to a odd parity.
The parity of the nucleus is even, since # = (—)(—) = (+). Thus, the angular
momentum and parity of B in the ground state is 3T.

For an even-even isotope that contain an even numbers of protons and neutrons,
such as 190, the angular momentum and parity of the ground state is 0, since there
is not an unpaired nucleon.

As the nucleus gains energy and moves to excited states, individual nucleons move
up to new levels, which may change the nucleon pairing and, therefore, the angular
momentum and parity of the nucleus. For example, the second excited state of *°O has
an angular momentum and parity of 37, which occurs when one of the paired nucleons
from the 1p;/, state moves to the 1ds/, state. This leaves unpaired nucleons in both
the 1p;/; and 1ds/, states. Therefore, the angular momentum is I = 1/2 +5/2 = 3
and the parity is odd, 7 = (—=)(+) = (—).

A nucleus in an excited state will release energy as it returns to the ground state

11



by emitting gamma rays, particles, such as protons or neutrons, or ejecting inner
shell electrons in the process of internal conversion. As the nucleus returns to the
ground state, it may occupy other lower intermediate excited states, which then
creates a cascade of gammas from the higher energy states. Figure 2.2 shows the
first 18 excited states of O and the possible paths for each excited state as the
nucleus de-excites to the ground state [49]. The values on the left side are the angular
momentum and parity of each state. The values on the right (above the lines) are the
excitation energies and the values on the far right are the half-life of the transition
in units of time (i.e. fs, ps) or energy equivalence (i.e. keV) using the Heisenberg
uncertainty. However, not all the excited states predominantly decay by gamma-ray
emission. Another process that competes with gamma decay is internal conversion,
which occurs when the energy of the excited nucleus is transferred to an atomic
electron. Additionally, most of the excited states of *O decay predominantly by
alpha, proton, or neutron emission [49], which prevents observing gamma rays from

those excited states.

2.1.4 Gamma Radiation

Gamma radiation is produced when an excited nucleus relaxes to a lower energy
state. The nucleus is usually placed in an excited state due to a radioactive decay
process or a nuclear reaction, such as neutron inelastic scattering. Since the excited
states of the nucleus are discrete, the gamma rays from those states are also discrete.
Depending on the excited state of the nucleus, a cascade of gamma rays can be emitted
as the nucleus descends to lower energy states, as shown in Figure 2.2.

The gamma ray emitted from the nucleus contains most of the energy difference

between the excited states, but some of the energy is taken by the recoiling nucleus.
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Figure 2.2. First 18 excited states of 0 and the possible gamma decays from each
state [49].

The energy of the gamma, E,, is

E, =mc*\[1+ ——= —mc?, (2.3)

where m is the mass of the nucleus, c is the speed of light, £ is the initial state, and

7 1s the final state. From the 6129.89 keV excited state of 160 to the ground state,
the gamma ray emitted is 6128.63 keV, 99.98% of the energy, and the recoil nucleus
takes 0.02% of the energy.

13



2.1.4.1 Gamma-ray Selection Rules

Gamma rays emitted from the nucleus take angular momentum along with

energy [50]. The angular momentum of the gamma ray, L, can be determined by

LI <L<ILi+1I; I,#0, (2.4)

where I; and I; are the angular momentum of the initial and final state of the
nucleus, respectively. However, L cannot equal 0, because the gamma ray has to
have angular momentum. The multipoles are L = 1 (dipole), L = 2 (quadrupole),
L = 3 (octupole), L = 4 (hexadecapole), and so forth.

The change in parity between the initial and final states indicates if the radiation
field is even or odd. A change in parity (Am=yes) indicates the radiation field is even
with either an even magnetic multipole or an odd electric multipole. Inversely, an
equal parity (Ar=no) indicates the radiation field is odd with either an odd magnetic

multipole or an even electric multipole.

Am=yes — Even magnetic or odd electric

Ar=no — Odd magnetic or even electric

For 160, the first excited state at 6.049 MeV has an angular momentum and parity
of 0%, which is the same as the ground state. Since there is no change in angular
momentum, the nucleus is unable to relax to the ground state by gamma-ray emission.
Therefore, the first excited state relaxes to the ground state by internal conversion,
which occurs when the energy is released by an ejected orbital electron [50].

The second excited at 6.129 MeV has an angular momentum and parity of 37.
With the ground state at 07, the angular momentum of the gamma ray is 3 and there

is a change in parity (Am=yes). Therefore, the transition is an electric octupole (E3).
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Table 2.1 lists the excited states of %O that predominantly relax to the ground
state by gamma-ray emission; not all excited states of a nucleus primarily emit a
gamma ray as it drops to the ground state. The left three columns list the excited
state with its corresponding energy, angular momentum and parity, and half-life. The
middle three columns list the possible gamma ray(s) from the excited state with the
corresponding energy, intensity and multipolarity. The right columns list the final
state of the transition with its corresponding energy and angular momentum and
parity.

Table 2.1. Excited states of '°0 that transition from the excited state to the ground
state by gamma-ray emission [49].

Initial State Gamma Final State

Energy [keV] I" T,, E, [KeV] I, [%] M, Energy [keV] IU
0.0 0%t Stable

6049.4 0T 67 ps 0t
6129.9 3~ 18.4 ps 6128.6 100 E3 0.0 0F
6917.1 2t  4.7fs 787.2 < 0.008 E1 6129.9 3~
867.7 0.027 E2 6049.4 0O
6915.5 100 E2 0.0 ot
71169 1= 83 f1s 986.9 0.07 E2 61299 3~
1067.5 < 6e-4 El 6049.4 0O
7115.2 100 El 0.0 ot
88719 2= 125fs 1754.9 14.7  M1+E2 71169 1~
1954.7 4.6 El 6917.1 27
2741.5 100 MI1+E2 6129.9 37
2822.2 0.15 M2 6049.4 0
8869.3 9.3 M2 0.0 ot
10957 0~ 5.5 ps 3839.6 100 M1 7116.9 1~

The gamma-ray intensity, 1, is based on the percentage of the most intense gamma
from that state. For example, from the 6917.1 keV excited state, there are three
transitions to the ground state and emission of a 6915.5 keV gamma ray is the most
intense, which is indicated by the gamma-ray intensity of 100%. The other transitions
to the 6129.9 MeV and 6049.4 MeV excited states occur < 0.008% and 0.027% of the

time relative to the 6915.5 keV gamma ray.
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2.2 Nuclear Interactions

A nuclear interaction can be visualized as depicted in Figure 2.3, where a particle
(1), such as a neutron, is incident on a nucleus (2). After the reaction, one reaction

product (3) leaves at an angle of § and another reaction product (4) leaves at an angle

of ¢.

O,

Figure 2.3. Illustration of a nuclear reaction resulting in two reaction products.

These reactions are written to describe the reactants and products as

Ry + Ry — Py + Py, (2.5)

where R; is the incident particle on the nucleus Ry, P; is the outgoing particle, and

Py is the outgoing nucleus. Often nuclear reactions are written in short hand as

RQ(Rl,Pg)P4. (26)

For example, Be(d,n)!°B represents the reaction of a deuteron particle incident
on ?Be, which produces an outgoing neutron and a B nucleus. Furthermore, this
reaction can also be written as “Be(d,n), where the product nucleus is not included,

but can be determined using the other information.
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The amount of energy absorbed or released during the nuclear reaction, the Q
value, can be calculated using the mass or kinetic energy of the particles in the

reaction as [48]
Q: (m1+m2—m3—m4)02 :E3+E4—E1, (27)

where m; is the mass of the incident particle, mo is the mass of the nucleus, mz and
my are the masses of the products, c is the speed of light, F3 and F, are the kinetic
energies of the products, and F; is the kinetic energy of the incident particle. Using
conservation of momentum and energy, the relationship of the Q value and the energy

of the particles is [48]

Q = Eg(l + mg/m4) — El(l — ml/m4) — 2/m4\/ m1m3E1E3 COsS 6), (28)

where 6 is the angle of the outgoing particle 3. From Equation 2.8, the kinetic energy

of particle 3 can be calculated as

\/E_ . (m1m3E1)1/2 cosf =+ {m1m3E1 COS2 0 + (mg + m4)[m4Q + (m4 — ml)EI]}l/Q
ms + my

(2.9)
and of particle 4 as

2.2.1 Compound Reactions

A compound reaction occurs when the incident particle interacts with the nucleus

and creates an intermediate compound nucleus, C*, as

R1+R2—>C*—>P3+P4. (211)
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The energy of the incident nucleus is transferred to the nucleons throughout the
nucleus due to multiple intranuclear collisions [51].  After the formation, the
compound nucleus decay and creation of secondary products is independent of the
particle that created the compound nucleus and is dependent on the energy and
angular momentum of the compound nucleus. The products are emitted
isotropically from the compound nucleus and the the time scale of compound

reactions are on the order of 1071¢ to 1078 seconds [50].

2.2.2 Direct Reactions

In a direct reaction, the incident particle interacts with individual nucleons,
typically at the surface of the nucleus. These reactions occur when the incident
particles have high energies and their wavelengths are small enough to interact with
individual nucleons. Since there is no creation and energy transfer as within a
compound nucleus, the time scale for direct reactions is much faster, on the order of
10722 seconds [50]. The angular emission of the products in a direct reaction is not
isotropic and rather is forward focused.

Two specific varieties of direct reactions are stripping and pickup reactions. In a
stripping reaction, part of the incident particle is absorbed by the nucleus and the
other part is emitted. In a pickup reaction, the incident particle is emitted from the

reaction with other nucleons from the nucleus [52].

2.2.3 Pre-Equilibrium Reactions

Pre-equilibrium reactions are reactions that occur between direct and compound
reactions, where the incident particle creates multiple intranuclear collisions but the
reaction concludes before complete equilibrium within the nucleus forms a compound

nucleus. Figure 2.4 illustrates the different characteristics between compound, pre-
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equilibrium, and direct reactions, which include the reaction time, the energy of the

outgoing particle, F,,;, and the excited state of the nucleus, E, [51].

Compound Pre-equilibrium  Direct

\
\
Compound,
AN

- By By —
<« reaction time

Figure 2.4. Illustration of the different characteristics between compound, pre-
equilibrium and direct reactions, which include the reaction time, the energy of the
outgoing particle, E,,:, and the excited state of the nucleus, F, [51].

2.3 Reaction Cross Sections

In simple terms, the cross section is the probability that a particle will interact
with a material. The probability of the interaction depends on the “area” seen by
the incoming particle compared to the empty space. Classically thinking, the particle
will only interact with a nucleus if the particle hits any portion of the nucleus’ areal
cross section, which has an area of ¢ typically given in units of barns (107* cm?).
One could image a baseball thrown at a car. It will “interact” with the car as long
as it hits any place on the car. To the baseball, the area of the car is only the areal
cross section of the car.

For a particle, such as a neutron, traveling through a material, there are several
nuclei with which the particle can interact. Figure 2.5 illustrates a beam of particles
that are incident on the nuclei in a material. The number of nuclei in a material is

NAAz, where N is the nuclear density (nuclei/cm?), A is the area of the material
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(cm?) and Ax is the thickness of the material (cm). Thus, classically, the probability

of reaction, Pg, is the total area of the nuclei divided by the total area, as

Pr = %’fmx — oNAuz. (2.12)

However, the cross section is not constrained to the physical size of the nucleus but

is dependent on the wave functions of the particles [48].
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Figure 2.5. Nuclear cross section illustration.

The cross section can be experimentally measured by measuring the particles
before and after the reaction. The probability of reaction, Pg, can be calculated by
dividing the rate of the incident particles, I, to the rate of particles that have reacted
with the material, Ig, as

P =, (2.13)

For example, the probability of scattering can be calculated by measuring the
incident beam of particles on a material and the number of particles that have

scattered due to the material. Therefore, the cross section can be calculated as

~ INAz’

o (2.14)
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The reaction cross section is dependent on the incident particle energy. Therefore,

Equation 2.14 can be properly written as

o(E) = [(E)Iﬁ’ (2.15)

to include the incident energy dependence, F. Another term for ¢ is the microscopic

cross section, because of its dependence of the reaction on a single nucleus.

2.3.1 Macroscopic Cross Section

The macroscopic cross section, X2, is the probability the particle will interact within

bulk material and can be calculated as
Y= No, (2.16)

where N is the nuclei density of the material (nuclei/cm?) and can be calculated using

~ pNa

N =
MW’

(2.17)

where p is the density of the material, N, is the Avogadro’s number, and MW is the
molecular weight of the material. The mean free path of a particle, A, the average
distance a particle will travel in a material without a reaction, can be calculated by

the inverse of the macroscopic cross section as

A= (2.18)

1
ok
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2.3.2 Differential Cross Section

An incident particle on a nucleus creates products that are emitted at different
angles and energies, which are interdependent, as shown in Figure 2.3 and discussed in
Section 2.2. The angular differential cross section is the probability that the reaction
will result in the emitted particle at a certain angle and can be calculated by measuring
the reaction rate, I, at a specific angle, €2, after the reaction as

dO’ . [R(Q)

dQ ~ I(E)NAz’ (2.19)

Similarly, the energy differential cross sections is the probability that the reaction
will result in the emitted particle with a certain energy and can be calculated by

measuring the reaction rate, I, at a specific energy, F’, after the reaction as

= . (2.20)
The double differential cross section can be calculated by measuring the reaction

rate, I, of the reactants at a specific angle, 2, and energy, E’, after the reaction, as

d20' . IR<E/,Q>
dE' dQ  I(E)NAz'

(2.21)

2.3.3 Partial Cross Section

Nuclear reactions can leave the product nucleus in an excited state, as long as
the incident particle energy and @ value of the reaction exceeds the excited state
energy of the nucleus. Since the nucleus has several excited states, the partial cross
section is the probability the reaction will leave the nucleus in a specific excited
state. Therefore, the partial double differential cross section is the probability that

an incident particle of a specific energy, F, will leave the nucleus in an excited state,

22



E*, and result in an outgoing particle at a specific angle, €2, and energy, E’, as

d*c(E,)  Ir(E,Q,E")
dE' dQdE* I(E)NAx

(2.22)

The partial cross section provides information on the nuclear structure of the isotope

along with the excited states and transitions.

2.4 Neutron-Induced Reactions

For neutrons incident on 90O, there are several reactions that can occur; the
cross sections for each are plotted in Figure 2.6. The most dominant reaction to
occur, regardless of the neutron energy, is elastic scattering, 1°O(n,n)*0O, which is
discussed in Section 2.4.1. Neutron radiative capture, *0O(n,y)!7O, also can occur at
any neutron energy and is discussed in Section 2.4.3. All other reactions can only
occur if the incident neutron has enough energy to surpass the threshold energy of the
reaction as shown in Figure 2.6. These reaction types are discussed in Sections 2.4.2

and 2.4.4.

2.4.1 Elastic Scattering

For most isotopes at most energies, the most dominant neutron reaction is
elastic scattering (n,n), which occurs when the neutron scatters off of a nucleus.
The scattering event changes direction of the neutron and reduces its energy by the
amount of energy it imparts to the nucleus. The kinetic energy of the scattered
neutron can be calculated using Equation 2.9. However, we can simplify the
equation where m,, = m; = mg and ms = my. Also, in an elastic scattering event,
there is no change in the mass of the reactants and products (m; = mg3 and

my = my), therefore ) = 0. Thus, the simplified equation to calculate the kinetic
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Figure 2.6. Neutron cross section for the most common reactions on 0.

energy of the scattered neutron is

Vv E,
VE = Y~ (mn cos @ + \/m,% cos? ) +m? — m%) : (2.23)

ma + my

where E,, = FE is the initial neutron energy, E/ = FEj is the kinetic energy of the
scattered neutron, 6 is the scattering angle of the neutron, m,, is the mass of the
neutron, and m, is the mass of the nucleus.

As shown in Equation 2.23, the scattered neutron energy is dependent on the
nucleus and the scattering angle. Figure 2.7 shows the scattered neutron energy
relative to the incident neutron energy (£ /FE,) as a function of scattering angle for
a few different nuclei.

The maximum energy that can be imparted from a neutron to a nucleus is when

0 = w. The kinetic energy of the scattered neutron at # = 7 is given as

2
E. = E, (M) ‘ (2.24)
ma + mp
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Figure 2.7. Elastically scattered neutron energy as a function of scattering angle for
different nuclei.

For a hydrogen nucleus (proton), where the neutron and proton mass are the
almost the same, the neutron can impart all its energy to the proton and leave the
outgoing neutron with zero kinetic energy, as shown in Figure 2.7. The maximum
energy that a neutron can lose with oxygen, aluminum, and uranium is 22.32%,

13.90% and 1.68%, respectively.

2.4.2 Inelastic Scattering

In inelastic scattering, the incident neutron leaves the nucleus in a higher energy
state. The nucleus then emits a gamma ray as it relaxes back down to the ground
state. The Q value of the inelastic reaction is Q = mc? +moc® — msc® —myc®> — E* =
—FE*, where E* is the excited state of the nucleus and masses of the equation are
reduced because m; = mz and my = my. Therefore, Equation 2.8 can be reduced to

B

_ Mn
ma

B = 5 (2.25)
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to calculate the threshold energy, Ey,, of the incident neutron to excite the nucleus in
an inelastic scattering event, where the scattered neutron energy is practically zero
(E3 = 0). The first excited state of 90 is 6.049 MeV; therefore, the minimum neutron
energy needed to excite the 0 nucleus into the first excited state is Ey, = 6.456 MeV.
The additional energy, beyond the energy of the excited state, goes into the required
mass increase [48].

Depending on the energy of the incident neutron, inelastic scattering can be a
direct or compound reaction [50], which effects the angular distribution of the
scattered neutron. Figure 2.8 plots the angular distribution of inelastically scattered
neutrons on 90 that left the nucleus in the different excited states from an incident
neutron energy of 21.6 MeV [18]. The angular distribution from the E* = 6.130
MeV state, indicates that the reaction mechanism for that state is mostly direct
reactions. Whereas, the isotropic distribution from the E* = 8.872 MeV state,
indicates that the reaction mechanism for that state is mostly compound reactions.
As the excitation energy of the nucleus increases, the reaction moves from a direct

reaction to a compound reaction, which agrees with Figure 2.4.

2.4.3 Radiative Capture

Radiative capture occurs when an incident neutron is absorbed by a nucleus,
which then causes it to transmute into an new isotope in an excited state. The
excited nucleus then releases a gamma ray as it relaxes to the ground state. An
example of radiative capture is a thermal neutron (0.025 eV) on 1O, which causes
it to change to !"O. The Q value for this reaction is 4.143 MeV, which is exothermic
and places the 7O nucleus in a excited state of 4.413 MeV above its ground state.
The excited O nucleus will then emit a cascade of gamma rays as it relaxes down

to the ground state, as shown in Figure 2.9. One cascade would create three gammas
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Figure 2.8. The angular distribution of inelastically scattered neutrons on '°O that
left the nucleus in the different excited states (6.13, 7.018, and 8.872 MeV). The 7.108
MeV state is the combination of the 6.917 and 7.117 MeV states in O that could not
be resolved in the experiment. The incident neutron energy was 21.6 MeV [18].

(1.088, 2.184, and 0.87 MeV), occurring 82% of the time. The other cascade would
create two gamma rays (3.272 and 0.87 MeV), occurring 18% of the time [53, 54].

Radiative capture is a compound reaction and the angular distribution of the gamma

rays from the transmuted nucleus is isotropic.

2.4.4 Particle Production Reactions

Incident neutrons on a nucleus can react and cause the emission of other particles,
such as protons, deuterons, and alpha particles. Similar to inelastic scattering, all
these reactions on %O are endothermic, meaning that the neutron must have enough
energy for the reaction to occur, known as the threshold energy. Table 2.2 lists
the threshold energies for the six lowest threshold reactions on '®0O. The angular
distribution of the particles is isotropic at the energies considered (<20 MeV), since

the energy of the incident neutron is dispersed in the newly created compound nucleus.

27



4.143 MeV

3.843 MeV r 5/2
11.088 MeV

3.055 MeV 1/2-

3.272 MeV
2.184 MeV
0.870MeV ¥ v 1/2+
10.870 MeV

0.0 MeV 5/2*

170

Figure 2.9. Gamma production from thermal neutron capture on 0O [53,54].

Table 2.2. Threshold energy for the specific reactions on 0.

Threshold
Reaction Energy [MeV]
0(n,a)3C 2.355
160(1,n°)150 6.427
%0 (n,n+a)2C 7.614
160 (n,p)!oN 10.247
160 (n,d) >N 10.528
0(n,n+p)*°N 12.892

2.5 Nuclear Data Pipeline

The cross-section data for nuclear reactions mentioned above are compiled from
experiments, evaluated, and stored in nuclear data libraries. These libraries provide
users with precise, accurate, and standardized data that can be utilized for modeling,
simulations, and calculations. The “Nuclear Data Pipeline” helps visualize the process
from experiments to using the data in applications [55,56], as shown in Figure 2.10.

The first part in the pipeline is for the nuclear data from experiments to be
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Figure 2.10. Nuclear data pipeline [55,56].

published, which can be done in many journals, such as the Nuclear Data Sheets. The
second part is a compilation of the experimental data, such as the EXFOR database,
which contains nuclear reaction data from 22,888 experiments from all over the world
and continues to grow as new experimental data are available. The database allows
retrieval of data based on reactions, targets, measurements, products, etc. [57,58].
The third part is evaluation, which incorporates the experimental data and models
to produce standard nuclear data values. There are several different databases that
contain evaluated nuclear data. The most common databases that contain evaluated

neutron cross sections are

e ENDF-Evaluated Nuclear Data File (USA) [59],

JEFF-Joint Evaluated Fission and Fusion Nuclear Data Library (Europe) [60],

JENDL-Japanese Evaluated Nuclear Data Library (Japan) [61],

CENDL-Chinese Evaluated Nuclear Data Library (China) [62], and

BROND-Russian Recommended Evaluated Neutron Data Library (Russia) [63].

The fourth part of the pipeline is processing, which packages the data into formats
to be used for specific applications. The fifth part is validation, where the nuclear data

is tested and validated by well-characterized experiments, models, and benchmarks.
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The final part of the pipeline is use, where the nuclear data can be utilized for
calculations, models, and simulations.

As described, there are many steps and processes to provide precise and accurate
nuclear data to the end user community. This work will measure the neutron inelastic
cross section on O, which provides additional input to the beginning of the pipeline

to complement and weight other experimental inelastic cross-section data.

2.6 Gamma-ray Interactions

Gamma-rays interact with matter by three primary mechanisms: the photoelectric
effect, Compton scattering, and pair production. The gamma-ray interactions within
a material are dependent on the material composition and photon energy, as shown
Figure 2.11, which depicts the dominant interactions as a function of energy [64].
The photoelectric effect is predominant at lower photon energies, Compton scattering
occurs at moderate photon energies, and pair production can only occur at energies
above 1.022 MeV.

The primary gamma rays produced from °O(n,n’) are from 2.742 to 7.117 MeV,
which will primarily interact by Compton scattering for low Z materials and by pair
production on all other materials. After a gamma ray interacts by Compton
scattering, the energy of the gamma ray may be low enough to interact by the

photoelectric effect.

2.6.1 Photoelectric Effect

The photoelectric effect occurs when a gamma ray is absorbed by an atom and
the energy is sufficient to overcome the binding energy of an atomic electron, thereby

ejecting the electron from the atom. The energy of the photoelectron, E, is the energy
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Figure 2.11. Dominate photon interactions as a function of atomic number and photon
energy [64].

of the gamma ray, ., minus the binding energy of the electron, Ep, as
Ee = E'y - EB- (226)

2.6.2 Compton Scattering

Compton scattering occurs when a photon interacts with and scatters off an
electron, transferring a portion of its energy to the electron in the process. The
transferred energy from the gamma ray to the electron is sufficient to overcome the
binding energy of the electron and release it from the atom. The energy of the

scattered gamma ray, E'w is

E
E = 1 (2.27)

1—|—<E7 )(l—cosﬁ)’

mec?

where E,, is the energy of the incident gamma ray, m.c? is the rest mass of the electron
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(0.511 MeV), and 6 is the scattering angle [48]. The energy of the electron is

E =E (ﬁ"@) (1 — cos )

"\ + ( Ty > (1 —cosf) (2:28)

mec?

The maximum energy transferred from the gamma to the electron occurs when

0 = m. Therefore, the minimum energy of the scattered gamma ray is

E =T 2.29
¥,min 14 (;f;g) ( )
and the maximum energy of the electron is
E
Ee,max = - . (230)

1+ (T;LT)
The Klein-Nishina formula, which calculates the probability that an incident

gamma ray will be scattered at an angle 6 about df2 [50], is given as

! )} 2 l1 +1 a*(1 = cos )" . (2.31)

do, 12
1+ a(l —cosf 14 cos?6)[1 4+ a(l —cosb)]

= _°(1—cos?
0 2( cos” 0)

where r, is the classic electron radius (r. = €?/(4megmc?) = 2.818 fm) and a =
E. /mec*. Figure 2.12 plots the normalized angular distribution of Compton scattered

gammas for five different incident gamma-ray energies.

2.6.3 Pair Production

Pair production occurs when a photon creates a positron and electron pair due to
the electromagnetic coupling with another particle, such as the nucleus of the atom.

The energy of the gamma goes into the creation of the electron and positron, m,c?
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Figure 2.12. The normalized angular distribution of Compton scattered gamma rays
for five different incident gamma-ray energies. Low energy gamma rays (near zero
energy) have the same probability to scatter backwards as they do forward. As the
energy of the gamma ray increases, it will more likely scatter in the forward direction.

and m,c?, and their kinetic energy, E. and E,, respectively, as

E, =m. + E,+m,* + E,. (2.32)

The positron soon annihilates with an electron and creates two 0.511 MeV photons

in coincidence.

2.7 Scintillator Radiation Detectors

Scintillation detectors create light from gamma-ray and neutron interactions in the
detector from the primary interaction mechanisms described in Sections 2.6 and 2.4,
respectively. The amount of light that is created is a function of the energy deposition

from the radiation. There are two categories of scintillator detectors: inorganic and
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organic.

2.7.1 Inorganic Scintillators

For inorganic scintillators, such as Nal and LaBrs detectors, the crystalline
molecular arrangement creates a valence and conduction band structure. Normally,
the electrons are bound in lattice sites, the valence band, and are not able to move
freely throughout the crystal. However, if enough energy is provided to overcome
the band gap, the electrons can move into the conduction band and move freely
throughout the crystal.

Gamma rays interact with the detector material by the photoelectric effect,
Compton scattering, or pair production, in each case creating secondary electrons in
the material. These secondary electrons excite other electrons in the material
promoting them from the valence band to the conduction band, allowing the
electrons to move freely throughout the crystal and leaving behind empty “holes”
(vacant lattice sites) in the valence band.

In radiation detectors, the crystals are doped with other elements to create
activator sites, which are positioned in the band gap of the pure crystal. Nal
detectors are usually doped with thallium, and LaBrs detectors are doped with
cesium. These activator sites allow the electrons to drop from the conduction band
to the excited activator site and then to the ground activator site. The de-excitation
between the activator sites produces visible light, shown in Figure 2.13. The amount
of visible light created in the detector is a function of the amount of radiation
deposited in the detector. The photons are then collected in a photomultiplier tube
(PMT), where the light is converted into an electric pulse. The timing of the
scintillation for inorganic detectors depends on the decay time of the scintillation

mechanisms. For Nal and LaBrs, the decay time is 230 and 26 ns, respectively [65].
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Figure 2.13. Illustration of the inorganic scintillation mechanism of a crystal due to
the movement of electrons from the activation sites.

The intrinsic efficiency of a detector is

number of particles detected

Eint =

2.33
number of particles incident on the detector ( )

and is dependent on the material (density and elemental composition) and volume
of the detector. Figure 2.14 plots the efficiencies of a 2”7 x2” Nal detector and a
1.5” x1.5” LaBrs detector [66].
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Figure 2.14. The efficiencies of a 2” x2” Nal detector and a 1.5” x1.5” LaBr3 detector
[66].
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2.7.2 Organic Scintillators

Organic scintillators, such as EJ-309, are aromatic hydrocarbons that are able to
detect and distinguish between gamma rays and fast neutrons. Gamma rays primarily
interact with the hydrogen and carbon electrons by Compton scattering, which only
produces a Compton continuum spectrum. Fast neutrons are more easily detected in
organic scintillators than inorganic scintillators because the neutron can deposit more
energy to low-A materials via elastic scattering. For the hydrogen nucleus (proton)
in organic scintillators, the neutron can transfer up to all its energy to the proton.
The neutron efficiency of an 2”7 x2” EJ-309 is shown in Figure 2.15 with four different
light thresholds [67].
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Figure 2.15. Neutron efficiency of an 2” x2” EJ-309 organic scintillator at four different
light thresholds [67].

The secondary electrons created from the Compton scattering of the gamma ray

in the material and the recoil protons created from the neutron elastic scattering
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interactions excite the molecules in the detector by Coulombic interactions. The
excited molecules then emit visible photons as they de-excite [65]. Figure 2.16 depicts
the molecular excitation due to the absorption of energy followed by the emission of
photons due to fluorescence and phosphorescence from the singlet and triplet states,
respectively. The absorption of energy changes the configuration of the electrons,
which places the molecule in a higher excited state, such as the singlet state, S13.
The molecule loses energy through non-radiative processes as it drops to the Sy state.
For organic scintillators, the spacing between the singlet states is about 3 to 4 eV,
and the spacing between the vibration states is on the order of 0.15 eV [65]. As the
molecule transitions from the Sig state to one of the vibrational states in the ground

state, Sy, it emits a photon, which is known as fluorescence.
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Figure 2.16. Jablonski diagram of the absorption of energy and the emission of
photons due to fluorescence and phosphorescence from the singlet and triplet states,
respectively.

The excited singlet state may also transition to a triplet state, known as
intersystem crossing. As the molecule transitions from the triplet state to the
ground state, it emits a photon, known as phosphorescence. This process is
incredibly slow compared to fluorescence.

The photons are then collected in a PMT, where the light is converted into an
electric pulse. The timing of the scintillation of organic detectors depends on the

decay time of the scintillation mechanisms. The absorption and fluorescence for
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organic scintillators is very quick. For EJ-309, the decay constant is 3.5 ns [65]. The
transition from the triplet state to the ground state takes a longer time than the
fast fluorescence process, which may can be up to milliseconds [65]. The creation of
singlet and triplet states, with their corresponding prompt and delayed fluorescence,
from gamma-ray and neutron radiation effects the decay time of the electronic pulse
from the detector, enabling discrimination of the particle type through analysis of the

pulse shape.

2.7.2.1 Wavelength Shifters

Energy deposited in the scintillator will non-radiatively transfer from the solvent
to the fluor or primary dye, which emits light. Wavelength shifters, or secondary
dyes, are sometimes added to organic scintillators to shift the spectrum of the light
output from lower to higher wavelengths to more closely match the wavelengths with
high quantum efficiency in the PMT. These wavelength shifters absorb the lower
wavelength emitted light from the organic scintillator and emit at a higher wavelength,
such as shown in Figure 2.17 of POPOP [68-70], a common wavelength shifter, in

cyclohexane.

2.8 Plastic Scintillators

A plastic scintillator is a polymer matrix containing an organic scintillator.
Dissolving the organic scintillator into a monomer solvent enables polymerization of
the monomer to create a scintillating plastic. The most common monomer solvents

used in plastic scintillators are styrene, vinyltoluene, and methylmethacrylate [65].
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Figure 2.17. Absorption (blue) and emission (orange) spectra of POPOP in
cyclohexane [68—70].

2.8.1 Free Radical Polymerization

In the formation of the plastic, a monomer is polymerized to from long polymer
chains. One of the most common polymerization methods is free radical
polymerization, which uses an initiator. Using heat or light, the initiator breaks into
two radicals, which react with the monomer to begin the polymerization. As the
bonds of the monomer change due to the interaction with the radical, it binds with

other monomers to created a polymer chain [71].

2.9 Semiconductor Radiation Detectors

High purity germanium detectors (HPGe) are semiconductor detectors [72, 73].
Placing a reverse voltage bias on the HPGe crystal increases the depletion region

of the semiconductor and the electric field across that region. The thickness of the

2¢V\ /2
d= (;—N> , (2.34)
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where € is the dielectric constant, V' is the applied voltage, e is the electron charge
and N is the net impurity concentration of the bulk in the detector material [65].

The secondary electrons created from the photoelectric effect, Compton
scattering, and pair production in the material excite other electrons in the detector
by Coulombic interactions creating electron-hole pairs. The average energy needed
to create an electron-hole pair in Ge is 2.96 eV at 77K [74]. In the electric field,
these electrons and holes are pulled in opposite directions. When they reach the
surface contacts, they generate an electron pulse that is proportional to the amount
of energy deposited in the detector. Figure 2.18 illustrates the incident gamma ray
creating electron-hole pairs in the depletion region, which are then attracted to the
surface contacts due to the electric field.
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Figure 2.18. Illustration of gamma ray creating electron-hole pairs in the depletion

region of a HPGe detector. The electrons and holes are then attracted to the surface
contacts due to the electric field.

The electron and hole movement to the surface can be calculated using,

respectively,

Ve = 1€ (2.35)

and

vh = pn, (2.36)

40



where v, and v}, are the drift velocities for electrons and holes, respectively, . and pp,
are the mobility for electrons and holes, respectively, and £ is the electric field. The
electron and hole mobilities are intrinsic properties of the detector material. Even
with a high electric field, the electrons and holes reach a terminal drift velocity in the
crystal, which is the maximum velocity of the electrons and holes due to Coulombic
forces and collisions that inhibit higher velocities.

The electric charge pulse, especially the rise time, is dependent on the drift velocity
and the location of the electron-hole creation in the detector volume. Large HPGe
detectors have pulse rise times on the order of 100 ns and as the detector volume
increases, the variation in the rise time of the pulses also increases. This can contribute
to a large uncertainty in timing measurements.

The full-peak intrinsic efficiency of a HPGe detector is primarily dependent on the
volume of the detector. However, as the volume increases, the increase in detector
efficiency is offset but the increase in the timing variation. Figure 2.19 plots the
absolute full-peak efficiency of a 8.81 cm x 9.97 cm coaxial p-type HPGe detector at

25 c¢m from the source [65].
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Figure 2.19. The absolute full-peak efficiency of a 8.81 cm x 9.97 cm coaxial p-type
HPGe detector at 25 cm from the source [65].
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2.10 Gamma-ray Spectroscopy

The ideal spectrum obtained from a detector, as depicted in Figure 2.20 (a), is
obtained when all the energy from the gamma ray is collected in the detector and
produces a full energy peak on the spectrum. However, gamma rays may escape the
detector volume after interacting with the material by Compton scattering, leaving
only a portion of the energy in the detector. The deposited energy produces a
Compton continuum, and the full energy peak is reduced, as illustrated in
Figure 2.20 (b).

Full
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Energy
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Energy Energy Energy
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Figure 2.20. Representation of a typical energy spectrum from mono-energetic gammas.
(a) illustrates all the energy is collected in the detector, (b) illustrates that some of the
gammas leave the detector after depositing some energy due to Compton scattering
and (c) illustrates a realistic spectrum with a Compton continuum, backscatter peak,
and broadening.

The Compton continuum is a continuous energy spectrum due to the portion of
gamma energy imparted to the electron which can be calculated using Equation 2.28.
The electron then deposits its energy into the detector, and the scattered photon
leaves the detector volume. The Compton edge, which appears as the cutoff in the
spectrum just prior to the full energy peak, occurs when the photon is back-scattered

at 180 degrees and transfers the maximum energy to the ionized electron, as shown
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in Equation 2.30. The distance between the full energy peak and Compton edge is

By (2.37)

1+ ()

For high energy gamma rays, the distance between the full energy peak and Compton

E’y _ECE =

edge becomes constant and E, — Ecg ~ mec? /2 = 0.256 MeV.

In addition to the smaller full energy peak and the Compton continuum, there is
usually a backscatter peak, shown in Figure 2.20 (c). The backscatter peak,
appearing around 0.25 MeV, is from the gamma ray interacting with the
surrounding environment by Compton scattering and then being collected in the

detector.

2.10.1 Energy Resolution

The broadening of the spectrum seen in Figure 2.20 (c) is due to the variations
in the generation and collection of the information carriers in the detectors, and the
variance in the electronic equipment. In an ideal detector, the broadening of the full

energy peak is a Gaussian distribution given as

f(E) = e (%) (2.38)

where F is the energy, A is the area of the peak, p is the mean, and o is the standard
deviation.

The resolution of a detector is

FWHM
Resolution = W—, (2.39)

Ju

where F'W HM is the full-width, half-max and p is the mean of the full energy peak,
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which is depicted in Figure 2.21. For a Gaussian distribution, FWHM =~ 2.350.
The resolution for Nal, LaBr, and HPGe at 662 keV (37C) is 7%, 2.8-4%, and 0.2%,
respectively [75]. In organic scintillators, such as EJ-309, the gamma rays interact
by Compton scattering and are unable to deposit all their energy and produce a full

energy peak.
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Figure 2.21. Gaussian distribution of the full deposition of a gamma ray in a detector.

2.10.2 Escape Peaks

Two other distinct characteristics in a gamma-ray spectrum from high energy
gamma-ray interactions are the single and double escape peaks, which appear when
either one or both of the two photons from positron/electron annihilation escape the
detector volume. A single escape peak will show on a spectrum at 0.511 MeV to the
left of the full energy peak and a double escape peak will show on a spectrum at
1.022 MeV to the left of the full energy peak. For inelastic scattering on 60, the first
three gamma rays are 6.129, 6.916 and 7.115 MeV, which are well above 1.022 MeV

and will produce single and double escape peaks in the detector, as listed in Table 2.3.
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Table 2.3. The first three gamma rays from 0 and their associated single and double
escape peaks.

Single Escape Double Escape
Evy [MeV] Peak [MeV] Peak [MeV]

6.129 5.618 5.107
6.916 6.407 5.896
7.115 6.604 6.093

2.11 Detection Event Classification and Processing

The electric pulse from a detector can be digitally processed to extract the
information from the pulse. The pulse from the scintillators is processed by a
digitizer, which samples the pulse at a specific frequency and characterizes the
height of the pulse using an analog-to-digital converter (ADC). Figure 2.22
illustrates an analog pulse from a PMT being digitized.

. Long Gate
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Figure 2.22. A pulse from a detector is digitized by sampling the pulse using an ADC.

The energy in the pulse is measured using pulse integration, which integrates the
pulse over a specified length of time, which is known as the long gate. Additionally,
for PSD, a short gate can also be set to integrate the energy in the peak of the pulse.

For pulses from a pre-amplifier, such as pulses from a HPGe detector, the pulses
are analyzed using triangle shaping. Triangle shaping consists of a differentiator (high

pass filter) followed by a integrator (low pass filter), which converts the long-tail pre-

45



amplifier signal into a triangular waveform. The height or amplitude of the triangle
is relative to the height of the pre-amplifier pulse and the energy deposited in the

detector.

2.11.1 Pulse Shape Discrimination

As mentioned in Section 2.7.2, organic scintillators can distinguish between gamma,
rays and neutrons due to the increased delayed fluorescence emission from neutron

interactions that creates a pulse with a longer tail than gamma rays, as shown in

Figure 2.23.
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Figure 2.23. The pulses created in an organic scintillation detector from fast neutrons
(proton recoil) and gammas rays (electron recoil).

Therefore, gamma rays and fast neutrons can be distinguished using pulse shape
discrimination (PSD). One of the most common methods of calculating the PSD value

of a pulse, the tail-to-total method, is calculated as

Elong - Eshort

PSD = ,
Elong

(2.40)

where Ej,4 is the integrated energy of the entire pulse and Ejgpo is the integrated

energy in the peak of the pulse.
The quality of the pulse shape discrimination is dependent on several factors,

which include the detector material, high voltage bias of the photodetector, and the
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length of the short and long integration gates. The figure of merit (FoM) can be used

to quantify how well neutrons and gamma rays are distinguished and is calculated as

Hn — [y
FoM = 2.41
oY T FWHM, - FWHM, (2.41)

where p, and FWHM, are the mean and full-width, half-max (FWHM) of the
peak generated by the gamma rays, respectively, and pu, and FW HM, are the
mean and FWHM of the Gaussian peak generated by the neutron events,
respectively. Figure 2.24a depicts the two Gaussian peaks that represent neutrons
and gamma rays in a PSD histogram, and Figure 2.24b is an example of a PSD vs
total energy histogram using an organic scintillation detector (EJ-309). As shown in
the figures, the fast neutrons and gamma rays can be distinguished with the

neutrons having higher PSD values than the gamma rays.
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Figure 2.24. (a) Pulse shape discrimination (PSD) histogram and (b) PSD vs energy
plot from AmBe source using an EJ-309 detector.

2.11.2 Pulse Timing

The two most common techniques of pulse timing are leading edge and constant

fraction discriminator (CEFD). The timing of the pulse using the leading edge
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technique is determined when the pulse exceeds a set threshold. However, this
method is vulnerable to amplitude walk, which occurs when pulses of different
amplitudes offset the correct timing of the pulse. As shown in Figure 2.25, the
pulses occur at the same time; however, the timing of the larger pulse is measured

sooner than the smaller pulse.

Threshold

Figure 2.25. The leading edge pulse timing technique can lead to amplitude walk where
the timing of a pulse is dependent on the amplitude of the pulse.

The other common pulse timing method, which eliminates the problem of
amplitude walk, is using a constant fraction discriminator. Using the CFD method,
the pulse from the detector is split into two identical pulses. One of the pulses is
delayed by a specified amount, and the second pulse is inverted and attenuated by a
set percentage. Finally, the two pulses are added together, which creates a crossover
point. The timing of the pulse using the CFD method is determined at the

crossover point. Figure 2.26 depicts the CFD pulse timing method.

2.11.3 Detector Dead Time

For all radiation equipment, there is a given time needed to process a radiation
detection event in which other events in a given time will not be detected or will
contribute to pile-up events that complicate reconstruction of the energy of the
interacting particle. The time to properly detect and process each event is known as
the dead time, 7. Systems are generally modeled as paralyzing or non-paralyzing.

In a non-paralyzing system, if an event occurs within the system’s dead time, the
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Figure 2.26. Illustration of the CFD method. The pulse from the detector is split into
two identical pulses. One of the pulses is delayed by a specified amount, and the second
pulse is inverted and attenuated by a set percentage. The summation of the two pulses
creates a crossover point, which determines the pulse timing.

event is simply discarded. The true event rate, R;, to the detected event rate, Ry, in

a non-paralyzing system is
Ry

Rt:m.

(2.42)

In paralyzing systems, if an event occurs within the system’s dead time, it
compounds the system’s dead time by adding to it. The true event rate, R;, is

related to the detected event rate, Ry, in a paralyzing system as

Ry = Rye 1, (2.43)

For both non-paralyzing and paralyzing systems, at low event rates (R, << 1/7),

the detected event rate, Ry is

Ry = Ri(1— R,7). (2.44)

2.11.4 Neutron Time-of-Flight

There are several methods used to determine the kinetic energy of a neutron. One

of the most common methods calculates the kinetic energy by measuring the neutron
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time of flight over a known distance as
1 1 d\’
E, = §mnvi =—-m, (—) , (2.45)

where F, is the kinetic energy of the neutron, m,, is the mass of the neutron, v, is
the velocity of the neutron, d is the known distance, and ¢ is the elapsed time for the
neutron to travel.

Generally, if the neutron’s velocity is more than 10% of the speed of light, which
is equivalent to a 4.7 MeV neutron, relativistic effects need to be considered. The
neutron kinetic energy, considering relativistic effects, is

1

E,=m,? | ———1]. (2.46)
1 _ (@/p?

c2

From Equations 2.45 and 2.46, the time-of-flight of a neutron over a known

distance using classic kinematics is

t = 2.47
o (2.47)
and incorporating relativistic effects the time-of-flight is
d
t= . (2.48)

2.12 88-Inch Cyclotron

A cyclotron is a particle accelerator that accelerates ions using an oscillating

electric field between a pair of hemisphere magnets. Figure 2.27 (a) illustrates the
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magnetic field created by the magnets (blue arrows) between the electric field
(orange arrows). The electric field changes direction, as shown in Figure 2.27 (b),
each time the particles pass through, which allows them to continuously accelerate.
The particles follow a circular path in the magnetic field, due to the Lorentz force,
and accelerate each time they cross through the electric field, as shown in
Figure 2.27 (c). The particles are then extracted from the cyclotron at a desired

energy.

(a) (b)

Figure 2.27. (a) A cyclotron contains two hemispheric magnets, which create a strong
magnetic field (blue arrows) between an electric field (orange arrows). (b) The electric
field flips each each time the particles cross the field to accelerate the particles. (c)
The particles follow a circular path between the magnets and accelerate each time they
cross the electric field.

The cyclotron frequency of the oscillating electric field is [50]

o B

- 2.49
ST (2.49)

where ¢ is the charge of the particle, B is the magnetic field, and m is the mass of

the particle. The maximum kinetic energy of a particle from a cyclotron is

1 - qu2R2

T= 5mv (2.50)

om
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where R is the radius of the cyclotron. The 88-Inch Cyclotron at Lawrence Berkeley

National Laboratory, used in this research, can accelerate deuterons up to 65 MeV.

2.12.1 Deuteron Breakup

The weakly bound deuteron, with a binding energy of 2.22 MeV, enables the
neutron to be easily stripped from the proton in a nuclear reaction. These reactions
serve as the basis for creating intense neutron beams at the 88-Inch Cyclotron [76].
Since first discussed by Oppenheimer in 1935 [77], several theories have been
postulated on the reaction mechanisms for deuteron breakup.

In Coulombic deuteron breakup, the deuteron incident on a nucleus “feels” the
Coulombic repulsion between the protons in the nucleus to the proton in the deuteron.
As the deuteron gets closer to the nucleus, the Coulombic force is enough to breakup
the proton from the neutron [78].

The energy of the neutron, F,, is

1 7 e?

E,=-(B,—25 _92922), 2.51
2( - ) (2.51)

where E; is the energy of the incident deuteron, Z is the number of protons in the
nucleus, e is the elementary charge, and Rp is the distance between the nucleus and
deuteron at breakup [79-81]. Deuteron breakup due to Coulombic forces (outside of
the nuclear field) dominates at lower energies for higher atomic number, Z, targets
and the resulting neutron is focused at forward angles. However, for lower 7Z targets,
like Be and C, nuclear breakup plays a role [80,81].

Deuteron breakup occuring in the nuclear field of the target nucleus is more
probable via the inelastic interaction, where either the proton or neutron is
absorbed by the nucleus to form a compound nucleus, than the elastic interaction,

where both the proton and neutron are emitted [79,82]. In a direct inelastic
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reaction, also known as stripping, the deuteron interacts with the edge of the target
nucleus, stripping the proton from the deuteron and resulting in a neutron with an
energy of about half of the incident deuteron energy [83,84]. This reaction produces
forward-focused neutrons which broaden in angular distribution as the atomic
number of the target nucleus increases due to the additional Coulombic forces of
higher 7 targets [83].

The deuteron can also interact with the target nucleus and form a compound
nucleus which distributes the energy amongst the nucleons. Neutrons emitted from
the compound nucleus are emitted isotropically with a maximum energy of the kinetic
energy plus the binding energy of the deuteron.

Deuteron breakup on ?Be was the primary high-energy neutron source used at
the 88-Inch Cyclotron. The “Be(d,n)!°B reaction has a Q value of 4.362 MeV, which
means the emitted neutron can have a maximum energy of 4.362 MeV above the
incident deuteron energy. Figure 2.28a shows the neutron spectrum from 16 and
33 MeV deuterons on “Be [85]. At energies of 16 and 33 MeV, the Be(d,n) reaction
is predominately a direct and Coulombic breakup reaction and the outgoing neutrons
are primarily directed in the forward direction as shown in Figure 2.28b.
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Figure 2.28. Neutron (a) spectrum and (b) angular distribution from °Be(d,n) with 16
and 33 MeV deuterons [85].
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III. GENESIS: Gamma-Energy Neutron-Energy
Spectrometer for Inelastic Scattering

This chapter was derived from a manuscript to be submitted to Nuclear
Instruments and Methods in  Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment titled “GENESIS: Gamma
Energy Neutron Energy Spectrometer for Inelastic Scattering.” The author list
included Joseph M. Gordon, Josh A. Brown, Lee A. Bernstein, Bethany L.
Goldblum, Darren L . Bleuel, Chris A. Brand, Jon Charles Batchelder, Thibault A.
Laplace, Brian G. Frandsen, and James E. Bevins. The article has been modified to
fit this dissertation format; however, the content was unchanged. The author
contributed to the characterization of the collimated neutron beam, high energy
efficiency calibration of the HPGe detectors, and timing between the HPGe

detectors, EJ-309 scintillators, and cyclotron RF signal.

3.1 Abstract

Improved neutron inelastic scattering cross sections and neutron-induced
gamma-ray production data are needed to inform integral benchmark studies and
advance nuclear applications in a wide range of areas including detection, forensics,
and non-destructive assay. To meet these needs, the Gamma FEnergy Neutron
Energy Spectrometer for Inelastic Scattering (GENESIS) was constructed, an array
that couples high-resolution ~-ray detectors and neutron detectors at a high-flux
tunable neutron source at the 88-Inch Cyclotron at Lawrence Berkeley National
Laboratory to achieve coincident n/vy detection over a wide energy range. The
current configuration of the array includes 26 organic liquid scintillators, two 2-fold
segmented and two single-crystal high-purity germanium detectors, and a single

inorganic scintillator. The array was constructed with minimal supporting material
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and designed to cover a wide range of secondary particle angles and energies with
limited inter-element scattering. Data acquisition is accomplished using Mesytec
MDPP-16 multi-channel, fast, high-resolution, digital pulse processing modules.
The array characteristics were measured, including gamma-ray and neutron energy
resolution, timing resolution, and detection efficiency. The major sources of neutron
background and uncertainty in the determination of incident and secondary neutron
energy were determined. GENESIS provides a new resource to address nuclear data
needs and advance capabilities in the use of secondary gamma emissions for neutron

interrogation applications.

3.2 Motivation

Nuclear data are the foundation of the design, development, and operation of
any nuclear technology, from nuclear energy and security applications to isotope
production, outer space and terrestrial radiation shielding, and other industrial
applications. Nuclear data deficiencies, including inaccuracies in neutron inelastic
scattering cross sections, can have a significant adverse impact on calculations,
models, and simulations important for curiosity-driven science and applications [86].
For example, poor neutron inelastic cross section data will impact neutron transport
calculations, as neutrons can lose a significant fraction of their kinetic energy in a
single inelastic scattering event. Secondary ~-ray production from active neutron
interrogation also requires robust nuclear data to facilitate signature discovery for
material assay [87]. Unfortunately, there are large discrepancies in the data and
gaps where data do not exist at all; it is critical to conduct experiments to resolve
discrepancies and fill in these gaps.

There are several organizations across the world that have identified nuclear data

needs for different applications. The Nuclear Energy Agency, an intergovernmental
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organization dedicated to multinational cooperation on nuclear technology, maintains
the “Nuclear Data High Priority Request List,” which currently features more than
100 requests for improved nuclear reaction data [88]. In 2015, the Workshop on
Nuclear Data Needs and Capabilities for Applications (NDNCA) compiled nuclear
data deficiencies for a wide array of nuclear applications [89]. Included in the record
was the need for more accurate inelastic scattering cross section data for a large
section of the periodic table, from light and medium nuclei like *Na and *’Fe to
heavier isotopes such as 2°°Pb, 2°"Pb, and #**U. Following the NDNCA meeting, there
has been a series of workshops coordinated in conjunction with the U.S. Nuclear Data
Program to identify and prioritize nuclear data needs along with an interagency effort
to resolve these gaps [90-93].

To address highlighted nuclear data needs related to neutron inelastic scattering
and fast neutron-induced ~v-ray production, the Gamma Energy Neutron Energy
Spectrometer for Inelastic Scattering (GENESIS) was established at the 88-Inch
Cyclotron at Lawrence Berkeley National Laboratory (LBNL). By combining high
resolution v-ray spectroscopy using a collection of high-purity germanium (HPGe)
detectors with an array of organic liquid scintillators for neutron detection,
GENESIS provides the capability for a more accurate determination of neutron
inelastic scattering cross sections and neutron yields by observing events in
coincidence with characteristic v rays. Table 3.1 provides a comparison of the
capabilities of various current and historical facilities where similar experimental
campaigns were conducted.

Section 3.3 provides an overview of the GENESIS facility, including the neutron
source, beam collimation, detector array instrumentation, and data acquisition. In
Section 3.4, the characteristics of GENESIS that enable more accurate (n,n'y) cross

section measurements are discussed, including the temporal resolution, energy
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Table 3.1. Comparison of GENESIS to other (n,n’y) facilities.

Neutron beam Spectroscopy
Energy Spectral Flux FWHM Rate ¥
Facility Range [MeV] Source Monitoring [ns] [MHz] Ray Neutron
GENESIS < 50 d breakup sTOF¢ <10 5.92 HPGe EJ-309
Chi-Nu < 800 spallation F.C. 0.3 0.55 none Li-glass, liquid scint.
GAINS <20 photoneutron F.C. 1.0 0.0008 | HPGe none
GEANIE < 800 spallation F.C. 0.3 0.55 HPGe none

ascatter Time-of-Flight, °Fission Chamber

resolution, and efficiency of both the neutron and ~-ray detectors. Details on the
development of a simulation of the GENESIS array are also provided. Section 3.5
addresses sources of background and uncertainty quantification.  Concluding

remarks are given in Section 3.6.

3.3 Experimental Design

The ability to perform high quality measurements of relevant nuclear data, from
neutron inelastic scattering to fast neutron-induced v-ray production, introduced
several constraints on the design and operational characteristics of GENESIS. The
first requirement is a pulsed, bright, well-characterized, and unobstructed neutron
beam that overfills the area of scattering targets at the center of the GENESIS
array. The repetition rate of the neutron beam and the distance from the neutron
production source to the center of the array must be large enough to allow the
determination of the energy of reacting neutrons via the time-of-flight (TOF)
technique. Second, the detectors in the array must be located in positions that span
a large range of outgoing particle angles. To determine the energy of outgoing
neutrons through TOF, with a ~-ray interaction in one of the HPGe detectors
acting as a start time, the neutron detectors must be separated from one another to
minimize the amount of inter-element scattering, and at a far enough distance from

the scattering target to provide adequate resolution on the TOF. Finally, the data

acquisition system must have a high throughput to allow for the recording of single
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or coincident events from any of the over thirty detectors in GENESIS and the

ability to reconstruct coincident events in post-processing.

3.3.1 Beam Characteristics at the 88-Inch Cyclotron

The 88-Inch Cyclotron at LBNL, home to the GENESIS array, is a K = 140,
sector-focused cyclotron that delivers pulsed beams of charged particles. Neutrons
are created at the facility using thick-target deuteron break-up (TTDB) on low-Z
(e.g., Be, C [94]) or higher-Z targets (e.g., Ti, Ta [95,96]). Neutron production
targets are mounted in a Faraday cup to monitor charged-particle flux and equipped
with water cooling loops to ensure thermal integrity. Due to the high deuteron beam
repetition rate at the 88-Inch Cyclotron, fast neutrons created from the most recent
beam pulse can arrive at experimental stations at the same time as slower neutrons
from previous pulses, a phenomenon known as frame overlap [94].

The neutron spectrum from TTDB was previously measured at the 88-Inch
Cyclotron for 16 MeV deuterons on a Be target using a double time-of-flight
(dTOF) technique [94] and activation foil unfolding [96]. Neutron production using
TTDB has also been theoretically studied [97] and extensively experimentally
measured [98-100], but the discrepancies in measured TTDB spectra, the angular
dependence of the TTDB spectrum, and the possibility of other neutron production
methods necessitates the use of active neutron beam monitoring in GENESIS
experiments, both for shape and fluence. This neutron beam monitoring is
accomplished via activation foils and a scatter time-of-flight (STOF) spectrometer
adapted from the dTOF technique [94].

A schematic of the 883-Inch Cyclotron and select experimental endstations is shown
in Figure 3.1. GENESIS is currently housed in the Cave 5 experimental area, which

is separated from the cyclotron and neutron production target by a 2.44 m wall, with
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1.52 m of concrete on the experimental area side and 0.91 m of steel on the source
side. A 10-cm-diameter iron beam pipe penetrates the shielding wall to allow an

open-air neutron beam to enter the experimental area. Current configurations admit

Vault E

it
ot
oW

neutron flight paths ranging from 6.856 m to 7.856 m.

Cyclotron

Cave 5

GENESIS

Figure 3.1. Overhead view of the 88-Inch Cyclotron, deuteron breakup target, and
copper collimator in the vault and GENESIS in Cave 5. Downstream of the GENESIS
array is the sTOF neutron beam monitor.

3.3.2 Neutron Beam Collimation

A collimator was designed and installed between the neutron source and the
shielding wall in the vault (see Fig. 3.1) to constrain the beam spot size to target
dimensions and reduce background rates. The copper collimator is a cylinder,
7.62 cm in radius and 60 cm in length, divided in six 10-cm-segments with borehole
radii ranging from 0.33 cm to 0.6 cm, in 0.05 or 0.06 cm increments, with the
smallest opening nearest to the neutron source. Copper was selected as the

collimation medium based on simulation studies conducted using Geant4 [101] with
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the Shielding physics list, the GANDL4.6 library [102], and a uniform neutron beam
from 0 — 40 MeV. A factor of eight lower activation per pAmp-hr was observed in
simulation space for copper relative to brass seven days following irradiation. The
collimator was tested experimentally using a 16 MeV TTDB on Be beam in two
positions, roughly 12 and 20 cm downstream of the neutron source. The positioning
of the collimation system relative to the neutron source allows for smaller or larger
neutron beam sizes at the GENESIS target location, and the collimator was aligned
transversely to maximize direct transmission and beam uniformity. The neutron
beam spot size was imaged using a @1.27 x 1.27 cm right circular cylinder of
pulse-shape discriminating (PSD) EJ-309 scintillator [103], coupled to a Hamamatsu
H6533 photomultiplier tube (PMT) [104] and mounted on a motorized,
remotely-operated, two-dimensional translation stage.

To measure the efficacy of the collimator in reducing fast neutron backgrounds,
two ORTEC PopTop 90% HPGe detectors were deployed, positioned at the height
of the beam approximately 20 ¢cm from beamline center and approximately 7.5 m
from the breakup target. One HPGe detector was placed perpendicular to the
neutron beam direction, and one was positioned at approximately 70°.  The
collimation system resulted in a significant reduction in background noise, as shown
in Fig. 3.2. Data taken with the neutron imaging system placed downstream of the
HPGe detectors showed a factor of approximately 6.75 reduction in the 847 keV
245 — 0f 5°Fe transition, a factor of ~ 3.5 reduction in the 844 keV 7 ray from the
decay of 2"Mg produced via (n,p) on aluminum in the GENESIS frame, and a factor

of ~ 1.7 reduction in the 596 keV 2§ — 05 ™Ge transition.
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Figure 3.2. ~y-ray spectra obtained with the perpendicular HPGe detector for an
uncollimated neutron beam and a neutron beam with the collimator positioned such
that the beam spot size was 8 cm in diameter at 7.5 m downstream of the production
target. Prominent are the disappearance of the triangular features, indicative of fast-
neutron scattering on the HPGe active volume, and the disappearance of the wide peak
at approximately 478 keV, arising from fast-neutron induced breakup of boron in the
beam dump.

Figure 3.3. A view looking downstream, lower right to upper left, at GENESIS. A)
Eurisys HPGe Clover detectors with BGO anti-Compton shields, B) Ortec PopTop
HPGe detector, C) sTOF Neutron Beam Monitor, D) Saint-Gobain LaBr;3(Ce), E) EJ-
309 organic liquid scintillators, and F) inelastic scattering foil.
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3.3.3 The GENESIS Array

GENESIS is located in Cave 5 at the 88-Inch Cyclotron at Lawrence Berkeley
National Laboratory, depicted in Fig. 3.1. For neutron detection, GENESIS
currently features twenty-six 5.08 cm x 5.08 cm right-circular cylindrical,
PSD-capable EJ-309 organic liquid scintillators [103] coupled to Hamamatsu
H1949-51 or H2431-50 PMTs [105, 106]. For ~-ray detection, GENESIS also
includes two EURISYS 2-fold segmented HPGe N-type clover detectors with Scionix
V-0210 bismuth germanate oxide (BGO) anti-Compton shields, two Ortec PopTop
HPGe detectors, and a single Saint-Gobain type B380, 5.08 c¢m x 5.08 cm
right-circular cylindrical LaBrs(Ce) crystal mounted to a Hamamatsu R2083 PMT.
Activation foils and the sTOF spectrometer (see Sec. 3.3.1) are fielded in
conjunction with the GENESIS array for neutron beam flux monitoring. Figure 3.3
shows the elements of the GENESIS array staged in typical runtime configuration.
The array is positioned approximately 1.2 m above the floor of Cave 5, a room
2.44 m in height.

The EJ-309 cells are arranged in a quarter-shell centered on the GENESIS target
location, spanning roughly 11 — 165° with respect to the neutron beam direction, and
at radial distances of 35 — 85 cm, with an average standoff of 60 cm. The locations
of all 26 scintillators are given in A.1. To reduce inter-element neutron scattering,
the scintillators are placed at least 20 ¢m from their nearest neighbor, which was
determined via a simulation study to yield an inter-element scattering rate of < 0.1%
across the neutron energy range of 0 — 20 MeV. Each EJ-309 scintillating volume is
contained within a 1-mm-thick aluminum cylinder and capped with a 3-cm-radius,
I-mm-thick quartz window. The quartz window is coupled to a PMT via a thin
layer of EJ-550 silicone optical grease [107]. The PMTs are housed in a 1-mm-thick

aluminum magnetic shield, 23.5 cm long and 3.0 cm in radius. The EJ-309 detector is
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mounted on the GENESIS frame with an L-bracket attached just behind scintillator-
PMT interface, providing an unobstructed line-of-sight from the target to the active
detector volume. For simplicity in construction and modeling of the GENESIS array,
the scintillator detectors are mounted perpendicular to the 80/20 aluminum bars. Bias
voltages are supplied through a single 16-channel CAEN R8033DN [108] and two 8-
channel CAEN R1470ETD [109] power supplies, which are controlled and monitored
remotely.

The two HPGe clover detectors are placed in the hemisphere opposite the EJ-309
array on a table made of 3030-type 80/20 aluminum bars. The center of the clovers are
positioned at beam height center. One clover (Clover 0) is placed perpendicular to the
neutron beam, at a radial distance of approximately 20 cm, measured to the front face
of the HPGe crystals. The second clover (Clover 1) is place at a forward angle, roughly
54° and at a radial distance of approximately 26 cm. Each HPGe clover is a two-fold
segmented crystal spanning a roughly square cross section, 80 mm across and 90 mm
deep. Signals from each of the four crystals are read out individually and signals from
edge-contact anodes, which can provide coarse interaction tracking, are not currently
used. Surrounding each clover is approximately 25 kg of BGO in 16-fold segmentation,
with four segments on each side of the clover, housed in a trapezoidal aluminum
casing with a removable, 2.54-cm-thick Hevimet cap to prevent direct illumination of
the BGOs. The signals from the 16 Hamamatsu R3998-2 PMTs [110] mounted to the
BGOs are “daisy-chained” together and read out as one signal, a choice motivated by
studies of the Compton-rejection efficiency. The Ortec PopTops are also located at
beam height center, one on the table with the clover HPGe detectors, at approximately
130°, and one in the opposite hemisphere at 90°. Several PopTops are available for use
in GENESIS, with efficiencies ranging from 18% to 90%. Bias voltages for the clovers
are supplied via an 8-channel CAEN R1470ETD power supply [109], and the BGO
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and PopTops are supplied through an iseg NHR-42-60r high voltage module [111].

3.3.4 Data Acquisition

Three Mesytec MDPP-16 boards are used to acquire list-mode data [112,113].
Scintillator signals, with the exception of the BGO, are processed through two boards,
configured with the Mesytec QDC firmware to handle pulse integration and timing.
For each collected event, a short integral, long integral, and timestamp are read
out [114]. The HPGe signals, from the Clover and PopTop detectors, are processed
on the third board with the firmware set to the SCP configuration, which manages
adjustable trapezoidal filtering and timing filtering. For each collected event, the
pulse amplitude and timestamp are read out [115]. The best timing resolution for the
HPGe detectors, as determined through experimental studies with ??Na and !*3Ba
sources, was achieved by setting the shaping constant for the timing branch of the
on-board signal processing to the lowest allowable value. This choice introduced a
charge-dependent event loss that has been characterized, as described in Sec. 3.4.3.1.
A constant-fraction discriminated timing signal from the cyclotron RF is fed into a
secondary trigger channel on each board, to provide a nominal start time for incoming
neutron time-of-flight determination. Each channel on all three boards is allowed to
generate a trigger signal, which is passed to a Lecroy 429A logic fan-in/fan-out module

[116] and propagated back to all three boards to ensure the inter-board synchonicity.

3.4 Array Characteristics

This section covers characteristics of the GENESIS array important for
performing high-resolution ~-ray and neutron spectroscopy using the tunable
neutron source at the 88-Inch Cyclotron. Section 3.4.1 describes the means by

which coincident events are timed within the GENESIS array, including details on
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timing resolution. Section 3.4.2 details the measured energy resolution of the HPGe
detectors. In Sec. 3.4.3, the efficiency of the detector array is covered. Section 3.4.4
describes efforts in detector array modeling, which was performed using the Geant4

software package.

3.4.1 Coincident Timing with GENESIS

To reconstruct coincident events from the list mode data and determine the
neutron time-of-flight (either incoming or outgoing), calibration is required to
correct for temporal delays in the signal chain. Figure 3.4 provides a timing
diagram for a representative neutron-gamma coincident event, showcasing the
principles of the GENESIS TOF technique. The TOF of the incoming neutron can
be determined using the detection time T, of 7 rays produced via inelastic
scattering in the target that traveled a distance D, from the center of the GENESIS
array to the j* HPGe detector:

J

TOF%:T,i—77—nXTRF‘F(A;_A]W)_(A;_ARF)? (31)

where ¢ is the speed of light, Tgr is the measured time of the RF signal, and A
A%, and Agp are the time delays of the ith neutron detector, jth ~-ray detector,
and RF signal, respectively. Due to the frame overlap of beam pulses at the 88-Inch
Cyclotron, the reacting neutrons could have come from the nth previous charged-
particle bunch [94].

Similarly, the TOF of an outgoing neutron detected in the ith neutron detector

and in coincidence with a gamma-ray in the jth gamma-ray detector is

A J

TOF] =T, ~T] + — — (&, - A)), (3.2)

n

65



TOE, TOE,,
< > | ] Calculated times
<+ —>
TOE,
TRF Tyr Tn/
Measured time
Agr N,
+«— >
Real time
toy tr tV’ b

Figure 3.4. A timing diagram for the GENESIS TOF technique. The real times, g,
tr, t4, and t,, represent the arrival of the charged particle beam bunch on the neutron
production target, the arrival of neutrons at the target in the GENESIS array, the
arrival of an inelastic gamma ray at an HPGe detector, and the arrival of an outgoing
neutron on a scintillator, respectively. The signal processing delays, Agp, A%, and A?,
indexed by detector, give rise to measured times Trr, T, and T,, respectively.
where T is the measured time of the neutron detected in the ith neutron detector.
The detection times 7, and 7T;, are uncertain by the intrinsic timing resolution of the
detectors.

The time resolution and signal processing offsets were determined through a
coincidence measurement. A 0.96 ug 252Cf spontaneous fission source was placed in
the center of the GENESIS frame. The time differences between prompt fission
~v-ray events in one EJ-309 neutron detector and all other detectors were
determined. Figure 3.5 shows an example of such a histogram for time differences
between an EJ-309 detector and Clover 0, Leaf 0. The width of the peak represents
the quadrature-sum of the resolution of the individual detectors, here ~ 350 ps for
the EJ309 and ~ 3.3 ns for the leaf. The mean of the peak gives an inter-board
timing offset constant, (A? — AJV'), that can be used to correct for signal processing
delays when constructing coincidences using signals from two different MDPP16
boards, here ~ 14.6 ns.

Intra-board timing constants, (A’ — Agr), can be determined using the flash of

gamma rays created when the charge particle beam interacts in the neutron
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production target Compton-scatter off the target in the center of the GENESIS
frame. The timing resolution of the HPGe detectors is such that the gamma flash,
whose time spread is proportional to that of the charged particle beam, is not
clearly identifiable. The incoming neutron TOF is therefore calculated using the

inter-board timing constant to an EJ-309 and that scintillators intra-board constant.

3.4.2 Energy Resolution

The energy resolution of the HPGe detectors is measured using a Eu-152
calibration source placed in the center of GENESIS. The FWHM of a photopeak
can be written as a quadrature sum of a constant noise term and a term

proportional to the energy [117],

FWHM = /aE, + NZ. (3.3)

The parameters o and N are reported in Table 3.2 for each leaf. Prior to every

Table 3.2. HPGe energy resolution

HPGe Detector | a(x107?) [keV] N [keV]
Clover 0, Leaf 1 1.65 £ .07 2.58 + .02
Clover 0, Leaf 2 2.18 £.04 2.26 £ .02
Clover 0, Leaf 3 2.24+.04 2.27 £ .02
Clover 0, Leaf 4 2.00 £ .04 2.87 + .02
Clover 1, Leaf 1 2.22 4+ .05 2.06 4+ .02
Clover 1, Leaf 2 2.44 + .05 2.34 £+ .02
Clover 1, Leaf 3 2.21+ .07 2.22 4+ .03
Clover 1, Leaf 4 2.92 £+ .06 2.25 £ .03

experiment, the 16 BGO PMTs in both shields are individually gain aligned using a
single 1¥7Cs source and then daisy chained, by connecting the output each PMT to
the input of its neighbor, without any termination. The calibration of the light-yield

in the EJ-309 scintillators was accomplished by minimizing a simulated
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Figure 3.5. 22Cf prompt gamma ray time differences between all gamma-ray events
in EJ-309 detector 0 and gamma rays between 710 and 1910 keV in Clover 0, Leaf 0,
in ns. A Gaussian distribution of true coincidences, with mean —24.3 £+ .2 ns, standard
deviation 4.07 & .43 ns.

pulse-integral spectrum broadened by a simultaneously-fit Dietze and Klein
resolution function [118], against an experimental spectrum collected from a '37Cs
point source located at the center of the GENESIS frame. The simulated spectrum
is generated from a GEANT4 [101] model of the EJ-309+PMT detector, which

includes the container of the liquid scintillator, the magnetic shield surrounding the

PMT, and the quartz window between the PMT and the scintillating volume.

3.4.3 Array Efficiency
3.4.3.1 Gamma-Ray Efficiency

The experimental gamma ray detection efficiency, €,, of the HPGe detectors in
GENESIS has been measured through the use of a .916 uCi *?Eu calibrated point

source. Data was gathered at the center of the GENESIS frame, and at roughly
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an inch off-center in the direction of the clovers and in the direction of the EJ-309
detectors. To characterize the event loss from the choice of the timing parameter (Sec.
3.3.4), data was gathered with a »?Eu source at the center of the frame at multiple
values of the timing parameter, ranging from the lowest allowable value (where the
most event loss was observed) to the highest (where no event loss was observed). A

logistic function for the event-loss probability

1
T T o HE )

P(E,) =1 (3.4)

was fitted for each leaf in the clover and each Pop-Top and used to correct the
simulated gamma-ray efficiency. Values for k range from 0.12 to .019 keV~! and

values of Ej range from 97.0 to 234.0 keV.
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(a) Gamma efficiency for Clover 0 (at 90°) and
Clover 1 (at 54°) measured with a 0.916 pCi *2Eu
at the target location and 1” closer and away from
Clover 0. The results are the total of each leaf in
the clover, but does not include add-back.

(b) Add-back factor for Clover 0 and Clover 1
measured using a 1°2Eu source. There is no loss in
efficiency at low energy, and a gain of up to 45%
at 1408 keV.

Figure 3.6. Gamma efficiency and add-back factor measured using a '»>Eu calibrated
point source.

Figure 3.6a shows the non-added back full clover efficiency for the three %?Eu
source measurements. The effect of the event-loss probability can be seen in the
decrease in efficiency at low gamma energy. The add-back factor is a measure of the

increase in photo-peak efficiency from a clover operating in full add-back mode over a
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clover operating in full singles mode [117]. Figure 3.6a also shows the add-back factor
for 2-, 3-, and 4-fold summing measured with ?Eu. As anticipated, there is no loss

in efficiency at low energy, and a gain of up to 45% at 1408 keV.

3.4.3.2 Neutron Efficiency

The neutron detection efficiency, €,, has been determined through a measurement
with a .96 pug 2°2Cf neutron source. The #2Cf was enclosed in a closed cylinder of 304L
stainless steel, 0.254 cm thick on the sides, 0.775 c¢m thick on top, and 0.851 cm thick
on the bottom. Data was taken with the source at the center of the GENESIS frame
without the clovers, BGOs, and Pop-tops present. Neutron energy was determined
via TOF with gamma-ray interactions in the LaBr(Ce) acting as the start time.
The relative efficiency as a function of neutron energy can be calculated using the
LaBr(Ce) and TOF and the known #2Cf neutron spectrum [119]. The efficiency is
relative because a full accounting of the neutron/gamma multiplicity, angular, and
energetic correlations would be needed to properly calculate the efficiency. Work
is underway to evaluate these correlations. Figure 3.7b shows the relative neutron
efficiency as a function of neutron energy for a single EJ-309 detector. The relative
efficiency is strongly dependent on the threshold of the detector, which was .2 MeVee.

For neutron detection in non-coincidence mode, the only information is the pulse
integral spectrum. Unfolding techniques exist to derive a neutron energy spectrum
from the pulse integral, but equally valuable is an integrated efficiency, which can be
used to develop an numerical understanding of the bulk array performance. Figure
3.7b shows the non-coincidence neutron efficiency, integrated from .2 to 3 MeVee.
As stated earlier, the array has an angular coverage of 11° to 165°, with the most
efficiency near the center of the array (90°). Given the sizes and distances of the EJ-

309 detectors, the amount of 47 solid-angle coverage is low, and the total integrated
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efficiency of the array is 1.83 x 1073,
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(a) Relative neutron efficiency as a function of (b) Non-coincident neutron efficiency from a 252Cf
neutron energy as determined by the TOF method gqyrce, integrated over a light yield range of 0.2 to
with the LaBr(Ce) acting as the start signal, for a g MeVee, as a function of polar angle (with respect
single EJ-309 scintillator. to the direction of a neutron beam).

Figure 3.7. Neutron efficiency determined using a

3.4.4 Array Modeling

A model of the GENESIS array is a useful tool for a variety of reasons, most critical
however is the ability to calculate the neutron and gamma-ray detection efficiency for
a non-point source radiator. A detailed GEANT4 model has been developed that
includes the GENESIS 80/20 frame, a 2.44 x 2.44 m section of the concrete floor
and ceiling of the room, the scintillator+PMT detector (including the 3% air bubble
]), the Pop-Tops, the Clover+BGO detectors, and the LaBr(Ce). The simulation
outputted step information for all particles within the detector volume, which included
kinetic energy, global time, location, energy deposited in the detector volume, and
the energy of the source particle.

A uniform, point, gamma ray source from 0 to 4 MeV was used to study the
response of the primary gamma-ray detectors (Clover, Pop-top, and LaBr(Ce)). The
Shielding Physics List with the G4EmStandardPhyics optionj was used to most

accurately model the performance of the detector at lower gamma ray energies. The
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three-location ?Eu data [Sec. 3.4.3.1] was used to validate this aspect of the
GEANT4 model, mainly through a calculation and comparison of the gamma-ray
detection efficiency. As with previous attempts to develop Monte Carlo models of
HPGe detectors [, a thin dead layer at the front of each individual crystal, of
thickness t4, and a larger dead region surrounding the inner contact, of radius ry
and length hg, was required to achieve agreement between the simulated and
experimental efficiency. The dead layer was implemented in post-processing of the
raw simulation output by excluding steps within the dead regions. The parameters
of these dead regions was varied to minimize, across the three »?Eu measurements,
the standard deviation of the percent difference between the simulated and
experimental efficiency. Figure 3.8 shows the current state of the validation effort in
a comparison of simulated to experimental gamma-ray efficiency for a single clover
leaf. The simulated efficiency was multiplied by the trigger probability [Sec.
3.4.3.1]. Across the energy range available, the simulation matches the experimental
data within 10%. Further efforts, both experimental and in development of the
model, are underway to achieve 5% agreement.

The neutron response of the GEANT4 model is being validated against the 2°2Cf
data used in the experimental determination of neutron efficiency. The Shielding
physics list with the ENDF/B-VIIL.0 GANDL [102] cross section library was used in
a all simulations. Proton energy depositions are converted into light using Birk’s
relation and [Hong 309 data] and broadened using the measured scintillator

resolutions [Sec. 3.4.2].

72



x107° Channel 2
a‘ C 4 center
2 c
] | ¥ close
;g, 0.35 W T tar
W opa- + W
/ .
0.25 |
v W
0.2: ol . M;
0155 + '\\\’.
i ' . # FM
0-1__ e ™ . : . ey
0.05— B
0 1

b 200 400 600 800 1000 1200 1400 1600
Gamma Energy [keV]
Figure 3.8. A comparison of simulated and experimental gamma-ray efficiency for a
single Clover-leaf, for experimental data collected at 3 locations: the center of the
GENESIS array, 1” closer to the Clover, and 1” farther from the Clover. The colored
bands are the simulated efficiencies, and the width of the bands are the uncertainties.
The event-loss probability [Sec. 3.4.3.1] has been applied to the simulated efficiency.
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(a) The signal-to-noise ratio for neutrons without
requiring a coincident ~-ray event in a HPGe
clover detector.

(b) The signal-to-noise ratio for neutrons in
coincidence with a 847 keV v ray from 56Fe(n,n’).

Figure 3.9. The signal-to-noise ratio for neutrons without and with a coincident y-ray
detection in a HPGe clover detector.

3.5 Backgrounds and uncertainties

3.5.1 Neutron Background

The primary source of background in GENESIS experiments is the scattering of
fast neutrons by air. Three data sets were taken using a 14 MeV TTDB beam with

different targets hanging in the GENESIS frame: a thin *Fe sample, a thin "*Be
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sample, and no target (“Blank”). The primary method to reduce background in the
neutron data is by utilizing the HPGe detectors to tag on characteristic gamma rays
given off as the nuclei in the target sample de-excite following a reaction. Figure 3.9
shows the signal-to-noise ratio (SNR), taken as the ratio of count rates when either the
%Fe or "Be target was in the GENESIS frame to the count rate when no target was
present. When no gamma-ray coincidence is required, the rate of neutrons scattered
into the detectors by the targets is roughly 10 — 20% above the rate of neutrons
scattered into the detectors by the air. When a coincidence with a gamma-ray in
the region of the first 2 — 0 transition in °Fe around 847 keV is required, the SNR

improves by as much as a factor of 10.
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Figure 3.10. The uncertainty in neutron energy for incoming neutrons, over a 7.29 m
flight path, is primarily determined by the deuteron beam pulse width, in this case 11
ns FWHM, and the time resolution of the clover-leafs, in this case 7.1 ns FWHM. The
uncertainty in the scattered neutron energy, over the short flight paths of 0.6766 m,

0.4278 m, and 0.8205 m for detectors 0, 4, and 8 respectively is primarily determined
by the clover-leaf time resolution of 7.1 ns FWHM.

3.5.2 Neutron Energy Uncertainty

The analysis of uncertainties is specific to each GENESIS experiment and the
types of quantities derived from the data. In experiments that yield data as a

function of incoming neutron energy, the width of the deuteron beam pulses from
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the cyclotron will contribute an uncertainty to the calculation of neutron energy
from TOF. The deuteron beam pulse width varies between experiments, but typical
values are between 8 and 14 ns FWHM. Figure 3.10 shows the expected incoming
neutron energy resolution for a beam pulse width of 11 ns FWHM combined with
the measured time resolution of the Clover leafs [Sec 3.4.1], over a flight of 7.29 m,
which is standard for GENESIS experiments. An additional source of uncertainty in
the determination of neutron energy is due to the time resolution of the clover-leafs.
This contribution is significant in the case of scattered neutrons, where the flight

path ranges from 0.3848 m to 0.9422 m.

3.6 Summary and Outlook

A new spectrometer, GENESIS, was constructed at the 88-Inch Cyclotron at
Lawrence Berkeley National Lab. The array was designed to conduct coincidence
experiments, simultaneously observing both neutrons and 7 rays resulting from
neutron-induced nuclear reactions. Several development and benchmarking
experiments were conducted to establish the operating characteristics and
capabilities of the array. A data post-processing and analysis framework is under
construction with specific interest in using the differential data products in a
forward model approach. This necessitates a well-established model of the array
response which is currently being developed and benchmarked. A variety of
scattering targets have been mounted in the GENESIS frame, including natural

uranium, °°Fe, sapphire, and NaCl. Analysis of the data is currently underway.

Acknowledgments

This material is based upon work supported by the Department of Energy

National Nuclear Security Administration through the Nuclear Science and Security

1)



Consortium Award No. DE-NA0003180 and performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore National Laboratory Contract
DE-AC52-07NA27344 and by Lawrence Berkeley National Laboratory Contract No.
DE-AC02-05CH11231 and by the Defense Threat Reduction Agency Grant
HDTRA1033292.

76



IV. Measurement of %O(n,n’y) Cross Section

4.1 Introduction

While there are a plethora of nuclear data needs, inelastic scattering cross
section and gamma-ray production measurements are needed for national security,
counter-proliferation, active interrogation, and nuclear energy applications for fuel,
structural, and common environmental isotopes [9,56]. Specifically for 1°0, it is
important to improve the inelastic cross section data because oxygen is ubiquitous
in nuclear applications and can be especially important for high atmosphere nuclear
weapons simulations where the 'O(nn’y) threshold energy is exceeded. For
example, transport in the atmosphere affects the neutron and gamma-ray source
terms arriving at a sensor used to detect and characterize a nuclear weapon
detonation or a weapon system that must survive the nuclear detonation [120].
Since the gamma rays generated from inelastic scattering on oxygen are high energy,
they carry an increasing relative importance compared to the original fission gamma
rays as the transport distance increases for total fluence calculations. Additionally,
due to the distances involved in atmospheric transport and the relative speed of
neutrons and gamma rays, atmospheric scattering of neutrons leads to secondary
gamma rays with a different timing profile than prompt fission gamma rays [7].
Correspondingly, secondary gamma-ray dose rate effects (due to different pulse
length than prompt fission gamma rays) have been identified as an important
environment to consider for microelectronic upset.

Unsurprisingly, the need for more accurate O inelastic cross section
measurements across a broad range of neutron energies up to 20 MeV has been
documented for mnational security, counter-proliferation, and nuclear energy

applications [9,10]. Currently, the experimental data available for '°O(n,n’y) do not
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cover a wide range of neutron energies, some of the partial levels are combined into
one cross section, and the discrepancies between the experimental data are
high [16-29]. Additionally, certain experimental data measurements, such as partial
double differential cross sections, are missing. Measurements of neutron inelastic
scattering on 'O have only measured the outgoing gamma ray [121-123] or
scattered neutron [17-19] but have not measured both in coincidence and correlated
the outgoing gamma rays and neutrons. The GENESIS array described in
Chapter 3 allows for the detection of the outgoing gamma rays and neutrons to
calculate all the partial and differential cross sections for (n,n’y) measurements.
This chapter discusses the current experimental data in EXFOR, the
characterization of GENESIS, and the current state of the 0O(n,n’y) measurement

using GENESIS.

4.1.1 'O Structure

Discovered in 1919, 0 has an atomic mass of 15.9949 amu and is the most
common oxygen isotope (99.757% natural abundance) [124-126]. As a magic number,
even-even isotope, the angular momentum and parity of the ground state is 0" and the
neutron and proton separation energies are extremely high: 15.664 and 12.127 MeV,
respectively [49].

Table 4.1 lists the first several excited states of 0. The left three columns list
the excited state with its corresponding energy, angular momentum and parity, and
half-life. The middle two columns list the possible gamma ray(s) from the excited
state with the corresponding energy and intensity. The right columns list the final
state of the transition with its corresponding energy and angular momentum and
parity.

Not all excited states of the 10 nucleus primarily emit a gamma ray, such as the
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Table 4.1. First excited states of 'O [49].

Initial State Gamma Ray Final State
E [keV] TI! T2 E, [KeV] L [%] E [keV] I
0.0 o0 Stable

6049.4 07 67 ps 0F
6129.9 3~ 18.4 ps 6128.6 100 0.0 0f
6917.1 2% 4.7 1s 787.2  <0.008 6129.9 3~
867.7 0.027 6049.4 07
6915.5 100 0.0 0f
7116.9 1~ 8.3 fs 986.9 0.07 6129.9 3~
1067.5  <6e-4 6049.4 07
7115.2 100 0.0 0f
8871.9 2~ 125 fs 1754.9 14.7 7116.9 1-
1954.7 4.6 6917.1 27
2741.5 100 6129.9 3~
2822.2 0.15 6049.4 07
8869.3 9.3 0.0 0F
9585 1~ 420 keV 2688 12 6917.1 27
a=100% 9582 100 0.0 0F

IT=6.7e-6%
9844.5 2% 0.62 keV 2927.1 34 6917.1 27
a=100% 3794.6 30 6049.4 0O
IT=0.0016% 9841.2 100 0.0 0f
10356 4% 26 keV 3439 100 6917.1 27
a=100% 4225 <1.6 6129.9 3~
IT=2.4e-4% 10352 9E-5 0.0 0F
10957 0~ 5.5 ps 3839.6 100 7116.9 1-

electron [50].
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9.585, 9.845, and 10.356 MeV states which primarily decay by alpha emission. All
the excited states above 10.957 MeV decay primarily by alpha and proton emission.
Additionally, the first excited state at 6.049 MeV has an angular momentum and
parity of 0%, which is the same as the ground state. Since there is no change in
angular momentum (0T — 07), the nucleus is unable to relax to the ground state by
gamma-ray emission. Therefore, the first excited state relaxes to the ground state by

internal conversion, which occurs when the energy is released by an ejected orbital

In a neutron inelastic scattering event, the 10 nucleus could be placed in any



of its excited states as long as the neutron energy equals or exceeds the threshold
energy (~ 1.0625E*) for that excited state energy (E*) [48]. However, only 5 excited
states are easily measured with gamma-ray detection: 6.129, 6.917, 7.117, 8.872, and
10.356 MeV.

4.1.2 '°0O(n,n’) Existing Experimental Cross Section Data

The EXFOR database is the largest repository of experimental nuclear reaction

data [57]. The available EXFOR data for the O(n,n’) reaction are:

Partial cross section calculated from outgoing neutrons [17-19,23,25,26,29],

Partial angular differential cross section of outgoing neutrons [16-28|,

Cross section calculated from outgoing gamma rays [127-130],

Partial cross section of outgoing gamma rays [121-123,130-137], and

Partial angular differential cross section of outgoing gamma rays [29, 122,123,

127,128,138-146].
The EXFOR data for the **O(n,n’) reaction that do not exist include:
e Total cross section calculated from outgoing neutrons,
e Partial energy differential cross section of outgoing neutrons, and

e Partial double differential cross section of outgoing neutrons.

4.1.2.1 '%0O(n,n’) Partial Cross Section Data using Neutrons

The EXFOR database contains data from thirteen experiments that measured the
160(n,n’) partial angular differential cross section [16-28] of the outgoing scattered

neutrons and seven experiments that calculated the '°0O(n,n’) partial cross section [17-
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19,23,25,26,29] using the outgoing scattered neutron. Figure 4.1 plots the available
160 (n,n’) partial cross-section (CS) and partial angular differential (AD) cross-section
data using the outgoing neutron in EXFOR for the excited states of **O. The primary
name of the author, the year the data were published, and the neutron energy/(ies)
are indicated by each shaded portion. For experiments with more than one incident
energy, the number of neutron energies in the data is represented by the number in

the parentheses.

11.520 Islam 1987 AD

11.080 Islam 1987 AD

10.356 Islam 1987 AD

9.844 Mermod 2006 AD
Islam 1987 AD

8.872 Takahashi 1992 CS & AD
Olsson 1989 CS & AD
Baba 1988 AD
Islam 1987 AD
McDonald 1966 CS & AD
6.917-7.117 Takahashi 1992 CS & AD

Olsson 1989 CS & AD
Baba 1988 AD
Islam 1987 AD
Grabmayr 1980 AD
Bonazzola 1972 AD
Meier 1969 CS & AD
McDonald 1966 CS & AD
Bauer 1963 AD
Perey 1960 AD
6.13 Mermod 2006 AD
Takahashi 1992 CS & AD

Olsson 1989 CS & AD
Boerker 1988 CS & AD
Baba 1988 AD
Islam 1987 AD
Grabmayr 1980 AD
Kinney 1972 CS & AD (3)
Bonazzola 1972 AD
Meier 1969 CS & AD
McDonald 1966 CS & AD
Kozlowksi 1965 CS
Bauer 1963 AD
Perey 1960 AD
En 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 .. 95 .. 100 .. 200

Figure 4.1. Available '°0(n,n’) partial cross-section (CS) and partial angular differential
(AD) cross-section data using the outgoing neutron in EXFOR for the excited states
of 160. The primary name of the author, the year the data were published, and the
neutron energy(ies) are indicated by each shaded portion. For experiments with more
than one incident energy, the number of neutron energies in the data is represented by
the number in the parentheses [16—29].

Most of these experiments used the same method to calculate the '®O(n,n’)
partial cross section and partial angular differential cross section. These
experiments consisted of an O target placed near a monoenergetic neutron source
and a neutron detector placed at a distance away. The scattered neutrons, elastic

and inelastic, would be detected in the neutron detector, and their energies would

be calculated using the time-of-flight method. The elastic neutrons would arrive
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first, followed by the inelastically scattered neutrons, which would come in “waves”
corresponding to the excited states of the target.

Figure 4.2 shows an example of the neutron time-of-fight with the elastically and
inelastically scattered neutrons that correspond the the excited states of 0. This
experiment was conducted using 5 MeV deuterons on tritium, which produced
21.6 MeV neutrons. The target was a hollow cylinder of SiO,, which was placed
14.5 c¢cm from the source. The neutron detector was a NE-213 liquid scintillator
placed 5 m from the target. The 6.1 MeV peak includes the 6.049 and 6.130 MeV
excited states, and the 7.0 MeV peak includes the 6.917 and 7.117 MeV excited

states that could not be resolved in the experiment [18].

T T T o
1000 F 0O +n, £=216MeV, 8= 30Deqg g 1
800 | R
600 | R
400 | PER
00 DA
o ;!
% 1) B TV i 00 e
=
S
s ; 1 f—
— 100 | 1
=
8 £
80 - = E
~ s
<
60 | [ B
T . : .
= W "o
20 | W et g .
- N PR I_-, -‘."
o k= f ';'0_‘*.-' Py L SR .
1 1 L
500 550 500 650 700

CHANNEL NUMBER

Figure 4.2. Time-of-flight spectrum of scattered (elastic and inelastic) neutrons from
160 [18]. The 6.1 MeV peak includes the 6.049 and 6.130 MeV excited states, and
the 7.0 MeV peak includes the 6.917 and 7.117 MeV excited states that could not be
resolved in the experiment.
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4.1.2.2 '%0O(n,n’) Partial Cross Section Data using Gamma Rays

The EXFOR database contains data from eleven experiments that measured the
160 (n,n’) partial cross section [121-123,130-137] and four experiments that measured
the 1°0O(n,n’) total cross section using the outgoing gamma rays [127-130]. Figure 4.3
plots the available °O(n,n’) partial cross-section and total cross-section data using
the outgoing gamma rays in EXFOR. The primary name of the author, the year
the data were published, and the neutron energy(ies) are indicated by each shaded
portion. For experiments with more than one incident energy, the number of neutron

energies in the data is represented by the number in the parentheses.

8.872 Boromiza 2020 (31)
Nelson 2001 (23)
Lashuk 1994
Besotosnyj 1975
Tucker 1969
Bezotosnyj 1966

7.117 Boromiza 2020 (56)
Nelson 2001 (26)
Lashuk 1994
Besotosnyj 1975
Nefedov 1961

6.917 Nelson 2001 (23)
Besotosnyj 1975
Tucker 1969
Burymov 1969
Thompson 1954

6.13 Boromiza 2020 (185)
Grozdanov 2018
Nelson 2001 (241)
Lashuk 1994
Besotosnyj 1975
Tucker 1969
Burymov 1969
Bezotosnyj 1966
Nefedov 1961
Day 1956
Thompson 1954
6.049 Lashuk 1994
Total Nyberg 1971
Dickens 1970 (18)

Orphan 1970 (3)
Burymov 1969
En o 1 2 3 a4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 .. 95 .. 100 .. 200

Figure 4.3. Available °O(n,n’) partial cross-section and total cross-section data using
the outgoing gamma rays in EXFOR. The primary name of the author, the year the
data were published and the neutron energy(ies) are indicated by each shaded portion.
For experiments with more than one incident energy, the number of neutron energies
in the data is represented by the number in the parentheses [121-123,127-137].

All these experiments, besides two, used monoenergetic neutrons on a target and
measured the gamma rays at different angles from the target. The experiment
performed by Nelson et al. in 2001 used a pulsed, white source of neutrons with the

target 41 m from the source. Gamma-ray detectors near the target measured the
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outgoing gamma rays at different angles. Figure 4.4a plots the gamma-ray spectrum
from the BeO target at 125° using 4-200 MeV neutrons. The incident neutron
energy was measured using the time-of-flight technique between the pulse and
detected gamma ray. Figure 4.4b plots the production cross section of the
6.129 MeV gamma ray from 60, which is also the partial inelastic scattering cross

section [123].
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Figure 4.4. (a) The gamma-ray spectrum from the BeO target at 125° using 4-200 MeV
neutrons, and (b) the production cross section of the 6.129 MeV gamma ray from 60,
which is also the partial inelastic scattering cross section [123].

4.1.3 'O(n,n’) Evaluated Cross Section Data

For neutron inelastic scattering on O, the evaluated cross sections for the
different evaluated nuclear data files do not agree, as shown in Figure 4.5a.
ENDF [59], JEFF [60], and BROND [63] contain the same evaluation, but the
independent JENDL [61] and CENDL [62] do not agree. The maximum difference
in the evaluated cross-section data is between JENDL and CENDL at 19 MeV,
where the JENDL cross section value is almost 10 times higher than CENDL value.

In addition to the large disagreements in the '°0(n,n’) total cross section evaluated
data, the ENDF library does not contain complete data for the '®O(n,n’) reaction.

The current ENDF library for the %O(n,n’) reaction includes:
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Figure 4.5. Evaluated °O(n,n’) total cross section data (a) from different libraries [59—
63] and (b) total and partial cross section data from ENDF/B-VIII.O [59].

Total cross section,

Partial cross section for 7 excited states (plotted in Figure 4.5b),

Angular distribution of secondary particles for 2 excited states (7.117 and

8.872 MeV),

Photon production cross sections, and

Photon angular distributions.

4.1.4 Other Reactions of Interest

In addition to the '®O(n,n’) reaction, other inelastic scattering reactions of
possible interest, assuming a Al,Osz (alumina) target, include O(n,n’), *O(n,n’),
and *"Al(n,n’). However, the natural abundance of 'O and O is 0.038% and
0.205%, respectively, which will make the reaction less likely to occur and be
measured. The natural abundance of 2"Al is 100% and the first excited state of 27Al
is 0.844 MeV [126, 147], which has a threshold energy of ~0.875 MeV. However,

while low threshold energy reactions, such as 2"Al(n,n’), are easily detected, these
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are difficult to properly measure at GENESIS due to neutron wrap around, which
occurs when the fast neutrons from the current beam pulse overtake the slower
neutrons from a previous pulse (see Section 4.2.5.3). This issue is being investigated
independent of this work.

In addition to the inelastic scattering reactions, neutrons on *O and 27Al can
cause other reactions, which are listed in Table 4.2 [49,147]. All these reactions are
endothermic and Table 4.2 lists the threshold energy for the lowest threshold reactions
on %0 and 27Al except for neutron inelastic scattering.

Table 4.2. Threshold energy for the specific reactions on 0 and 27 Al [49,147].

Reaction E.;, [MeV]
2"Al(n,p)*"Mg 1.896
160 (n,a)3C 2.355
2"Al(n,a)*Na 3.250
27 Al(n,d)26Mg 6.273
%0 (n,n+a)2C 7.614
2"Al(n,n+p)*Mg 8.581
160 (n,p)oN 10.247
160 (n,d) 5N 10.528
2"Al(n,n+p)*Mg 11.290
160 (n,t) 5N 12.892

GENESIS is only able to measure the gamma rays from the the excited daughter
nuclei from these reactions. The incident neutron would require enough energy to
place the daughter nuclei in an excited state in addition to the needed threshold
energy. For 3C and '2C, the first excited states are 3.089 and 4.440 MeV,
respectively, which would require a neutron energy of at least ~5.444 and
~13.058 MeV to measure the partial cross sections of !%0(n,a)®C and
160 (n,n+a)'C, respectively, using GENESIS. These higher threshold reactions are
more difficult or impossible to measure if the neutron beam energy is not high

enough and the run time is too short.
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4.1.5 Research Objectives

The primary objective of this research was to measure the outgoing gamma rays

and neutrons from the '®0O(n,n’) reaction using GENESIS to calculate the

Partial cross section,

Partial angular differential cross section of outgoing neutrons,

Partial energy differential cross section of outgoing neutrons, and

Partial double (angular and energy) differential cross section of outgoing

neutrons.

The desire was to calculate the partial cross sections for each of the five excited states
of 180 that decay completely by gamma-ray emission (6.130, 6.917, 7.117, 8.872, and
10.957 MeV. Additional reactions from Section 4.1.4 were secondary objectives.

Unfortunately, several factors limited the scope of work presented here. The two
most limiting factors were the low energy neutron beam and limited beam time,
which decreased the probability and detection of higher excited states of 1°0 above
6.130 MeV, other higher threshold reactions, and correlated outgoing neutrons.
Additionally, without a complete HPGe efficiency calibration at higher gamma-ray
energies and a characterized neutron beam, a complete cross-section calculation is
not possible. Finally, analyses of the beam wrap-around and beam intensity, which
are being investigated independent of this work, are incomplete at this time limiting
the ability to measure low-lying excited states and normalize the measured cross
sections, respectively.

The research presented in this Chapter accomplished the following objectives:

e Develop and characterize GENESIS capabilities,

e Develop code and algorithms to process the data, and
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e Calculate the °0O(n,n’) detection spectrum of the 2" excited state.

4.2 Experimental Methodology

The 88-Inch Cyclotron accelerated deuterons at 14 MeV into a thick carbon target,
which created neutrons with a wide range on energies up to about 16.225 MeV (the
deuteron kinetic energy plus the Q-value of the deuteron breakup). Figure 4.6 plots
the neutron spectrum from 14 MeV deuterons on thick carbon target [148].
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Figure 4.6. Neutron spectrum from 14.05 MeV deuterons on a thick carbon target at
0 = 0.35° [148].

The neutron beam was collimated using a copper collimator located near the
deuteron breakup target in the 88-Inch Cyclotron vault, as pictured in Figure 4.8,
before traveling 7.3 m to the 90 target located at the center of the GENESIS array,
shown in Figure 4.7.

The target was a 60x60x0.5 mm piece of alumina (Al,O3) with a purity of 99.6%
from Goodfellow Corporation. The density and molecular weight of alumina are

3.9 g/cm? [149] and 101.961 g/mol [150], respectively.
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Figure 4.7. Top view of the 88-Inch Cyclotron, deuteron breakup target, and copper
collimator in the vault and the GENESIS array, sToF, and alumina target in Cave 5.

RF Tank

Figure 4.8. Copper collimator next to the aluminum beam box, which houses the
carbon target.

4.2.1 Inelastic Scattering Measurements using GENESIS

GENESIS is capable of measuring the inelastic scattering cross section by using

the detectors and equipment to correlate the gamma rays and scattered neutrons
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from the inelastic scattering event. Figure 4.9 illustrates the GENESIS concept of

operation (some detectors have been removed for clarity).

Breakup
Target
to
' ~lRF

Figure 4.9. GENESIS concept of operation. A neutron born from the deuteron break
up at ty travels a distance of d to the target, which reacts with the target nucleus at
time, tz. In an inelastic scattering event, the gamma ray travels a distance of d, to the
detector and is detected at time ¢, and the scattered neutron travels a distance of d,
to an EJ-309 detector, where it is detected at time t¢,.

A neutron from the deuteron break up at time ¢y, which is approximated by
cyclotron radio-frequency (RF) signal (tgr), travels a distance of d to the target. For
an inelastic scattering event, the neutron reacts with the target nucleus at time, tg,
exciting the nucleus. As the nucleus relaxes to the ground state and emits a gamma
ray, the gamma ray travels a distance of d, to the detector and is detected at time
t,. The scattered neutron travels a distance of d,, to an EJ-309 detector where it is
detected at time ¢,,. The incident and inelastically scattered neutron energy can be

computed using the time-of-flight technique.
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4.2.2 Detector Positions and Settings

For the experiment, there were 26 EJ-309 organic liquid scintillators, two Eurosys
HPGe clover detectors with BGO shields, and one 3”x3” LaBr detector. Due to the
inadequate energy resolution of the LaBr detector, it was not used in the analysis.
There were two Ortec Pop-Tops in the GENESIS array; however, they were not
performing correctly at the time of the experiment and were not used in the analysis.
The positions of the HPGe clover detectors and EJ-309 scintillators were measured
using a Leica DISTO S910 [151]. Table 4.3 lists the positions of the HPGe clover
detectors and EJ-309 scintillator that were used in the results and analysis. Only one
EJ-309 scintillator was used in the analysis, which was for the timing characterization
(Section 4.3.3). The positions of all the EJ-309 scintillators are listed in Table A.1 of
Appendix A. Figure 4.10 is a picture of the detectors in the GENESIS array which is

similar to the arrangement of the detectors used in this experiment.

Figure 4.10. Picture of GENESIS array with HPGe clovers, HPGe Pop-Tops, and EJ-
309 scintillators. The detectors where located in similar positions for this experiment.

The signals from the HPGe detectors and the BGO shields were processed on a
Mesytec MDPP-16 board using the SCP firmware (SCP) and the signals from the
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EJ-309 scintillators were processed on two Mesytec MDPP-16 boards using the QDC
firmware (QDC1 and QDC2) [113,152,153]. The board identification numbers for
the SCP, QDC1, and QDC2 boards were 17, 18, and 19, respectively. Additionally,
the trigger input and RF signal were inserted into trigger input 1 (ch 32) and trigger
input 2 (ch 33), respectively, for each of the MDPP-16 boards. Table 4.3 lists the
MDPP-16 board and channel configuration for the HPGe clover detectors and EJ-309
scintillator that were used in the results and analysis. All the inputs for the three
MDPP-16 boards are listed in Table B.1 of Appendix B. The settings used in the
Mesytec mvme software for the MDPP-16 boards are listed in Appendix C.

Table 4.3. Position of the center, front face of the HPGe clover detectors and EJ-309
scintillator relative to the target location.

Position MDPP-16
Detector x[m] y [m] z[m] d [m] Board Channel
Clover 3-1 -0.1919 -0.2263 0.0315 0.2984 SCP 0
Clover 3-2 -0.2258 -0.2034 0.0315 0.3055 SCP 1
Clover 3-3 -0.2252 -0.2036 -0.0115 0.3038 SCP 11
Clover 3-4 -0.1920 -0.2260 -0.0101 0.2967 SCP 3
Clover 4-1 0.0075 -0.2446 0.0305 0.2466 SCP 4
Clover 4-2  -0.0394 -0.2417 0.0303  0.2468 SCP 5
Clover 4-3 -0.0391 -0.2420 -0.0113 0.2454 SCP 6
Clover 4-4 0.0079 -0.2442 -0.0105 0.2445 SCP 7
EJ-309 8  -0.7526 0.1503 -0.0219 0.7678 QDC1 8

4.2.3 Neutron Flux Monitoring

The neutron flux from the beam was continuously monitored using the scatter
time of flight (sToF) method [76]. The system is located at the end of the beam line
behind the GENESIS array as show in Figure 3.1. A scintillator detector is located
in the center of the beam with other scintillator detectors around the center detector
at a given distance away and out of the beam. A neutron in the beam may elastically

scatter in the center detector and then into one of the scattering detectors, depicted
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in Figure 4.11.

Scattering
Detector

Center
Detector

Figure 4.11. Illustration of the compact, scattering time-of-flight set up at the end of
the beam line to measure the total flux.

The scattered neutron energy is calculated using the time of flight method and
the time difference between the detection in the center and scattered scintillators.
The incident neutron energy can be calculated by rearranging Equation 2.23. The
neutron beam flux from 14 MeV deuteron breakup on the carbon target used in the
160 experiment (and others) is currently in the process of being fully characterized

by another researcher.

4.2.4 Experimental Runs

The preliminary and scoping experiment for the '°O(n,n’) cross-section
measurement was conducted in conjunction with other GENESIS experiments on
4-5 Apr 2021. With the neutron beam on the alumina target, data were collected
for 5 hours and 50 minutes, segmented into 7 runs. Table 4.4 lists the run ID with
its start and stop times.

Figure 4.12 plots the count rate of the HPGe clover detectors for events between
1-8 MeV, along with the deuteron beam current, for each run. Due to the short
length of experimental time, there was not enough data to correlate gamma rays
from the HPGe detectors and neutrons from the EJ-309 scintillators. This limitation

only allowed partial cross section measurements to be calculated from the gamma-ray
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Table 4.4. Experimental runs on alumina target (HH:MM:SS).

Experimental Run ID

Start Time Stop Time Run Time

GENESIS_Al1203.039.210404 204110
GENESIS_Al1203_040-210404_224817
GENESIS_A1203.041-210404_232640
GENESIS_A1203.042_210405_002411
GENESIS_A1203.043-210405_013604
GENESIS_Al1203_044 210405024128
GENESIS_A1203.045-210405_-033550

20:41:09
22:48:16
23:26:38
00:24:10
01:36:02
02:41:27
03:35:49

21:37:45
23:14:42
00:23:16
01:35:02
02:40:04
03:34:50
03:57:49

0:56:36
0:26:26
0:56:38
1:10:52
1:04:02
0:53:23
0:22:00

data collected by the HPGe detectors.
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Figure 4.12. Count rate in the HPGe clover detectors for events between 1-8 MeV over
the entire experiment along with the deuteron beam current.

4.2.5 Timing Characterization

Each of the MDPP-16 boards was set to have the timing window start at
-1,500 ns from the trigger input (ch 32) with a window width of 4,500 ns, as shown
in Figure 4.13. While the window is open, all events within the window are recorded
and stamped with a TDC time, which starts from the beginning of the window. The
timing resolution for each board was set to 0.098 ns per TDC channel.

The incident neutron energy is determined by the neutron time of flight, nToF,

calculated as
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win_width = 4,500 ns

TDC [channels] 0 5,102 10,204 15,306 20,408 25,510 30,612 35,714 40,816

— ]
Time [ns] -1,500 -1,000 -500 0 500 1,000 1,500 2,000 2,500 3,000
;: win_start =-1,5000 ns “

f

Trigger In

Figure 4.13. Timing of the MDPP-16 boards. For each board, the window would start
-1,500 ns from the trigger input and was open for ~4,500 ns. The timing resolution
was 0.098 ns per TDC channel.

d
nlol" = t,y - tRF - X At, (41)
c

where ¢, and tgp were the measured time of the gamma-ray detection in the HPGe
and RF signal, respectively, d, was the distance of the HPGe detector from the target,
¢ was the speed of light, and At is the timing delay between the HPGe detector and
RF signal. Figure 4.9 illustrates the positions of the targets and detectors and the

parameters used to calculate the incident neutron time of flight.

4.2.5.1 Delay and Uncertainty

Two methods were examined to calculate the timing delay and uncertainty
between the HPGe detectors and RF signal, which was needed to properly calculate
the incident neutron time of flight in Equation 4.1. The first method calculated the
timing delay and uncertainty using the gamma-ray flash from the deuteron break-up
target that Compton scattered into the HPGe detectors, calculated as

d+d
At =1, —trr — J;”, (4.2)

where d is the distance between the deuteron break up target and alumina target,

which was 7.3 m.

95



The second method calculated the timing delay and uncertainty by combining the
timing delay and uncertainty of Compton-scattered gamma-ray flash in one of the
EJ-309 scintillators and the delay and uncertainty between the HPGe detectors and
the EJ-309 scintillator determined from prompt fission gamma rays of a 2*2Cf source
located at the target location. The delay between the EJ-309 scintillator and RF
signal, using the Compton-scattered gamma-ray flash, was calculated as

d+d,
Atgj_rp =tn —trp — P (4.3)

where dg; is the distance between the target and the EJ-309 scintillator. The delay
between the EJ-309 scintillator and HPGe detectors was calculated as
d, —d,

Atgr_apge =th — 1, — P (4.4)

and combining the two delays provides the delay between the HPGe detectors and

RF signal as

At = Atpy_rr — Atpj_HPGe- (4.5)

4.2.5.2 RF Signal Timing

The RF signal from the cyclotron was inserted into trigger input 1 (ch 33) for
each board. Figure 4.14 plots the TDC time difference between the RF signals in the
QDC1 board of run 42. An average time difference of 169.93 ns (5.885 MHz) was
obtained.

Figure 4.15 plots the number of RF signals within each ~4,500 ns timing window
for each of the boards of run 42. Since the RF signal input is constant, the number

of RF signals processed by the board for each timing window should be the same,
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Figure 4.14. Timing difference between the RF signals in the QDC1 board from run
42. The average time difference between RF signals was 169.93 ns, which equates to a
cyclotron pulse frequency of 5.885 MHz.

which is 26-27 RF signals within each timing window. This was the case for the QDC
boards, but not the SCP board. Therefore, the RF signal from the QDC1 board was

used for the all the timing analyses.
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Figure 4.15. The number of RF signals within each timing window for the boards from
run 42. With a cyclotron period of 169.93 ns, there were 26-27 RF signals for each
~4,500 ns timing window. The RF signals in the QDC boards were properly recorded,
but not in the SCP board.
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4.2.5.3 Neutron Wrap Around

The 14 MeV deuteron breakup reaction on carbon created a range of neutron
energies up to 16.225 MeV, which is the deuteron kinetic energy plus the binding
energy of deuteron (2.225 MeV). Using a pulsed source, the high energy neutrons
from the current pulse will get to the target before the low energy neutrons from the
previous pulse(s), which is known as neutron wrap around. For the experiment, the
cyclotron pulse period was 169.93 ns and the distance between the deuteron break-
up target and alumina target was 7.3 m. A 16.225 MeV neutron time of flight over
7.3 m was 132.72 ns. Therefore, the slowest neutron time of flight from the previous
pulse that would avoid being overtaken by the fast neutron would arrive in less than
302.65 ns, which equates to a neutron energy of at least 3.056 MeV. The neutron
energy of the second and third wrap around is 1.250 and 0.676 MeV, respectively.
These energies were well below the reaction threshold for 9O inelastic scattering and

so this effect was ignored.

4.3 System Characterization

4.3.1 HPGe Energy Calibration

The HPGe detectors were initially calibrated using »?Eu (0.245, 0.344, 0.779,
0.964, 1.112, and 1.408 MeV peaks). They were then further calibrated using the
distinctive gamma-ray lines from the experiment, listed in Table 4.5. The HPGe
energy calibration data were fitted to a 2*-order polynomial.

Gain drift was observed in some of the HPGe detectors; therefore, each HPGe
detector was calibrated for each experimental run. Figure 4.16a plots the uncalibrated
energy spectra of HPGe clover 4-1 (SCP ch 4) for each experimental run and shows

the gain drift of the 7.631 and 7.646 MeV gamma rays from °°Fe(n,y) and Figure 4.16b
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Table 4.5. Gamma rays used from experiment data for HPGe detector energy
calibration with their corresponding generating reactions.

Energy

[MeV] Reaction
0.511 Annihilation
0.596 “Ge(n,n’)
1.014 27Al(n,n’)
1.779 Decay of Al
6.129 160 (n,n")
7.631 %Fe(n,y)
7.646 Fe(n,y)

plots the calibrated energy spectra for each experimental run.
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(a) Uncalibrated energy spectra. (b) Calibrated energy spectra.

Figure 4.16. (a) uncalibrated and (b) calibrated energy spectra of HPGe clover 4-
1 (SCP ch 4) for each experimental run. The gain drift is shown in the 7.631 and
7.646 MeV peaks from °°Fe(n,y) before applying the calibrations.

4.3.2 HPGe Efficiency Calibration

The efficiency of the HPGe clover detectors was calibrated using a 10.05 pCi 1*?Eu
source and a 5°Co source of unknown activity. The energies used in the efficiency
calibration are listed in Table D.1 of Appendix D. The spectrum for each of the
HPGe clover detectors was analyzed using PeakEasy [154] to calculate the number of
counts under each peak using the best fit to minimize the residual Chi-squared value.

The absolute efficiency was calculated as
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where Cj was the number of counts under the peak, A was the current activity of
the source, t. was the elapsed time of the calibration, and I, was the intensity of the

gamma-ray emission. The current activity was calculated as

A= A(]@_/\t, (47)

where Ay was the original activity, ¢ was the elapsed time, and A was the decay

constant. The uncertainty in the absolute efficiency was calculated as

B 5C\?  (0L)\?
55(11)5 — 5abs\/(7d) + (?) . (48)

Figure 4.17a plots the absolute efficiency of each of HPGe clover detectors using

the »?Eu data. The overlapping energies of ®>Eu and %°Co were used to estimate
the activity of the uncalibrated **Co, which was estimated to be ~8 nCi at the time
of the calibration measurement. Figure 4.17b plots the absolute efficiency of each of

HPGe clover detectors using the 5Co data.

4.3.2.1 HPGe Efficiency Calibration Extrapolation

Unfortunately, the calibration data of '»Eu and %°Co only extend up to
3.451 MeV which is significantly lower than the energies of the expected gamma
rays from °O(n,n’). There are several empirical (Kis et al. [155]) and semi-empirical
(Gallagher and Cipolla [156]) fit functions for HPGe efficiency data that could be
used to extrapolate to higher energy ranges. Additionally, the GENESIS GEANT4
simulations, described in Chapter 3, could be used to determine the efficiency at the

relevant energies, once experimentally benchmarked at lower energies.
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Figure 4.17. Absolute efficiency of the HPGe clover detectors using (a) '°Eu and
(b) %Co. The activity of the uncalibrated °Co source was determined from '5?Eu-
determined efficiencies for overlapping energy ranges.

Unfortunately, the semi-empirical functions from [156] are not applicable in the
energy regime where pair production is significant and therefore will not work for this
application. No equivalent semi-empirical functions were found that applied to this
energy regime. Additionally, radiation transport simulations are known to provide
poor results unless several parameters are tweaked to align the simulated results with
measured data, which does not currently exist above 3.451 MeV.

Extrapolation using the empirical functions of [155] remained as the only viable
solution. Four of the algorithms (Debertin, Gray, Lin and Fazekas) from [155] were fit
to the ?Eu (244.70-1408.01 keV) and *°Co (846.76-3548.27 keV) experimental data
from [155]. The function extrapolated results were then compared to the 3¢Cl (516.73-
8578.21 keV) and *Ti (1381.75-6760.13 keV) experimental data of Kis et al. [155] to
determine how well the fits performed at extrapolation in this region given data similar
to what was available for GENESIS. Figure 4.18a plots the experimental efficiency
data for 2Eu, *¢Co, 36Cl, °Ti, and the Debertin algorithm using the data from
152y and %%Co. As expected, the algorithms are not able to extrapolate with high

accuracy at higher energies, as shown in Figure 4.18b. Unfortunately, there remained
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no successful HPGe efficiency calibration at the higher energies.
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Figure 4.18. HPGe efficiency extrapolation analysis using different algorithms to fit the
(a) experimental efficiency data from *?Eu and °°Co and (b) compare the extrapolated
fit to experimental efficiency data of **Cl and “°Ti [155].

4.3.2.2 Plans for Improved High-Energy Efficiency Calibration

In order to measure the efficiency of the HPGe detectors at higher energies above
the 3.451 MeV of %6Co, two ideas were proposed. The first idea was to use gamma-ray
emission from the decay of %Ga, which emits gamma rays up to 4.806 MeV with a
half-life of 9.49 hours [157]. A zinc target was placed into the deuteron beam to create
%Ga from the %Zn(d,2n)%Ga reaction. This activated target was then be placed
at the target location. The ®Ga decay does not extend high enough to calibrate
the HPGe detectors for gamma rays from O(n,n’y), but can extend the current
measured efficiency data, which can be used to further benchmark the GEANT4
model and provide more confidence in the simulation to produce the higher-energy
HPGe efficiency calibration.

The second proposed idea was to use the gamma rays emitted from thermal
neutron capture on 3°Cl, which emits gamma rays up to 7.790 MeV [54, 158].

Table 4.6 lists the most probable gamma rays from thermal neutron capture of 3*Cl
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with their associated relative intensities (relative to the most intense).

Table 4.6. Gamma rays and relative intensity (I,/I,q,) from thermal neutron capture
on *CIl [54,158].

Energy [MeV] I,/I4. [%]

0.517 85.073
0.786 38.373
0.788 60.831
1.164 100.000
1.951 71.043
1.959 46.015
6.111 73.962
6.620 28.395
7.414 36.925
7.790 29.854

A 35C1 target was created by pressing 42.368 g of salt (sodium chloride) into a
50 mm diameter, 10.60 mm thick disc. = The salt was >99.5% pure from
Sigma-Aldrich [159]. The salt target was placed at the target location and a ?52Cf
source was placed approximately two inches away from the salt target and
surrounded with polypropylene to thermalize the neutrons. The activity of the 3°Cl
target was calculated through decay gamma rays that overlap the »?Eu, and %°Co
energy ranges. These sources are either calibrated sources with known activities
('2Eu) or have decay lives favorable for determining the activity from HPGe

spectroscopy (*°Co).

4.3.3 Timing Results

The incident neutron energy was determined by the neutron time of flight,
Equation 4.1, which was dependent on characterization of the timing between the
HPGe clover detectors, EJ-309 scintillator, and cyclotron RF signal. Figure 4.19
illustrates the positions of the targets and detectors and the parameters used to

characterize the timing.
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Figure 4.19. Illustration of the the positions of the targets and detectors and the
parameters used to characterize the timing between the HPGe clover detectors, EJ-
309 scintillator and cyclotron RF signal.

4.3.3.1 HPGe and RF Timing

The timing delay and uncertainty between the HPGe detectors and RF' signal
were measured using the gamma-ray flash from the deuteron pulse on the carbon
break-up target which successively Compton scattered off of the alumina target and
into the HPGe detectors. All the recorded detection events from the HPGe detectors
on the SCP board were correlated to the RF signals from the QDC board within
the same timing window (same timestamp). Since the deuteron breakup target was
carbon, a portion of the gamma-ray flash would be 4.44 MeV gamma rays (4.20 MeV
Compton edge) from the 1st excited state of carbon. A high energy cut from 3.55
to 4.20 MeV was performed on the detected gamma-ray spectrum to isolate more of
the events from the 4.44 MeV gamma ray. An additional low-energy cut from 0.421
to 0.466 MeV was performed on the spectrum. Figure 4.20 plots the time difference
of the HPGe detector (SCP ch4) and the RF signal (QDC1 ch 33) for all the events
in the HPGe along with the high- and low-energy events. There are multiple peaks,
which are due to the single event in the HPGe detector being compared to all the RF
signals within the same timing window. The delay and uncertainty were calculate

using the first positive peak.
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Figure 4.20. Time difference of the HPGe detector (SCP ch4) and the RF signal (QDC1
ch 33) for all the events (left axis) in the HPGe and with the high (3.55-4.20 MeV)
and low (0.421-0.466 MeV) energy events (right axis) from run 42.

The timing difference using the low energy events followed the same trend as
compared to all the events in the HPGe detector, which included the Compton-
scattered gamma-ray flash, gamma-rays from the target, neutron interactions within
the HPGe detector, and gamma rays from neutron and gamma-ray interactions with
other materials in the room. The timing difference using the high energy events follows
more of a Gaussian distribution, which would be expected from a Compton-scattered
gamma-ray flash. Therefore, the timing difference using the high energy events from
all the runs was used to calculate the timing delay and uncertainty. Figure 4.21a
plots the time difference between the high energy events (3.55-4.20 MeV) in the HPGe
detector (SCP ch4) and the RF signal (QDC1 ch 33) for all the runs, and Figure 4.21b
plots time difference with all the runs combined along with the Gaussian distribution
fit. The mean and standard deviation of the distribution was 38.01 ns and 20.09 ns,
respectively. The distance from the deuteron break-up target to the alumina target

plus the distance to the center of the HPGe detector was 7.5869 m, which equates to
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a gamma-ray time of flight of 25.31 ns. Therefore, the timing delay and uncertainty
between the HPGe detector (SCP ch 4) and RF signal (QDC1 ch 33) was 12.70 ns

and 20.09 ns, respectively.
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Figure 4.21. The (a) individual and (b) combined timing difference between the high
energy events (3.55-4.20 MeV) in the HPGe detector (SCP ch4) and the RF signal
(QDC1 ch33). A (b) Gaussian fit of the combined timing difference obtained a mean
and standard deviation of 38.01 ns and 20.09 ns, respectively.

4.3.3.2 EJ-309 and RF Timing

The timing delay and uncertainty between the EJ-309 scintillator and RF signal
was measured using the gamma-ray flash from the deuteron pulse onto the carbon
break-up target, which successively Compton-scattered off of the alumina target and
into the EJ-309 scintillator. The EJ-309 detector used in the analysis was detector
EJ-309 8 (channel 8 on the QDC1 board), which was the most forward positioned
detector in the GENESIS array located at a distance of 0.7678 m from the alumina
target.

All the recorded detection events from the EJ-309 scintillator were correlated to
the RF signals (QDC1 ch33) within the same timing window. The events in the
EJ-309 scintillator were separated into gamma ray and neutrons events using a PSD

and energy cut, as shown in Figure 4.22a. Figure 4.22b plots the timing difference
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between neutron, gamma-ray, and all events in the EJ-309 scintillator and the RF
signal. There are multiple peaks, which are due to the single event in the EJ-309

being compared to all the RF signals within the same timing window.
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Figure 4.22. (a) PSD and energy histogram of the EJ-309 scintillator (QDC1 ch8)
from run 42. The red lines indicate the energy (>200 channels) and PSD cuts used to
separate gamma-ray and neutron events. (b) The timing difference between neutron,
gamma-ray, and all events in the EJ-309 scintillator and the RF signal in run 42. The
multiple peaks are due to the events in the EJ-309 scintillator being compared to all the
RF signals in the same timing window. The gamma-ray events in the EJ-309 scintillator
were used to measure the timing characteristics between the EJ-309 scintillator and
RF signal via the Compton-scattered gamma-ray flash.

The data from all the runs were combined to calculate the timing delay and
uncertainty, as shown in Figure 4.23. The shape of the timing peak between the
gamma-ray events in the EJ-309 scintillator and the RF signal is attributed to the non-
uniformity of the deuteron beam from the cyclotron, which likely featured extraction
from multiple turns within the cyclotron, as shown in Figure 4.23a. Figure 4.23b plots
the combined timing difference between the EJ-309 scintillator and the RF signal from
all the runs. The mean of the peak was 31.65 ns, and the FWHM of the peak was
17.052 ns, which equates to a ¢ of 7.24 ns. The distance from the deuteron break up
target to the alumina target plus the distance to the center of the EJ-309 scintillator

was 8.0935 m, which equates to a gamma-ray time of flight of 27 ns. Therefore, the
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timing delay and uncertainty between the EJ-309 scintillator and RF signal is 4.65 ns

and 7.24 ns, respectively.
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Figure 4.23. (a) The timing difference between the gamma-ray events in the EJ-309
scintillator (QDC1 ch 8) and the RF signal (QDC1 ch 33) for (a) each run and (b)
combined. The shape of the peak is attributed to the non-uniformity of the deuteron
beam pulse from the cyclotron, which was not consistent throughout the experiment.
The red lines in (b) indicated the mean and FWHM, which were 323 (31.654 ns) and
174 (17.052 ns), respectively.

4.3.3.3 HPGe and EJ-309 Timing

The timing delay and uncertainty between the HPGe detectors and EJ-309
scintillator (QDC1 ch8) was measured using the prompt fission gamma-ray emission
of a 0.96 pg 2°2Cf source located at the target location. All the recorded events in
the EJ-309 scintillator were correlated with the events in the HPGe detectors that
occurred within the same ~4,500 ns timing window. The events in the EJ-309
scintillator were separated into gamma-ray and neutrons events using a PSD cut.
Figure 4.24a plots the timing difference between neutron, gamma-ray, and all events
in the EJ-309 scintillator (QDC1 ch 8) and all events in the HPGe detector (SCP ch
4). The mean and standard deviation of the timing difference was measured by
applying a Gaussian distribution fit to the timing difference of the gamma-ray

events in the EJ-309 scintillator and HPGe detector, as shown in Figure 4.24b,
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which for the EJ-309 scintillator (QDC1 ch8) and HPGe detector (SCP ch4) were

12.40 ns and 5.53 ns, respectively.
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Figure 4.24. Timing difference between (a) neutron, gamma-ray, and all events and (b)
gamma-ray only events in the EJ-309 scintillator (QDC1 ch 8) and one of the HPGe
detectors (SCP ch 4). The timing difference mean and standard deviation were 12.40 ns
and 5.53 ns, respectively.

The gamma-ray times of flight between the target location and the center of
the EJ-309 scintillator (QDC1 ch 8) and HPGe detector (SCP ch 4) were 2.65 ns
and 0.96 ns, respectively, equating to a real delay of 1.69 ns between the EJ-309
scintillator and HPGe detector. However, in the experiment, the HPGe detector
event was recorded after the EJ-309 scintillator event, due to the longer response
time of the HPGe detector relative to the EJ-309 scintillator. Therefore, the delay
between the EJ-309 scintillator (QDC1 ch 8) and the HPGe detector (SCP ch 4)
was -14.09 ns with an uncertainty of 5.53 ns. Table 4.7 lists the timing delay and
uncertainty between the HPGe detectors and EJ-309 scintillator (QDC1 ch8). All
the HPGe detectors have similar delay and uncertainty, except for Clover 3-3 (ch
11). The difference in Clover 3-3 is due to the integration and differentiation time
setting for the timing filter (TF_int_diff) on the MDPP-16 SCP board for channel 11

being accidentally set to 3 instead of 1, which was the setting for all the other HPGe
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detectors.

Table 4.7. Timing delay and uncertainty between the HPGe detectors and EJ-309
scintillator (QDC1 ch 8).

Detector Channel TF _int diff Delay [ns] Uncertainty [ns]

Clover 3-1 0 1 -14.13 4.78
Clover 3-2 1 1 -15.32 4.75
Clover 3-3 11 3 -67.72 11.76
Clover 3-4 3 1 -12.08 5.19
Clover 4-1 4 1 -14.09 5.53
Clover 4-2 5 1 -14.49 5.18
Clover 4-3 6 1 -14.68 5.53
Clover 4-4 7 1 -18.96 6.52

4.3.3.4 Delay and Uncertainty

The two methods were analyzed to calculate the timing delay and uncertainty
between the HPGe detectors and RF signal, as discussed in Section 4.2.5.1.
Calculating the timing delay and uncertainty between the HPGe detector (SCP ch
4) and RF signal (QDCI ch 33) using the first method and Equation 4.2, resulted in
a delay and uncertainty of 12.70 ns and 20.09 ns, respectively. In comparison, using
the second method and Equations 4.3, 4.4, and 4.5, resulted in a delay and
uncertainty of 18.74 ns and 9.11 ns, respectively. Therefore, with the reduction in
uncertainty, the second method was used to calculate the timing delay and
uncertainty between the HPGe detectors and RF signal, which are listed in
Table 4.8. Besides Clover 3-3 (SCP ch 11), which had the different timing setting,
the timing uncertainties between the HPGe detectors and RF signal were very

similar, with an average of 9.02 ns and standard deviation of 0.34 ns.
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Table 4.8. Timing delay and uncertainty between the HPGe detectors and RF signal
(QDC1 ch 33).

Detector Channel TF _int diff Delay [ns] Uncertainty [ns]

Clover 3-1 0 1 18.78 8.68
Clover 3-2 1 1 19.97 8.66
Clover 3-3 11 3 72.37 13.81
Clover 3-4 3 1 16.73 8.91
Clover 4-1 4 1 18.74 9.11
Clover 4-2 5 1 19.14 8.90
Clover 4-3 6 1 19.33 9.11
Clover 4-4 7 1 23.61 9.74

4.4 Analysis and Results

The detected gamma-ray spectrum, shown in Figure 4.25 for each of the HPGe
detectors from the 'O experiment, can be binned by the neutron spectrum in the
target that created the gamma ray that was subsequently detected by the HPGe
detector. The incident neutron energy, F,, was calculated using the neutron time of

flight method as

9 1

d 2
L - ( (TLTOF)C>

where m,, was the neutron mass, ¢ was the speed of light, d was the distance traveled

E, =m,c

1, (4.9)

by the neutron, and nToF was the neutron time of flight, which was calculated using
Equation 4.1. For the **O(n,n’) reaction, the most probable gamma-ray emission is

6.129 MeV from the 2*¢ excited state.

4.4.1 Full Energy Peak

All the runs for each HPGe detector were combined and each event recorded in the
HPGe detector was correlated to all the RF signals within the same timing window.
After applying the run-dependent energy calibration, the data were cut around the full

energy peak to only analyze the events from the 2°¢ excited state of 1°O (6.129 MeV),
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Figure 4.25. Energy spectra from each of the HPGe detectors from the 0 experiment
(all runs).

as shown in Figure 4.26.
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Figure 4.26. Calibrated HPGe energy spectrum of Clover 4-1 (SCP ch 4) for all runs
showing the energy cut on the 6.129 MeV peak (6.120-6.134 MeV) from 279 excited
state of °O from the '°O(n,n’) reaction.

The neutron time of flight, calculated using Equation 4.1 and the timing delay in
Table 4.8, was histogrammed with bin edges originating at the 6.542 MeV neutron
threshold energy for the O(nmn’) 2" excited state. The time of flight for a
6.542 MeV neutron at 7.3 m is 207.43 ns. The neutron time-of-flight histogram was
fit to determine the constant background due to chance coincidence events.
Figure 4.27 plots the neutron time-of-flight histogram for the events under the
6.129 MeV peak for HPGe Clover 4-1 (SCP ch 4) along with the fit to calculate the
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chance coincidence background. The events in the neutron time-of-flight histogram
below 207.43 ns are from the neutrons above 6.542 MeV, which was expected. The
events above 207.43 ns, which would indicated reactions below the threshold energy
and cannot physically occur, are from the repeated HPGe events that were
correlated to the other RF signals within the same timing window (4.5 us). These

events were discarded after converting the neutron time of flight to neutron energy.
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Figure 4.27. Number of detection events under the 6.129 MeV peak in the HPGe Clover
4-1 (SCP ch 4) as a function of incident neutron time of flight with fit to calculate the
chance coincidence background.

The neutron energy was calculated using Equation 4.9, and the neutron energy
bin widths were set at twice the timing uncertainty for each bin. Figure 4.28 plots
the number of background-subtracted detection events under the 6.129 MeV peak in

the HPGe Clover 4-1 (SCP ch 4) as a function of incident neutron energy.

4.4.2 Full and Escape Peaks

To improve the counting statistics, the data were cut around the single and
double escape peaks, as well as the full energy peak, for the 2°¢ excited state of 60

(6.129 MeV), as shown in Figure 4.29, which tripled the number of events.
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Figure 4.28. Number of detection events under the 6.129 MeV peak in the HPGe

Clover 4-1 (SCP ch 4) as a function of incident neutron energy with the background
subtraction.
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Figure 4.29. Calibrated HPGe energy spectrum of Clover 4-1 (SCP ch 4) for all runs
with the energy cut on the 6.129 MeV peak (6.120-6.134 MeV), single escape peak
(5.611-5.626 MeV), and double escape peak (5.100-5.116 MeV) from the 279 excited
state from the °O(n,n’) reaction.

The neutron time of flight was calculated and binned as described in
Section 4.4.1. Figure 4.30a plots the neutron time-of-flight histogram for the events
under the 6.129 MeV peak, single escape peak (5.618 MeV) and double escape peak
(5.107 MeV) for HPGe Clover 4-1 (SCP ch 4), and Figure 4.30b plots the neutron
time-of-flight for the combined counts from the three peaks along with the fit to

calculate the chance coincidence background.
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Figure 4.30. (a) Individual and (b) combined neutron time of flight histograms for the
events under the 6.129 MeV peak, single escape peak (5.618 MeV), and double escape
peak (5.107 MeV) for HPGe Clover 4-1 (ch 4).

The calculated number of detection events under the 6.129 MeV full energy and
escape peaks in the HPGe Clover 4-1 (SCP ch 4) as a function of incident neutron

energy with the background subtraction are plotted in Figure 4.31.
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Figure 4.31. Combined number of background-subtracted detection events under the
6.129 MeV peak, single escape peak (5.618 MeV), and double escape peak (5.107 MeV)
in the HPGe Clover 4-1 (SCP ch 4) as a function of incident neutron energy.

Table 4.9 lists the four energy differential values obtained in this experiment for
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each of the detector channels. For comparison, the neutron energy bin widths were
set at twice the weighted uncertainty of the timing, which was 9.00 ns.

Table 4.9. Energy differential values from the 279 excited state of 0 (6.129 MeV)
obtained in this experiment for each of the detector channels.

Energy Counts

Range [MeV] ChoO Ch1 Ch 3 Ch 4 Ch 5 Ch 6 Ch 7
6.5-7.9 503+33 904439 53733 818438 523+£33 522+32 559+34
7.9-9.7 924439 1371444 810£37 1050441 845£37 913+£38 1021+£40
9.7-12.1 529433  796+37 523433 508433 452432 550+33  610+£34
12.1 - 15.6 167427 249429 177427 83+26 92425  95+25  123+26

4.4.2.1 Complications from '°O(n,p)'N

16N created from the O(n,p)®N reaction decays back to 1°O via 8~ decay with
a half-life of 7.1 s emitting a 6.129 MeV gamma ray 67% of the time [49]. This could

2nd excited state that also emits

complicate the measurement of the °0(n,n’) reaction
a 6.129 MeV gamma ray. However, the higher energy threshold and lower cross section
of the %0(n,p) reaction compared to the **O(n,n’) reaction will reduce the probability
of the reaction occurring. Furthermore and most importantly, the half life of the N
decay is very long, compared to the short duration of the beam period (~200 ns) and
the window in which the *O(n,n’) reaction is being measured. Over a span of 200 ns,
the amount of N decay is only 2 x 107%%, which is considered negligible. Therefore,

events from the N decay will contribute to the chance coincidence background and

will not affect the '°0O(n,n’) measurement.

4.4.3 Higher °O States

The next excited state in O above 6.129 MeV is at 6.917 MeV, which has a
threshold energy ~7.349 MeV and emits a 6.916 MeV gamma ray 99.97% of the

time. Unfortunately, there was not a distinct 6.916 MeV peak above the background,
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as shown in Figure 4.32a, which is due to the low cross section, higher threshold
energy, and short experimental time.

The following excited state above 6.917 MeV is 7.117 MeV, which has a threshold
energy of ~7.562 MeV and the most probable gamma-ray emission from that state is
7.116 MeV. Unfortunately, the 7.116 MeV gamma ray falls under 7.120 MeV peak,
which is the single escape peak from the 7.631 MeV gamma ray from the neutron
capture reaction on 5°Fe [160], as shown in Figure 4.32a. Cutting on the 7.120 MeV
peak and plotting the neutron time of flight histogram, as shown in Figure 4.32b,
shows a uniform background, as compared to Figures 4.27, 4.30a, and 4.30, which
indicates almost all the events in the 7.120 MeV peak are from neutron capture on

%Fe and negligible amount are from %O(n,n’).
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Figure 4.32. (a) HPGe energy spectrum and (b) neutron time-of-flight histogram for
the events under the 7.120 MeV peak (7.108-7.127 MeV energy bin) from Clover 4-1
(SCP ch 4) with all runs combined.

These results are not surprising given the run conditions of the experiment. The
higher energy states require a higher neutron threshold energy and the evaluated cross
sections for these higher states are lower than for the second excited state, as shown
in Figure 4.5b. Increasing the deuteron energy from 14 to 23 MeV, thereby increasing

the energy and intensity of the neutron beam, coupled with longer experimental run
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times will allow for measurement of these higher 90 states and other data products

highlighted in 4.1.2 and Sections 4.1.4.

4.4.4 Information Needed for Cross Section Measurement

The partial cross section of specific excited state (E*) as a function of neutron

energy (E,) is given as
R(E", E,)

o(E", E,) = TENAL

(4.10)

where R(E*, E,,) is the reaction rate in the target for the specific excited state as a
function of neutron energy, I(E,) is the intensity of the incident neutrons, N is the
density of nuclei in the material (nuclei/cm?®), and Az is the target thickness.

Above, only the detection rate was presented. To calculate the partial cross
section (Section 2.3), the HPGe efficiency is needed to calculate the number of
reactions in the alumina target and the incident neutron flux from the beam needs
to be properly characterized. The current high-energy efficiency calibration is
lacking fidelity and a proposed experiment to improve the calibration and
benchmark the GEANT4 GENESIS model was outlined in Section 4.3.2.2.
Determination of the incident beam flux is an ongoing effort conducted by another
GENESIS researcher.

Once these values are obtained, the number of reactions in the alumina target for

a given excited state as a function of incident neutron energy can be calculated as

OP(E'ya En) CSE(E77 En) ODE(E'ya En)
ep(E,) esp(Ey) epr(E,)

R(E*,En):( > L _BK, (411

L(E*)fe

where Cp(E,, E,), Csg(E,, E,), and Cpg(E,, E,) are the number of counts from the
primary, single and double escape peaks, respectively, of a specific gamma ray as a

function of neutron energy. ep(E.,), csp(E,), and epp(E,) are the HPGe detector
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efficiencies of the primary, single escape, and double escape peaks, respectively, of
a specific gamma ray. I,(E*) is the intensity of the gamma ray from the excited
state, fy is the live-time of the HPGe detector, and BK is the chance coincidence

background.

4.5 Conclusion

There is a need to experimentally measure the inelastic scattering neutron cross
section of 10 at a wide range of neutron energies to provide more accurate data
and fill gaps of missing cross-section data. The new GENESIS capability at the 88-
Inch Cyclotron in Lawrence-Berkeley National Laboratory was designed to measure
neutron inelastic scattered cross sections using a array of high-resolution HPGe clover
detectors to measure the gamma rays from the excited target nuclei and 26 EJ-309
liquid organic scintillators to measure the inelastically scattered neutrons. When
taken in coincidence, the GENESIS detector array can measure the partial double
differential cross section. This work helped develop, improve, and characterize the
GENESIS capability and developed the code and algorithms to process the GENESIS
data to support these measurements.

A preliminary and scoping experiment was conducted on '°O by placing an
alumina (Al,Oj3) target in the neutron beam generated from 14 MeV deuterons
breaking up on a carbon target. The analyses of the data from the ~6 hour run was
successful in calculating the number of counts in the HPGe clover detectors from
the 27 excited state of 1°0O using the 6.129 MeV full energy and escape peaks. To
calculate the partial cross section of the 2" excited state, the HPGe detector
efficiency at high energies (>6 MeV) and characterization of the incident neutron
beam is needed: efforts to study both of these quantities are currently in progress.

Additionally, the limited experimental time and low energy neutron beam prevented
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the analyses of higher %0 states and outgoing neutron coincidence data.

4.6 Current and Future Work

Current work continues to measure and calibrate the efficiency of the HPGe
detectors at higher energies and characterize the incident neutron beam using the
sToF system, both of which are needed to calculate the cross section. The next
experiment with 0 will be conducted over a few days and with 23 MeV deuterons,
enabling the measurement of higher energy states of 10 and outgoing neutron
coincidence data. Additionally, the BGO shields from the HPGe clover detectors
will be removed to reduce the number of %O inelastically scattered neutron events
outside of the 10 target. In addition to the '*O(n,n’) measurement, the longer run
time and higher energy neutron beam will possibly enable the measurement of the

partial cross section for other reactions, such as 27Al(n,p)?"Mg, %0(n,a)?C,

27Al(n,d)?*Mg, 50(n,n+a)'2C, 2" Al(n,n+p)*Mg, 50O(n,p)!*N, and °O(n,d)N.
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V. Fast-, Light-Cured Scintillating Plastic

This chapter was derived from a manuscript submitted on 3 Jan 2022 with
Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated FEquipment titled “Fast-, Light-Cured
Scintillating Plastic for 3D-Printing Applications.” The author list included Brian
G. Frandsen, Michael Febbraro, Thomas Ruland, Theodore W. Stephens, James E.
Bevins, Juan J. Manfredi, and Paul A. Hausladen. The article has been modified to

fit this dissertation format; however, the content was unchanged.

5.1 Abstract

Additive manufacturing techniques enable a wide range of possibilities for novel
radiation detectors spanning simple to highly complex geometries, multi-material
composites, and metamaterials that are either impossible or cost prohibitive to
produce using conventional methods. The present work identifies a set of promising
formulations of photocurable scintillator resins capable of neutron-gamma pulse
shape discrimination (PSD) to support additive manufacturing of fast neutron
detectors. The development of these resins utilized a step-by-step, trial-and-error
approach to identify different monomer and cross linker combinations that meet the
requirements for 3D printing followed by a 2-level factorial parameter study to
optimize the radiation detection performance, including light yield, PSD, optical
clarity, and hardness. The formulations resulted in hard, clear, PSD-capable plastic
scintillators that were cured solid within 10 seconds using 405 nm light. The best
performing scintillator produced a light yield 83% of EJ-276 and a pulse shape

discrimination figure of merit equaling 1.28 at 450-550 keVee.
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5.2 Introduction

Plastic scintillators are among the most commonly used radiation detection
materials used due to their low costs, ease of fabrication, fast response time, and
ability to distinguish between neutron and gamma-ray interactions [30-38].
Application of additive manufacturing (AM) techniques to plastic scintillators offers
the potential for new and exciting uses. For instance, 3D printing allows for the
fabrication of complex geometries and multi-material composites that are either
impossible or cost prohibitive to produce using conventional methods.

Successful 3D printing of plastic scintillators requires development of a printing
process as well as suitable feedstock material that is similar in cost to a conventional
scintillator and has mechanical, chemical, and optical properties suitable for the 3D
printing process. The combination of the feedstock and printing process will need to
result in printed parts having mechanical, optical, and scintillation (light yield and
pulse shape discrimination, or PSD) performance near or exceeding that of
conventional plastic scintillators.

There are a wide range of 3D printing methods available, including
filament-based methods such as fusion deposition modeling (also called fused
filament fabrication), powder-based laser sintering, and light-based resin curing. Of
the common 3D printing methods, light-based methods — that is, methods based
on photopolymerization of a liquid resin — such as stereolithography (SLA) and
digital light processing (DLP) offer the best optical clarity. A few researchers have
developed formulations of scintillating resins that either have or can be used in
light-based 3D printers, but the light yield of these scintillators was low (~35% of
commercially available plastic scintillators) [39-41] and PSD was not reported.
Other recent research reported a DLP 3D printed scintillator with light yield up to
67% of BC408 plastic scintillator. This formulation used BPA(EO)15DMA as the
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primary solvent, 1-methyl-naphthalene as the secondary solvent, PPO as the
primary dye, ADSO86BE as the wavelength shifter, and TPO as the
photoinitiator [42, 43]. However, like the other light-based, 3D-printable
formulations, PSD performance was not reported. A novel, light-cured, PSD plastic
scintillator was recently reported in [161], but the required cure time of tens of
minutes makes its use in 3D printing impractical.

This work reports significant advances in the development of a light-based,
PSD-capable plastic scintillator formulation that cures in seconds using
industry-standard 405 nm light and is suitable for 3D printing of radiation
detectors. In particular, this work reports the development of the fast-curing
formulation, the material properties and radiation detection performance of the
resulting light-cured scintillators, a parametrically optimized formulation, and an

initial aging study.

5.3 DMaterials and Methods

5.3.1 Scintillator Development

The goal of this work was to create a mechanically hard, optically clear 3D
printable PSD  plastic scintillator ~ with light output comparable to
commercially-available PSD plastic scintillators, i.e. EJ-276. The formulation of the
resin was based on five basic components; a monomer, a crosslinker, a
photo-initiator to induce photopolymerization, and a primary and secondary
fluorescent dye to produce light from radiation excitation. Several compounds were
evaluated as part of the formulation development for each component.

In developing a 3D printable scintillator resin, the monomer forms the base of
the resin and is the largest component by mass. The monomer needs to have good

optical clarity at the scintillation wavelength, exhibit high solubility for fluorescent
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dyes, and not lead to quenching of the scintillation light. Monomers, such as
vinyltoluene or styrene, which are primarily used in plastic scintillators [34,38], were
found to exhibit low reactivity during photopolymerization [162]. Attempts to use
these types of monomers resulted in cure times of >30 mins to multiple hours,
which is not acceptable for 3D printing applications. Methacrylate and acrylate
compounds exhibited much higher reactivity, on the order of 10s of seconds, which
is suitable for 3D printing applications. Attempts to find a off-the-shelf aromatic
methacrylate or acrylate were unsuccessful. Compounds such as ethylene glycol
phenyl ether acrylate or phenyl acrylate resulted in either poor hardness making
mechanical polishing difficult or poor light yield. In lieu of a suitable aromatic
methacrylate, or acrylate monomer, the compound isobornyl acrylate (IBOA) was
chosen due to its optical clarity, low cost, high boiling point, and high glass
transition temperature. For this work, >85% technical-grade IBOA from
Sigma-Aldrich with 200 ppm monomethyl ether hydroquinone inhibitor was
used [163].

Crosslinkers are needed to increase hardness and decrease the gel time of the
photocured resins. Multiple cross linkers were tested during this work such as
difunctionized 1,6-hexanediol dimethacrylate (HDDMA), bisphenol-A
dimethacrylate (BPADMA), divinylbenzene (DVB), and tetrafunctionized cross
linkers such as pentaerythritol tetraacrylate (PETA) [164-167]. The HDDMA was
>90% pure and contained 100 ppm hydroquinone as an inhibitor, BPADMA was
>98% pure with no inhibitor, PETA contained 350 ppm monomethyl ether
hydroquinone as inhibitor, and DVB was 80% pure. The photo-initiator used to
start the polymerization from incident 405 nm light was diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) from Sigma-Aldrich, which was

97% pure [168]. All compounds were used as received.
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For the production of light yield in the plastic scintillators, the fluors tested were
EJ-309 [67,103,169-173], diisopropyl naphthalene (DIN) from Eljen Technology (base
EJ-309 solvent with no fluors), and 2,5-diphenyloxazole (PPO) from Sigma-Aldrich,
which was scintillation grade and 99% pure [174]. 1,4-Bis(2-methylstyryl)benzene
(Bis-MSB) from Sigma-Aldrich, diphenyl stilbene (DPS) from Luxottica Exciton, and
Exalite 416 from Luxottica Exciton were evaluated as wavelength shifters [175-177].

The compounds for the desired formulation to be tested were weighed and placed
into a 28x57 mm (20 mL) reaction vial. The compounds were thoroughly mixed
together using an alternating combination of a ultra sonic bath and hot plate to
gently warm the mixture. To reduce oxygen-induced quenching, the reaction vial was
transferred to a glove box pressurized with a nitrogen atmosphere (< 0.1 ppm Os
and < 1 ppm H,0). Dissolved oxygen was removed by sparging with nitrogen for
10 min, and the reaction vial was sealed before removal from the glove box. During
this process, care was taken to minimize exposure to ambient light. Finally, the resin
solution was cured using a commercially-available 405 nm Formlabs Form Cure and
Dymax BlueWave AX-550 VisiCure [178,179].

In the formulation development and preliminary light output experiments
conducted at ORNL, it was observed that the obtained light yield was dependent on
the curing parameters. To understand the effects of light yield as a function of the
total curing dose and ensure the curing process resulted in a scintillator with the
maximum light yield, a formulation representative of the final samples (AFIT130)
was placed in a glass cuvette and cured in the Formlabs Form Cure for 5 mins and
Dymax BlueWave AX-550 VisiCure for 4 mins. At periodic intervals during the
curing process, the cuvette was removed from the Form Cure or BlueWave and
placed in a Horiba FluoroMax Plus to measure the emission spectrum of the

scintillator while being excited at 350 and 380 nm, asynchronously. Figure 5.1a
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plots the emission spectrum of the plastic scintillator at the different integrated
curing times from the excitation wavelength of 380 nm. Figure 5.1b plots the
intensity of the peak emission as a function of time during the curing process for
380 nm excitation light. The light emission from the scintillator first decreased
during the first minute of curing in the Form Cure, then increased during the
remaining duration of the curing process in the Form Cure and BlueWave. The
4-minute curing in the BlueWave increased the peak emission by 55% and 79% for
the 350 and 380 nm, respectively, compared to a 5-minute cure in the Form Cure

alone. The increase in the light yield output was attributed to increased TPO burn

up as the samples were solid after ~10-20 sec.
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Figure 5.1. Light emission (a) spectra and (b) peak intensity of AFIT130 excited with
380 nm light as a function of integrated curing times in the Formlabs Form Cure and
Dymax BlueWave AX-550 VisiCure.

After a curing procedure of 5 minutes in the Form Cure and 4 minutes in the
BlueWave, the peak emission was seen to plateau, indicating the maximum light
yield was obtained. This process was used to create all reported scintillator results,
with variations in the curing sequence explored to improve the mechanical hardness

and optical properties of the scintillator, as reported in subsequent sections.
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5.3.2 Scintillator Characterization

For each scintillator, the hardness of the plastic scintillators was measured using
a Shore A durometer. For the curing studies, the light emission spectrum of the
scintillators was measured by a Horiba FluoroMax Plus [180].

The relative light yield and PSD figure of merit (FoM) were measured for each
scintillator. For the scintillators that leached (see Section 5.5.1.2 for details), the
hazy film was cleaned off using mild soap and water before the measurements. Each
scintillator was wrapped with two layers of MIL-T-27730A PTFE tape and coupled
to a 2” Hamamatsu R7724 PMT biased at -1050 V [181]. The signal was processed
using CAEN CoMPASS software on a CAEN DT5730, a 500 MS/s, 14-bit waveform
digitizer with the DPP-PSD firmware for pulse integration and PSD [182, 183].
Figure 5.2 plots an example neutron and gamma-ray waveform from the AFIT101
plastic scintillator formulation as recorded by the digitizer. The pulse shape is

similar to that of other organic scintillators.
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Figure 5.2. Example recorded waveforms for a neutron (orange) and gamma-ray (blue)
event in AFIT101 using a Caen DT5730 digitizer. Each waveform is the average from
all the pulses between 0.9-1.1 MeVee and a PSD of 0.10-0.14 for gamma rays and 0.19-
0.23 for neutrons.

The relative light yield of the scintillators was compared to EJ-276 [184] and

measured using the Compton edges from the 0.511 MeV and 1.275 MeV 22Na gamma
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rays and the 0.662 MeV 37Cs gamma ray. The EJ-276 plastic scintillator was a
bare 17 diameter x 1”7 long right circular cylinder, dated 30 October 2020 from the
manufacturer, which has known aging degradation [38,173,185]. It was removed
from its nitrogen-environment shipping container on 26 April 2021 for its first use in
measurements.

The Compton edge location in the recorded spectrum was determined by fitting a
half-Gaussian distribution to the edge as shown in Figure 5.3 for the ?2Na 0.511 MeV
gamma ray in EJ-276. The Compton edge, which was used for comparing the relative

light yield between scintillators, was calculated as

CE=p+ov2n2, (5.1)

where p and o are the mean and standard deviation of the Gaussian
distribution [186]. For each scintillator, including EJ-276, the average and standard
deviation of each of the three Compton edges was calculated from multiple
measurements of each scintillator. The relative light yield was then calculated as the
ratio of the average Compton edge for each scintillator to EJ-276 for each of the
three Compton edges. The reported relative light yield is an average of the three
relative light yields obtained for each scintillator for the three Compton edges
measured.

Second, neutron and gamma-ray induced events were discriminated using
waveform charge integration PSD as shown in Figure 5.4a [169]. After calibrating
the energy of the spectrum using the Compton edges from the 0.511 MeV,
0.662 MeV, and 1.275 MeV gamma rays, a PSD histogram was generated from the
events between 450 and 550 keVee. The histogram was then fit with two Gaussians,
shown in Figure 5.4b, and the quality of the PSD was quantified using a FoM given
as [169]
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Figure 5.3. An example ?2Na pulse integral spectrum from EJ-276 illustrating the half-
Gaussian fit to the 0.511 MeV gamma-ray Compton edge.
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where p and FW HM are the mean and full-width, half-max for each of the Gaussian
distributions, respectively. For each waveform, the pretrigger was set to 48 samples
(96 ns), and the baseline was calculated using the first 40 samples (80 ns). The long
gate was set to 400 ns, and the short gate was varied to optimize the PSD FoM for
each scintillator. The short gate averaged approximately 23 samples (46 ns). Both

the long and short gate began immediately after the 40 sample baseline window.

5.4 Formulation Development

5.4.1 Exploratory Studies

A step-by-step, trial-and-error approach was taken to identify promising
combinations to achieve a formulation that would create a mechanically hard,
optically clear plastic with high light output and neutron/gamma-ray

discrimination. While not an exhaustive search of the parameter space, the series of
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Figure 5.4. 2D PSD /energy histogram from exposing (a) AFIT101 and (c) EJ-276 to an
AmBe source. A cut was made over the 450 and 550 keVee range, represented by the
red lines, to generate a 1D AmBe PSD histogram where a double Gaussian fit was used
to calculate the PSD FoM according to Equation 5.2 for (b) AFIT101 and (d) EJ-276.
The visual comparison highlights the first reported PSD results for a fast-, light-cured
scintillator capable of 3D printing on par with commercial plastic scintillators.
small studies detailed below led to a promising general formulation that was then
parametrically optimized as described in Section 5.4.2. All samples were
approximately 10 g and each was given a name in the format “AFITXXX” in order
to track the various formulations.

The first study explored the compatibility of different wave shifters with the
405 nm cure light. Three samples were created with 0.2 wt% of Bis-MSB, Exalite
416, and DPS. The other chemicals in the scintillators, kept constant for all three,

included 59.5% IBOA, 25.5% BPADMA (85 wt% total and a 70/30 ratio of IBOA
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to BPADMA), 15 wt% PPO, and 0.1 wt% TPO. The DPS did not dissolve into
solution. The Bis-MSB and Exalite 416 formulations were cured for 1 min in the
Form Cure; each one was solid after 10 sec exposure. On further investigation, it
was found that the scintillator with Bis-MSB was solid throughout but softer in the
center than on the outside, while the Exalite 416 formulation was consistently hard
throughout. It was determined that the Bis-MSB had a higher absorption at
405 nm, shown in Figure 5.5, which was preventing the light from penetrating the
entire depth of the resin preventing a complete cure. Therefore, Exalite 416 was

selected as the wave shifter for all future formulations.
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Figure 5.5. The light absorption of the secondary dyes, Exalite 416 (orange) and Bis-
MSB (red), and of the photoinitiator, TPO (black), compared to the emission spectrum
of the 405 nm cure light (blue).

Both the Bis-MSB and Exalite 416 scintillators were cloudy, which was
attributed to the high amount of crosslinker used in the initial formulation.
Therefore, the next step was to reduce the amount of BPADMA to create an
optically clear plastic while maintaining the overall hardness of the plastic. The
amount of PPO (15 wt%), Exalite 416 (0.2 wt%), and TPO (0.1 wt%) remained the
same as used previously, but the BPADMA was reduced to 10 wt% and IBOA was
increased to 75 wt%. After curing the scintillator for 1 min (30 sec to become solid),

the scintillator was clearer than before, but still cloudy. Reduced crosslinker had
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previously been observed to result in soft, gummy-like cures indicating that an
alternative should be explored. Additionally, qualitative light yield studies showed a
relatively low light yield indicating that increased fluor should be explored.

In the next step, the ratio of plastic-forming to light-yielding compounds was
switched to 60/40 and 30 wt% EJ-309 was used with 10 wt% PPO to increase the light
output of the scintillator Also, the solid BPADMA was replaced with liquid HDDMA
to explore formulations that lead to a clearer plastic, since the liquid HDDMA better
dissolved and did not precipitate out of solution. Three formulations with different
IBOA/HDDMA ratios (70/30, 60/40, and 50/50) were explored. The formulations
with the 60/40 and 50/50 IBOA/HDDMA ratios were too cloudy, similar to previous
results. The formulation the with 70/30 IBOA/HDDMA ratio was clear but too soft,
similar to a hard rubber. PETA and DVB crosslinkers were also tried but did not
provide better results than HDDMA or BPADMA. Additionally, all attempts to use
DVB or any vinyl monomer significantly increase the required cure time.

Therefore, an IBOA/HDDMA ratio of 70/30 was used for future formulations,
and variations were made to improve the hardness and radiation detection
performance. First, the amount of EJ-309 and PPO was reduced from the 60/40
plastic-forming to light-yielding ratio used in AFITO013 to allow more IBOA and
HDDMA to improve the hardness of the plastic. Two additional formulations,
AFIT016 and AFITO17, respectively, were developed with 20 wt% (70 wt% IBOA
and HDDMA) and 10 wt% (80 wt% IBOA and HDDMA) EJ-309, while the amount
of PPO was held constant at 10 wt%. The Exalite 416 and TPO were held the same
at 0.2 wt% and 0.1 wt%, respectively. Second, the amount of Exalite 416 was
doubled from 0.2 wt% (AFIT017) to 0.4 wt% (AFIT022). Third, an approximately
50/50 ratio of HDDMA and BPADMA was tested as the crosslinker. This resulted

in five clear and hard plastic scintillators; their chemical compositions are listed in
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Table 5.1. Each of these were cured for 4-5 min in a Formlabs Form Cure, cured for

1 min in the Dymax BlueWave AX-550 VisiCure, and were then sanded and

polished using 180 grit, 400 grit, 1000 grit, and 2000 grit sand paper, and a 300 nm

alumina slurry.

Table 5.1. Scintillator chemical composition compounds by mass percent (nominal).

Component Fraction in Scintillator [wt%)]
Scintillator | EJ-309 | PPO | Exalite | IBOA | HDDMA | BPADMA | TPO
AFITO013 30 10 0.2 36 24 0 0.1
AFITO016 20 10 0.2 49 21 0 0.1
AFITO17 10 10 0.2 56 24 0 0.1
AFIT022 20 10 0.4 49 21 0 0.1
AFIT023 20 10 0.2 49 11 10 0.1

The hardness of the scintillators was measured, and any defects, such as leaching

and surface cracking, were noted. The results are presented in Table 5.2. An increase

in the plastic-forming compounds to 80 wt% (AFIT017) and the addition of the

BPADMA crosslinker (AFIT023) resulted in scintillators that were harder than the

baseline 60/40 ratio for plastic-forming to light-yielding compounds (AFIT013).

Table 5.2. Performance characterization for the scintillators in Table 5.1.

Shore A Surface Relative PSD
Scintillator | Hardness | Cracking | Leaching | Light Yield [%] | FoM
AFITO013 88 Yes No 63.85 1.07
AFITO016 86 Yes No 63.43 0.89
AFITO17 93 No No 57.97 0.74
AFIT022 87 Yes No 65.29 0.91
AFIT023 93 No No 62.39 0.92

The radiation detection performance of these scintillators demonstrated

reasonable light yield (up to 65% of EJ-276) and PSD (up to a FoM of 1.07). The

full results for the nine scintillators are listed in Table 5.2.

It was observed that

increasing the PPO and EJ-309 above a combined total of 30 wt% (AFIT013) did

13
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not provide more light yield, attributable to the scintillator’s reduced clarity, but it
did improve the PSD performance. However, a reduction to 20 wt% of light-yielding
compounds did result in an ~5% reduction in light yield and a ~16% reduction in
PSD performance. Doubling the amount of Exalite 416 (AFIT022 vs. AFIT023)
only slightly increased the light yield. Finally, the addition of BPADMA with
HDDMA (AFIT016 vs.  AFIT023) resulted in similar light yield and PSD
performance. While it was observed that the scintillator with an 80/20 ratio of
plastic-forming to light-yielding compounds was the clearest and hardest, the
reduced EJ-309 and PPO resulted in relatively low light yield and PSD FoM. Thus,

a 70/30 ratio was carried forward.

5.4.2 Two-Level Factorial Parameter Study

The initial formulation development was successful in creating an optically clear
and mechanically hard plastic with acceptable light yield and PSD. A two-level
factorial parameter study of the fluors (DIN and PPO) and crosslinkers (HDDMA
and BPADMA) was developed to analyze the effects of increasing the BPADMA
crosslinker and PPO to hopefully find the optimal formulation to prevent leaching
and allow the highest light yield output. One level inversely varied the amount of
PPO and DIN, which replaced the EJ-309 from the initial formulation development,
while maintaining the combined PPO and DIN contribution at 30 wt% of the mass
of the scintillator. The other level inversely varied the amount of HDDMA and
BPADMA from 0 to 21 wt%, maintaining the combined mass of IBOA and
crosslinker at 70 wt% and the IBOA to crosslinker ratio of 70/30. The remaining
chemicals were the same for each of the scintillators: IBOA was 49 wt%, Exalite 416
was 0.2 wt%, and TPO was 0.1 wt%. This resulted in thirteen scintillators

developed with the same general procedures described in Section 5.3.1. The
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scintillators were cured for 5 min in a Formlabs Form Cure (solid in 10-20 sec)
followed by 4 min in the Dymax BlueWave AX-550 VisiCure. Each one was sanded
and polished using 180 grit, 400 grit, 1000 grit, 2000 grit sand paper and 300 nm

alumina slurry.

5.5 Results

5.5.1 Observational Characterization

The observational characterization of the scintillators developed as part of the
parameter study included the measuring the hardness of the scintillators and visual
observations of purpling, leaching, surface cracking, and reduced clarity. The
hardness, surface cracking, and leaching results are shown in Figure 5.6, along with
the two-factor formulation matrix utilized for this parameter study. A clear trend is

seen with higher PPO concentrations leading to increased leaching and reduced

surface cracking.
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Figure 5.6. Shore A hardness (indicated by the value within each box), surface cracking,
and leaching from the scintillators in the parameter study. A clear trend is seen with
higher PPO concentrations leading to increased leaching and reduced surface cracking.
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5.5.1.1 Purpling

It was observed that some of the scintillators became purple upon exposure to
the cure light. The purple color intensity and duration increased with the amount of
PPO, as shown in Figure 5.7 of AFIT025 and AFIT026, which contained 20 wt%
and 25 wt% PPO, respectively. This purple color did dissipate with time, with the
decay time on the order of minutes to a few weeks. The decay time for the purpling
to dissipate was seen to increase for increasing PPO concentration and increasing
BPADMA concentration, as illustrated in Figure 5.7, where the purple color in
AFIT113 (21 wt% BPADMA) can still be seen after 3 weeks.

(b) AFIT026 (25 wt% PPO)

(c) AFIT113 upon curing (d) AFIT113 3 weeks later

Figure 5.7. The intensity of the purple color observed increased with increased
PPO concentration as illustrated by (a) AFIT025 (20 wt% PPO) and (b) AFIT026
(25 wt% PPO). The duration of the purpling varied based on the PPO and BPADMA
concentration as illustrated in (c) AFIT113 (30 wt% PPO and 21 wt% BPADMA)
shortly after being cured and (d) 3 weeks after being cured.
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The direct cause of the purpling effect was not determined, but it appears to be
related to an interaction between PPO and TPO. Methods to accelerate the
dissipation were explored, the most promising being a heat treatment. To test this
treatment, three scintillators were made with the same formulation as AFIT101.
One was placed in a 4° C refrigerator, one was left on the counter at room
temperature, and another was placed in an 60° C oven. After a couple hours, the
scintillator from the refrigerator and room temperature maintained similar levels of
purpling.  However, the purple color in the scintillator from the oven had
significantly faded indicating that a post-cure heat treatment can be used to
accelerate the dissipation of the purpling effect and obtain steady-state performance.

From preliminary light output experiments conducted at ORNL, the scintillator
light yield was reduced while purpling was observed in the scintillator compared to
when the purpling had faded away, even for the slight purpling shown in Figure 5.8.
When there was still purpling observed in AFTT230A (30 wt% PPO, 0 wt% DIN),
Figure5.8a, the relative light yield was 67%. After the purpling had faded away,

Figure5.8b, the relative light yield had increased to 71%.

A W g R

(a) AFIT230A (10 Aug) (b) AFIT230A (16 Aug)

Figure 5.8. Purpling observed in AFIT230A (a) 6 days after being produced, but not
at (b) 12 days.

The light emission of AFIT131, which had the same formulation as AFIT130,
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was measured after the plastic was completely cured to better characterize the
post-cure light emission. Post cure, the cuvette was placed in a Horiba FluoroMax
Plus to measure the emission spectrum of the scintillator while being excited at 350
and 380 nm, asynchronously. The Horiba FluoroMax Plus was set up to take
measurements for up to 7 hours post cure. Figure 5.9a plots the emission spectrum
of the plastic scintillator as a function of time after the curing process from
excitation wavelength of 380 nm. The light emission was fairly constant for the first
90 mins post cure and then increased, as plotted in Figure 5.9b. This increase in the
peak emission had not stopped at 7 hours post cure. This is attributed to the

dissipation of the purpling in the scintillator, and the timescales correlate well to

significant observational reductions in scintillator purpling.
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Figure 5.9. (a) Light emission spectra and (b) peak like emission from AFIT131 using
a Horiba FluoroMax Plus with an excitation wavelength of 380 nm.

5.5.1.2 Leaching

In addition to the purpling, the scintillators with higher PPO amounts (above
10 wt%) leached and created a hazy, white film on the surface of the scintillators
proportional to the PPO concentration. Figure 5.10 shows AFIT026 (25 wt% PPO)

and AFIT114 (20 wt% PPO) with the hazy film from the leaching and the clear
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scintillators after being washed using mild soap and water. The BPADMA, such as
in AFIT114, did not prevent the leaching as compared to AFIT026, which contained
HDDMA. However, the scintillators would continue to leach and would again develop
the hazy film on the surface within tens of minutes to hours (>20 wt% PPO) or days
(15 wt% PPO).

I N P s
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(a) Hazy  AFIT026 (b) Clear AFIT026 after (c) Hazy  AFIT114 (d) Clear AFIT114 after
before washing washing before washing washing

Figure 5.10. Hazy film from PPO leaching on (a) AFIT026 and (c) AFIT114 before
and (b,d) after being washed using mild soap and water. The BPADMA in AFIT114
did not prevent the leaching as compared to AFIT026, which contained HDDMA.

5.5.1.3 Surface Cracking and Reduced Clarity

The softer scintillators exhibited surface cracking, as shown in Figures 5.11a and
5.11b of AFIT016 and AFIT104, which continued to degrade the integrity of the
plastic over time. The scintillators with more than 10 wt% PPO did not crack on the
surface, and the increase in BPADMA prevented surface cracking at a 10 wt% PPO
concentration as observed in AFIT111. Unfortunately, the increase in BPADMA did
not prevent leaching, and it did reduce the optical clarity of the scintillator, as shown
in the difference between AFIT101 (0 wt% BPADMA), Figure 5.11c, and AFIT113
(21 wt% BPADMA), Figure 5.11d, after both have been washed.
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(a) Surface cracking in (b) Surface cracking in (c) Clarity of AFIT101 (d) Clarity of AFIT113
AFIT016 AFIT104 (21 wt% HDDMA) (21 wt% BPADMA)

Figure 5.11. Surface cracking was observed in softer scintillators such as (a) AFIT016
and (b) AFIT104. While BPADMA did increase hardness and prevent cracking, it led
to reduced clarity as illustrated by (d) AFIT113 (21 wt% BPADMA) compared to (c)
AFIT101 (0 wt% BPADMA).

5.5.2 Radiation Detection Performance

Figures 5.12a and 5.12b show the light yield relative to EJ-276, PSD FoM, and
associated trends for several candidate formulations. The relative light yield was
compared to the average of eight measurements of EJ-276 from 30 Jun to 1 Sep. These
scintillators obtained a relative light yield of up to 78% of EJ-276 and a PSD figure of
merit of 1.31 (74% of EJ-276) in the 450-550 keVee bin. The increase in PPO increased
the light yield and PSD FoM for a set combination of crosslinkers. Unfortunately,
the increase in BPADMA, while generally resulting in harder scintillators, did not
prevent the leaching and reduced the clarity of the scintillators thereby decreasing
the light yield and PSD FoM. Overall, AFIT101 was found to be the best formulation
for simplicity (less compounds used), radiation detection performance, and overall

hardness and integrity over time.

5.5.3 Aging

AFIT101 leached quickly and significantly, raising questions about the stability of
the scintillator’s performance over time. Figure 5.13 shows the relative light yield of

AFIT101 ad AFIT102 from 30 June to 15 November. Over 4.5 months, AFIT101 and
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(a) Formulation matrix of the scintillators in the
parameter study with the associated relative light
yield compared to EJ-276.

(b) Formulation matrix of the scintillators in the
parameter study with the associated PSD FoM.

Figure 5.12. Radiation detection performance of the scintillators used for the parameter
study.

AFIT102’s relative light yield decreased by 4.3% and 7.8%, respectively. The light
yield in EJ-276 has also been shown to decrease over time. Compared to EJ-309, the
relative light yield of EJ-276 decreased from 79% to 62% over 13 months [38,173,185],
a 21.5% decrease. Over the 4.5 months observed in this study, a decrease of 5.5%
was observed in the EJ-276 light yield. The uncertainty reported in Figure 5.13 for
AFIT101 on 12 July includes the variance from five measurements of the AFIT 101
light yield, the variance from eight measurements of EJ-276, and the associated fit
methodology uncertainty.

As the systematic uncertainty observed associated with the measurement and
mounting each scintillator was comparable, all of the other reported uncertainties
were based on the fit uncertainty for one measurement of the scintillator and the

systematic uncertainty from eight measurements of EJ-276.
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Figure 5.13. Relative light yield of AFIT101 and AFIT102 from 30 Aug to 15 Nov.

5.5.4 Leaching and Ethanol Treatment

While initial results with the formulations presented in this work do not seem to
indicate a significant performance degradation over time, a significant advantage
over EJ-276, the leaching of some formulations poses a challenge for printing and
application use. The leaching is primarily from the PPO near the surface that
crystallizes, creating the hazy film. In Lawrence Livermore National Laboratory’s
development of PSD plastic scintillators, leaching was also observed on the surface
of the scintillators [38]. To prevent the leaching, Zaitseva et al. developed a method
to treat the scintillators with ethanol post cure. While the specifics of this
treatment were not described in [38], a study was performed on the effects of an
ethanol treatment on the light-cured scintillators in an attempt to reduce the
leaching of PPO over time.

Four formulations were produced for the study that contained 49 wt% IBOA,
0.2 wt% Exalite 416, 0.1 wt% TPO, and the differences in the DIN, PPO, HDDMA
and BPADMA as listed in Table 5.3. Each ~20 g formulation was prepared as

described in Section 5.3.1 before splitting it equally into two separate glass containers
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inside the glove box. Each scintillator was cured for 5 min in the Formlabs Form
Cure and 4 min in the Dymax BlueWave AX-550 VisiCure, sanded with 180 grit, 400
grit, 1000 grit and 2000 grit sand paper, and polished with 300 nm alumina slurry.
One of the scintillators from each pair was placed in a 200-proof ethanol bath for
1 hr, and the other was left at room temperature in a standard atmosphere. The
treated sample showed no evidence of leaching while the untreated sample leached as
expected. The untreated sample was washed with mild soap and water (as described

previously) and then both samples were characterized.

Table 5.3. Mass percentage composition and the radiation detection performance of
ethanol-treated and untreated scintillators.

Fraction of Scintillator [wt%)] Rel. Light Yield [%] PSD FoM
Scintillator | DIN | PPO | HDDMA | BPADMA Treated Untreated Treated | Untreated
AFIT230 0 30 21 0 74.84 + 1.84 72.28 + 1.62 1.26 1.25
AFIT225 5 25 21 0 83.03 + 2.11 82.24 + 2.34 1.28 1.28
AFIT220 10 20 21 0 77.46 £ 1.75 | 77.78 + 2.31 1.13 1.15
AFIT221 10 20 14 7 75.69 + 1.66 74.25 + 1.65 1.14 1.12

The scintillators were weighed before and after the ethanol treatment to measure
the amount of material that was removed by treatment before mounting them to
PMTs as described in Section 5.3.2. The ethanol treatment resulted in relative light
yield and PSD performance statistically consistent with the untreated scintillators
as shown in Table 5.3. As the ethanol treatment did not remove a significant
amount of material (0.2-0.37% by mass), this is an expected result as the overall
composition is similar and removed material likely was poorly incorporated into the
matrix. Importantly, no visual observation of subsequent leaching has been observed

in any ethanol-treated scintillator to date (>5 months), while the non-treated

samples continue to leach.
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5.6 Conclusion

This research was successful in developing fast-, light-cured plastic scintillator
formulations that can be used for light-based 3D printing using industry-standard
405 nm light. The most promising formulations for creating a clear and hard plastic
contained a combined total of EJ-309/DIN and PPO of 30 wt% and a combined total
of IBOA and crosslinker of 70 wt% with a IBOA /crosslinker ratio of 70/30. The
plastic scintillators were generally solidified within 10-20 seconds in the 405 nm light
from a Formlabs Form Cure. The scintillator with 25-30 wt% of PPO provided the
highest radiation detection performance with the light yield up to 83% of EJ-276’s
and up to a PSD FoM of 1.31. The leaching and a hazy film that developed on these
high PPO scintillator formulation was eliminated by placing the scintillators in an
ethanol bath for 1 hour. The overall best performing scintillator was AFIT225B,
which contained 5 wt% DIN, 25 wt% PPO, 21 wt% HDDMA, 0.2 wt% Exalite 416,
and 0.1 wt% TPO, did not leach due to the ethanol treatment and produced a relative
light yield of 83% of EJ-276 and PSD FoM of 1.28. Other noted issues such as surface
cracking, haziness, and purpling were addressed through improved formulations and

post-cure heat treatments.

5.7 Future Work

Future work includes further analysis of the effects of light yield due to curing time
and TPO burn up, continuation of the formulation development to prevent leaching
and /or increase radiation detection performance, and production of scintillator using

a light-based 3D printer.
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VI. Thermal Neutron Sensitive Measurements

6.1 Introduction

The Nuclear Energy Agency (NEA) maintains the High Priority Nuclear Data
Request List (HPRL) [8, 188] that emphasizes the need for important cross section
measurements for the nuclear industry. The HPRL currently contains 25 requests
for 252Cf spectrum-averaged cross section (SACS) measurements for different
reactions to improve the International Reactor Dosimetry and Fusion File
(IRDFF) [44,45]. The IRDFF is the library of nuclear data for fission and fusion
neutron metrology applications where the energy-dependent cross-section
evaluations are benchmarked against a standard neutron field, defined as the
neutron energy spectrum from 2*?Cf spontaneous fission [45]. Most of the measured
B2Cf SACS reactions are from endothermic reactions and produce radioactive
daughter nuclei, measurable using foil activation gamma-ray spectroscopy to
determine the number of reactions and corresponding cross section [189].

However, there are several reactions, such as *B(n,a)Li and °Li(n,t)*He, that
produce stable reactions products, thereby requiring in-situ spectroscopy or other
methods to measure the SACS in a field. Additionally, many of these reactions
are exothermic and have high thermal neutron cross sections, which significantly
complicate the measurement of the 2Cf SACS due to thermalized neutrons in an
experimental environment. Unsurprisingly, many of these reactions do not have a
2520f SACS experimental measurement [44].

Neutrons from a 22Cf source, or any other neutron source, that do not interact
directly with the target nuclei will interact with the walls, ceiling, floor, and other
materials within the room. These interactions with the room reduce the neutron

energy and result in a room full of thermal and epi-thermal neutrons that are
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uniformly distributed throughout the room, known as room return [47]. Scattered
neutrons create a uniform distribution within a room and larger rooms reduce the
thermal neutron fluence [46]. For reactions with high thermal neutron cross
sections, the thermalized room-return neutrons will dominate the reaction rate and
prevent a correct measurement of the 2°2Cf SACS.

Cadmium has been used to absorb thermal neutrons as a method to address the
thermal room-return issue in some #2Cf SACS measurements [190]. ''3Cd has a
high thermal neutron capture cross section and absorbs neutrons below ~0.5 eV
(cadmium cut-off), as shown in Figure 6.1. However, there are two challenges with
using cadmium to address this challenge. First, cadmium will also absorb low
energy neutrons from the #2Cf in addition to the room-return neutrons thereby
potentially depressing the population of neutrons in the target to below the
expected 2°2Cf distribution. Second, in the epi-thermal region above the cutoff, the
low energy, room-return neutrons will not be absorbed by the cadmium and can still

complicate the 252Cf SACS measurement.

e

105 - 107

107 ¢

(o]

=

>

(o)}
@ 10 F1078 @ _,
5 53
s 2
P =
_ = >
2 1014 SLi(n,t) F107° 22
5 =
g —— 113¢d(n,y) Z8
o Q
2 2¢
8 L 10710 E o

O 107! "

3

[e]

[0}

.10—11 %

1073 A s

o

[%p}

104 1072 10° 102  10° 106
Neutron Energy [eV]

Figure 6.1. Cross sections of B(n,a)"Li, °Li(n,t)*He, and ''*Cd(n,y). For comparison,
in red is the spontaneous fission neutron spectrum from ?*2Cf [59].

Another common method of reducing room-return neutrons is by locating the
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target in a separate room from the source with a direct line-of-sight between the
source and target using a hole or port within the wall. This can significantly reduce
the room-return neutrons, but neutrons can still interact with the walls of the hole
and thermalize. Since these walls are often made of low-Z materials such as concrete,
the thermalization of the source spectrum can be significant.

This research explores a third approach: a collimator placed within the port
separating the source and target. Previous examples of this approach included
conically diverging collimator designs [191-193] which reduced the neutron
background in the experimental area. However, some of these approaches suffered
from using polyethylene [192,193] to moderate the fast neutrons not directly line of
sight to the desired target location, which worked well for the time-of-flight systems,
but would create a higher thermal neutron environment in the collimator. This
work improves upon this concept through the parametric design optimization of a
collimator  designed to reduce the thermal neutron population in
thermal-neutron-sensitive measurements. Specifically, this work discusses the design
approach and modeling of the proposed collimator; the construction, installation,
and experimental characterization of the designed collimator; and a demonstration
of a proof-of-principle application for thermal-sensitive measurements using the

OLi(n,t)c reaction in a CsyLiYClg:Ce (CLYC) detector.

6.2 Collimator Design

The fast neutron facility located in the basement of the Air Force Institute of
Technology’s (AFIT) old reactor was designed for neutron experiments. The thick
walls and ceiling are made from solid concrete blocks that provide excellent shielding
from neutrons and gamma rays. Figure 6.2 illustrates the layout and dimensions of

the fast neutron facility. The ceiling in the room is ~2.54 m high. A 4”7 diameter hole
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was drilled through the 1.4 m-thick south wall of the neutron room at 0.74 m from
the floor and 1.82 m from the west wall. A 3.5” schedule 80 PVC pipe was inserted
into the hole of the wall to allow easy installation and removal of the collimator.
Alternative materials to PVC, such as aluminum, were considered for the beam port
sleeve, but the impact on performance was found to be negligible.

On the experimental side of the collimator, there is a 4.8 m flight path to the
1.30 m-high mezzanine that serves as the beam stop. The ceilings are ~4.68 m high
with the west wall located ~2.11 m from the beam. The long flight path and large,
open room serves to minimize room-return neutron created from the beam itself in

the experimental location.

6.2.1 Design Optimization and Modeling Considerations

The collimator dimensions had two constraints imposed during the parametric
optimization. The first was a 140 cm length to span the length of the beam port
located in the south concrete wall of the fast neutron facility, as shown in Figure 6.2.
Second, the collimator was constrained to have a desired 3” (7.62 cm) beam spot
(collimator inner diameter) at the experimental end of the collimator. This limitation
was imposed to ensure that the beam was larger than planned experiments to provide
even irradiation while minimizing the excess beam size that would contribute to excess
room-return neutrons at the experimental location.

Inspiration for shape and materials of the collimator design was drawn from
previous research on collimators designed to minimize the number of thermal
neutrons [191-194]. The two shapes considered were a conically diverging collimator
and a combination of a conically converging-diverging approach. Conically
converging designs were eliminated due to practical considerations of the desired

beam size (7.62 cm).
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Experimental
Area

Figure 6.2. Top view of the fast neutron facility located in the basement of AFIT’s
decommissioned nuclear reactor showing the facility layout and source and experiment
locations in relation to the newly installed collimated beam port. All dimensions are
in meters.

The materials considered for the collimator were limited to those that had been
demonstrated to be effective in previous collimators: copper, mild steel, tungsten,
aluminum, and lead. Other materials, such as bismuth and tantalum, would likely
have made excellent choices (high density, low neutron thermalization) but were ruled
out due to cost.

The shape (nozzle location and size) and materials were parametrically optimized

progressively in the order of nozzle location (defined as the transition between the

converging and diverging sections of the collimator), material, and nozzle size. To
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compare the performance of each collimator design, the objective function was defined
as minimizing the difference between the '°B(n,a)Li reaction rate in a B4C target
as compared to the reaction rate in the same target when exposed to a “pure” 2°2Cf
spectrum. In this way, collimators that produced reaction rates closer to the ideal
reaction rate from a 22Cf spectrum were deemed to be preferable.

The neutron room with the concrete walls, ceiling, floor, and collimator (shown
in Figure 6.2) were modeled in MCNP [195]. The ?*?Cf source was modeled as a
point source located 1 cm from the entrance of the collimator with a Watt emission

spectrum, defined as

p(E) = " F/Ysinh (bE)Y/?, (6.1)

where a=1.025 and b=2.926 [196]. A F4 tally with a FM reaction rate modifier card
measured the number of (n,«) reactions in a 25 x 25x 0.5 mm, 2.52 g/cm? B,C (19.9%
19B) target located at 10 cm from the end of the collimator. The collimators were

modeled with an outer diameter and length of 9.62 cm and 140 cm, respectively.

6.2.1.1 Collimator Nozzle Location

Four designs were considered sequentially to determine the collimator shape. For
each, copper was selected as the baseline material based on previous research
experience with the GENESIS facility (see Chapter 3). First, the conically diverging
design was modeled with an entrance and exit inner diameter of 0.062 cm and
7.62 cm, respectively. The reaction rate in the B4C target results are shown in
Table 6.1. For reference, the ideal number of (n,«a) reactions in the B4C target,
determined computationally by maintaining the same geometry but voiding all the
materials besides the B,C target, resulted in a reaction rate of 0.1117 4 0.0001 s~
The uncertainty values are the statistical uncertainties reported from MCNP.

Next, the conically converging-diverging designs were considered. For each design,
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Table 6.1. B,C(n,a) reaction rates for copper collimator with different designs and
nozzle locations.

Nozzle Nozzle
Location [cm] Diameter [cm] Reaction Rate [s™!]
N/A N/A 0.1280 = 0.0026
20 1.08 0.1206 £ 0.0025
40 2.16 0.1230 £ 0.0027
70 3.78 0.2165 £ 0.0102

the inner diameter was sized such as to result in a ~7.62 cm beam at the end of the
collimator. The next design considered placed the nozzle location at approximately
one-third of the collimator length with the reaction rate result shown in Table 6.1.
This design outperformed the pure conically-diverging design.

Next, the nozzle point was moved to the the half way point (further away from
the source) and to 20 cm (closer to the source). The results are again shown in
Table 6.1 and demonstrate the moving the nozzle to 20 cm resulted in the best
performance. However, this result was within 1-¢ of the result for the nozzle location
at 40 cm. Subsequent perturbations on the 20 cm location resulted in minor, not
statistically significant improvements. Therefore, 20 cm was chosen for the nozzle
location in subsequent optimization. For reference, Figure 6.3 illustrates the four

different collimator designs considered.

6.2.1.2 Collimator Material

With the collimator nozzle location set, the next parameter to optimize was the
collimator material. Using the converging-diverging design shown in Figure 6.3b,
MCNP was used to model the performance of copper, mild steel, tungsten, aluminum,
and lead collimators. The reaction rates obtained for each collimator material are
listed in Table 6.2. Tungsten, due to it’s high density and low moderating power,

resulted in a reaction rate remarkably close to the ideal reaction rate of 0.111740.0001
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(a) Conically diverging

(b) Conically converging-diverging with 20 cm nozzle location

(c) Conically converging-diverging with 40 cm nozzle location

(d) Conically converging-diverging with 70 cm nozzle location

Figure 6.3. View of the different collimator designs modeled in MCNP. The concrete
wall, collimator and air are represented by yellow, blue and green, respectively.

s~!. Therefore, tungsten was chosen as the collimator material.

Table 6.2. B,C(n,a) reaction rates for different collimator materials.

Material Reaction Rate [s™!]

Copper 0.1244 4+ 0.0010
Mild Steel 0.1311 £ 0.0011
Tungsten 0.1130 % 0.0005
Aluminum 0.6987 4 0.0073
Lead 0.3801 4+ 0.0051

6.2.1.3 Nozzle Diameter

The last parameter to consider, the nozzle diameter, was explored using the

tungsten collimator with a 20 cm nozzle location. Five different collimator designs
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were modeled in MCNP with nozzle diameters spanning from 0.68-1.28 cm. The

resulting B4C (n,a) reaction rates for each diameter are shown in Table 6.3.

Table 6.3. B,C(n,a) reaction rates for varying nozzle diameters.

Diameter [cm] Reaction Rate [s™]

1.28 0.1193 £ 0.0010
1.08 0.1130 £ 0.0005
0.88 0.1124 + 0.0005
0.78 0.1120 £ 0.0004
0.68 0.1117 £ 0.0004

In general, reducing the nozzle diameter did reduce the overall reaction rate in the
B4C target, and was able to even achieve the ideal value reaction rate of 0.111740.0001
s71. However, this model was examining the effects on the 25 x 25 mm B,C target,
which only covered a small portion of the exit beam diameter. Reducing the nozzle
diameter significantly reduced the quality and uniformity of the beam over the larger
desired 7.62 cm diameter at the end of the collimator, as shown in Figure 6.4. At the
largest diameter, 1.28 c¢m, the diverging beam created by the collimator “scrapes”
the outer edge of the collimator resulting in an increased down-scatter component of
the beam.

Given the relatively small changes in reaction rates for nozzle diameters that result
in a beam size of less than 7.62 cm at the end of the beam, the final collimator design
kept the original objective to create a uniform ~7.62 beam at end of the collimator.
Therefore, a nozzle diameter of 1.135 ¢m was chosen, which provided a line-of-sight
from the source at 1 cm in front of the collimator to the 7.62 cm diameter edge at the
end of the collimator. If desired, the source can be moved closer or farther away from
the collimator entrance to affect the beam size and uniformity to optimize specific

experimental objectives.
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(a) 1.08 cm middle inner diameter (b) 0.68 cm middle inner diameter

Figure 6.4. Relative total neutron flux from the collimator in 1” wide concentric rings
from the tungsten converging-diverging collimator design with a middle inner diameter
of (a) 1.08 cm and (b) 0.68 cm. The exit inner diameter of the collimator was 7.62 cm.
The smaller nozzle diameter of the collimator significantly reduces the beam uniformity
at the end of the collimator.

6.2.2 Final Design

The final design of the tungsten collimator was a conical converging-diverging
shape with a nozzle diameter of 1.135 cm located at 20 cm and entrance and exit
inner diameters of 7.62 cm, as illustrated in Figure 6.5. The tungsten collimator was
cut from 8.89 cm diameter, >99.95% pure, tungsten rods from Midwest Tungsten
Service into 14 equal length segments for manufacturability. The inner conical holes

of the collimator were cut using electrical discharge machining (EDM) [197].

8.89 cm
8.89 cm

e—|7.62 cm
k—l7.62cm

20cm 120cm

—_—

\ Diameter 1.135 cm

Figure 6.5. Tungsten collimator design and dimensions.

The concrete wall, PVC pipe, and collimator were modeled in MCNP to simulate
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the performance of the final tungsten collimator design. The 19.3 g/cm?® tungsten
collimator was modeled with the dimensions shown in Figure 6.5. The 140 cm long,
1.38 g/cm® PVC pipe was modeled on the outside of the collimator with inner and
outer diameters of 8.94 cm and 10.16 cm, respectively. Figure 6.6a compares the
neutron spectrum from the 22Cf source and neutron spectrum into the entrance and

out of the exit of the collimator (away from the source).
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(a) Neutron spectra at entrance and exit. (b) Spatial neutron spectra distribution at exit.

(c) Relative total neutron flux at collimator exit.

Figure 6.6. (a) Comparison of the normalized neutron spectra from the ?*>Cf source,
into the entrance, and out of the exit of the collimator (away from the source)
demonstrating minimal thermalization from the collimator design. Additionally, the
(b) neutron spectrum and (c) spatial uniformity of the beam at the collimator exit
planes, discretized into in 1”-wide concentric rings, is shown.

Figures 6.6b plots the neutron spectrum leaving the collimator exit plane towards

156



the experimental area in 1”-wide concentric rings, and Figure 6.6¢ plots the integrated
relative total neutron flux through each of those rings. The collimator-created beam
is uniform both in energy and spatial distribution within the 7.62 cm beam diameter

while the concrete wall significantly reduces the leakage from outside of the collimator.

6.3 Experimental Setup

6.3.1 Beam Profile

The profile of the neutron and gamma radiation field of a 2°2Cf source from the
collimator was mapped using a 2-D (horizontal and vertical) motorized Velmex
BiSlide [198]. Two detectors were used to map the fast neutron, gamma-ray, and
thermal neutron distributions. A 17x1” right circular cylinder EJ-309
scintillator [103] was used for the fast neutron measurement, and a 17 x1” right
circular cylinder, 95% SLi enriched CLYC detector [199,200] was used to measure
the gamma-ray and thermal neutron distributions. The EJ-309 scintillator from
Eljen Technology was mounted to a 17 Hamamatsu R6094 PMT [201] biased at
-800 V. The CLYC detector from Radiation Monitoring Devices, Inc. was mounted
to a 2” Hamamatsu R7724 PMT [181] biased at -1300 V.

A CAEN DT5533E high voltage power supply and the GECO2000 software was
used to bias the PMTs [202,203]. The signals were processed using CAEN CoMPASS
software on a CAEN DT5730, a 500 MS/s, 14-bit waveform digitizer with the DPP-
PSD firmware for pulse integration and pulse shape discrimination (PSD) [182,183].
Table 6.4 lists the settings used for the EJ-309 scintillator and CLYC detector.

The Velmex BiSlide controller and DT5730 were configured to raster the
collimated neutron beam automatically, and the digitizer was triggered so as to stop
recording during transitions and start recording events when the detector was in

each position. A 6.2 mCi (as of 24 Jan 2022) *2Cf source contained within a
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Table 6.4. Settings of the CAEN DT5730 digitizer for the EJ-309 scintillator and CLYC
detector used for the characterization of the neutron and gamma radiation field from
the tungsten collimator. LSB stands for least significant bit.

Setting EJ-309 CLYC
Record Length (ns) 592 800
Pre-trigger (ns) 96 96
Polarity Negative Negative
NS baseline (Samples) 256 256
DC Offset (%) 10 10
Input dynamic (Vpp) 2 2
Discrimination mode Leading edge CFD
Threshold (LSB) 40 200
Trigger Hold Off (ns) 600 600
CED Delay (ns) 6 20
CFD Fraction (%) 75 50
Input Smoothing (samples) Disabled Disabled
Energy course gain (fC/(LSB) 40 40
Gate (ns) 350 600
Short Gate (ns) 60 200
Pre-gate (ns) 20 100
Energy N channels 8192 8192
PSD N channels 8192 8192
2D Energy N channels 512 512
2D PSD N channels 512 512
Saturation rejection enable Enabled Disabled
Pileup rejection (PUR) Enabled Enabled
PUR gap (Isb) 1000 1000

stainless steel capsule from Frontier Technology Corporation was placed in an
elevated holder connected to a manual horizontal and vertical translation stage,
which allowed precision movements to align the source with the collimator. The
dwell times for each position using the EJ-309 scintillator and CLYC detector were

15 and 60 min, respectively.

6.3.2 Thermal Neutron Environment

In addition to mapping the beam profile, the CLYC detector was used to compare

the performance of the collimator in reducing the thermal neutron environment to
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demonstrate the practical application of performing thermally-sensitive measurements
with the new facility. The CLYC detector was positioned in the center of the beam and
7.62 cm left of the center both with and without the tungsten collimator. Additionally,
the CLYC detector was placed in the room with the ?*2Cf source. The #2Cf source
was located in the center of the room and the CLYC detector was placed 1.42 m
away from the source and 0.73 m from the closest wall. These three measurements
demonstrate the relative effectiveness of the three approaches described in Section 6.1
(distance, beam ports, and collimation) for reducing the thermal neutrons population
from room return. Data was collected for 12 hours for each measurement.

A MCNP model of the experimental setup was created using the concrete wall,
PVC pipe and tungsten collimator previously described in Section 6.2.2. A
30x30x30 cm box at the back of the collimator was added for use with the MCNP
source surface write (SSW) card, allowing all particles entering into the box to be
written to a surface source file to accelerate subsequent simulations. Additionally,
the use of the SSW card allowed for the separation of particles based on their
collision history prior to reaching the surface using the COL card. To generate the
surface source, 10! source histories were simulated resulting in 18,040,305 tracks in
the SSW region.

The CLYC detector, housing, and PMT were modeled in MCNP within the
dimensions of the source surface region located at the collimator exit. The 95%
enriched, 2.56 cm diameter, and 2.96 cm long CLYC detector was modeled with an
0.3 cm thick aluminum housing and 0.3 cm thick borosilicate glass window. The
5.2 cm outer diameter, 11.2 cm long PMT was modeled as 0.2 cm thick borosilicate
glass with an interior of 5% density of iron to account for the internal PMT
electronics. The PMT was modeled in a 6.05 cm outer diameter, 19.5 cm long, and

0.1 cm thick stainless steel housing with a 7.62 cm outer diameter and 0.94 cm wide
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aluminum flange. The back portion of the PMT housing was modeled as 5% dense
iron to account for the electronics. The CLYC detector was modeled with a 0.15 cm
thick aluminum housing mount that connected the detector to PMT. Figure 6.7

illustrates the modeled CLYC detector and PMT.

‘ PMT Housing

Detector Housing

PMT

Figure 6.7. Modeled CLYC detector and PMT.

The MCNP model of the CLYC detector and PMT simulated the neutrons from
the surface source file and allowed the simulation of reaction-generated protons,
tritons and alphas from ®Li and 3°Cl. The simulation provided the tracks of all
particles through the CLYC detector using the PTRAC card, which was then
analyzed to calculate the number of protons, tritons, and alphas created in the

CLYC detector with their corresponding energies [204].

6.4 Results

6.4.1 Beam Profile

Due to the size and cylindrical shape of the detectors used, map positions resulting
in the detector not being fully in beam are reduced by the relative percentage of the
detector that falls out the beam. Consequently, 77 x7” and 8” x8” maps of the neutron
and gamma radiation field at the collimator exit were conducted to better illustrate

the beam profile uniformity. The relative radiation field maps obtained using the
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EJ-309 scintillator and CLYC detectors, normalized where the maximum numbers of
events is one, are shown in Figures 6.8 and 6.9, respectively. Neutron and gamma-
ray events were separated in both detectors using the tail-to-total charge integration
PSD method [169]. Li(n,t) capture events were then separated from the fast neutron
35Cl(n,p) response in the CLYC detector by fitting a Gaussian distribution of the
thermal neutron energy peak on the fast neutron background in the neutron spectrum.
For fast neutrons and gamma rays, the beam results in an uniform 7.62 cm diameter
beam, demonstrated with both detector measurements and in agreement with the
simulated results shown in Figure 6.6c. For thermal neutrons, the beam is generally
uniform and consistent with the fast neutron and gamma-ray maps, with the slight

variations likely induced by the fast neutron background subtraction routine.

6.4.2 Thermal Neutron Environment

Figures 6.8 and 6.9 demonstrated a uniform, high-contrast beam, but did not
provide information on the performance of the tungsten collimator in reducing the
thermal neutron environment, which was the second optimization design objective.
Measurements with and without the tungsten collimator were conducted to
demonstrate the relative reduction of thermal and room-return neutrons. First, the
CLYC detector was placed in the center of the beam with and without the tungsten
collimator, and the 2D energy and PSD histograms are shown in Figures 6.10a and
6.10b. The upper band in both plots is from neutron reactions in the detector,
which include the fast (3*Cl(n,p) and 3°Cl(n,«)) and thermal (°Li(n,t))
neutron-induced reactions. Visually, the thermal neutron capture peak in
Figure 6.10a (with collimator) is significantly reduced compared to Figure 6.10b
(without collimator).

Additional measurements with the CLYC detector out of beam and in the same
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(d) 8”x8”, all events (e) 8”x8”, fast neutron events (f) 8”x8”, gamma-ray events

Figure 6.8. Map of the radiation field from the collimator using the 1”7 EJ-309
scintillator for (a) all, (b) fast neutron, and (c) gamma-ray events of the 7”x7” raster
and (d) all, (e) fast neutron, and (f) gamma-ray events of the 8’ x8” raster. The values
in each position are the relative number of events in that position to the maximum
number of events in any location. The red circle indicates the location of the inner
diameter of the collimator at the exit plane.

room as the source were performed as described in Section 6.3 to quantify the
reduction in thermal capture events. Figure 6.11 plots the resulting energy
histogram for all neutron events in the CLYC detector for each of the five
environments. The beam port in the wall reduced the number the number of
thermal neutron events by ~ 50x compared to the number of thermal events with
the CLYC detector in the same room as the source. The tungsten collimator further
reduced the thermal rate by ~ 15x compared to the number of thermal events

without the collimator when the CLYC detector was in beam. Compared to the

number of thermal events with the CLYC detector in the same room as the 2°2Cf
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0.01

x7”, thermal

(c) 7’ X7’, gamma-ray events

(e) 8”x8”, thermal neutron
events

(d) 8”x8”, all neutron events (f) 8”x8”, gamma-ray events

Figure 6.9. Map of the radiation field from the collimator using the 1” CLYC detector
for (a) all, (b) thermal neutron, and (c) gamma-ray events of the 7” x7” raster and (d)
all, (e) thermal neutron, and (f) gamma-ray events of the 8”x8” raster. The values
in each position are the relative maximum number of events in any location. The red
circle indicates the location of the inner diameter of the collimator at the exit plane.
source, the tungsten collimator reduced the thermal neutron environment by
~ T78x. Both approaches are far superior to the distance-based method, although
with the caveat that larger rooms would reduce the count rate compared to the
room used as shown previously by [46].

When comparing the in the beam with collimator (solid green) to without
collimator (solid orange) results in Figure 6.11b, it is clear that most of the
reduction is due to the thermal capture events evidenced by the drastic reduction of

the capture peak but similar rates at other parts of the spectrum are dominated by

fast reactions. Comparing the out of beam with collimator (dashed green) and
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Figure 6.10. Energy and PSD histograms from the CLYC detector place in the center
of the neutron beam (a) with and (b) without the tungsten collimator.

without collimator (dashed orange) results allow direct isolation of the thermal
events and similar ~ 14x reduction was observed.

However, the experimental thermal reaction rate in beam was 2350 cph (counts per
hour) as compared to the ideal 252Cf °Li(n,t)a reaction rate of ~250 cph (< 100 keV)
from the simulation, which is presented in Section 6.4.3. The additional contribution
is due to four sources: collimator scatter, room return in the experimental area, room
return in the source room, and cosmic and terrestrial neutrons. The contribution
from the collimator scatter was considered in the optimization process (as comparing
reaction rates with the collimator to the ideal #*2Cf reaction rate) and is explored
further in Section 6.4.3 for the as-built design. The out of beam measurements capture
the thermalization from scatter in the experimental room, primarily from the beam
interacting with the mezzanine and creating a uniform thermal neutron environment
as described in [46]. Fortunately, this can be directly subtracted from the in-beam
measurements using the out-of-beam measurements, and this constitutes about 49%
of the number of thermal events in beam, accounting for 1140 cph of the excess
2100 cph thermal capture events. Note, this measurement would include the third

contribution, cosmic and terrestrial neutrons, which was not considered or measured
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Figure 6.11. (a) linear and (b) logarithmic energy histogram for the neutron events in
the CLYC detector placed in the center of the collimator and 7.62 cm left of the center
with and without the tungsten collimator. An additional measurement was done with
the CLYC detector placed 1.42 m away from the source and 0.73 m from the closest
wall in the fast neutron facility. (c) energy histogram for the neutron events in the
CLYC detector placed in and out of beam with the tungsten collimator.

separately. The final contribution, room-return neutrons from the source room that

escape down the collimator, was not characterized but could be mitigated with thin

thermal capture filters located at the collimator entrance.

6.4.3 Simulated Results

The MCNP model described in Section 6.2.2 (collimator) and Section 6.3.2
(detector and tallies) tracked the creation of protons, tritons, and alphas in the

CLYC detector. The #3Cl(n,p) and 3*Cl(n,«a) deposited energy was calculated from
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the energy of the created protons and alphas from neutrons on %°Cl, and the
Li(n,t) deposited energy was calculated from the energy of the created tritons and
alphas from fast and thermal neutron capture on °Li. Figures 6.12a and 6.12b plot
the deposited energy from the three reactions in the CLYC detector using all the
particles from the source surface file (COL=0) and only using the particles from the
source surface file that did not have a previous collision (COL=-1), respectively.
The simulation provides a similar energy spectrum shape compared to the
experimental results in Figure 6.11c, but all simulated energy deposition results do
not consider detector resolution broadening to allow for the identification, in

simulation space, of specific reaction features.

400 { — *Cl(n,p) 400 { 240 keV Capture — Cl(n,p)
33Ci(n,a) > 3Ci(n,a)
350 240 keV Capture — SLi(n,t)a 350 — SLi(n,ta
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(a) All surface source particles (b) No previous collision particles

Figure 6.12. Simulated stacked energy histogram for the 3°Cl(n,p), **Cl(n,a), and
®Li(n,t)a events in the CLYC detector placed in the center of the collimator using (a)
all the particles from the source surface file (COL=0) and (b) only the particles from
the source surface file that did not have a previous collision (COL=-1). The 240 keV
capture is the increase in °Li(n,t) cross section at 240 keV.

The tungsten collimator and surrounding wall geometry lead to some beam
thermalization as evidenced by the addition of the thermal capture peak in
Figures 6.12a when considering neutron histories with a previous collision (COL=0).
However, the number of ®Li(n,t)a reactions using all the particles from the source

surface file (COL=0) was only 1.6% more than than the number of °Li(n,t)«
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reactions using only the particles from the source surface file that did not have a
previous collision (COL=-1).  This indicates, as desired, that the tungsten
collimator effects are almost minimal, as designed, accounting for ~91 cph of the
observed increase in thermal capture reaction rate, defined as <100 keV as above.
While this is a 54.5% increase in the thermal (<100 keV) capture rate from an ideal
252Cf source, this is only a 1.6% increase in the overall °Li(n,t) reaction rate from

the same idealized source.

6.5 Conclusion

Low thermal neutron environments are needed to perform thermal neutron
sensitive experiments, such as 2?Cf SACS cross-section measurements for
19B(n,a)™Li and %Li(n,t)*He. However, in neutron experimental facilities which use
thick concrete or shielding for radiation protection, the neutrons scattering off the
surfaces of the room create a room full of thermal and epi-thermal neutrons that are
uniformly distributed. These room-return neutrons can complicate or render the
measurements impossible. By placing the neutron source in a separate room from
the experimental area and using a direct line-of-sight hole or port within the wall,
most of the room return neutrons will be contained within the room. However,
neutrons can still interact with the walls of the port and thermalize. This research
examined the effects of using a collimator optimized to reduce the thermal neutron
environment.

Different collimator designs and materials were modeled and simulated in MCNP
to reduce the number of thermal neutrons from the collimator, which resulted in
the final design of a conical converging-diverging tungsten collimator with a nozzle
diameter of 1.135 c¢m located at 20 cm from the beginning of the collimator and

entrance and exit inner diameters of 7.62 cm. The 140 c¢m long tungsten collimator
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was cut from 8.89 c¢m (3.5”) diameter, >99.95% pure, tungsten rods into 14 equal
length segments for manufacturability and portability and the inner conical holes of
the collimator were cut using electrical discharge machining. A 4” hole was bored
out of the 140 cm thick concrete wall which separated the neutron source from the
experimental area. The hole was lined with a 3.5” schedule 80 PVC pipe to easily
install and remove the tungsten collimator.

The neutron and gamma radiation field of a 252Cf source from the collimator
was mapped using a 17 x1” EJ-309 scintillator and 17 %17, 95% °Li enriched CLYC
detector connected to a 2-D (horizontal and vertical) motorized Velmex BiSlide, which
resulted in a uniform distribution of gamma rays, and fast and thermal neutrons.

The thermal neutron environment was characterized by placing the CLY C detector
in the center of the beam and 7.62 cm left of the center both with and without the
tungsten collimator. Additionally, the CLYC detector was placed in the room with
the 22Cf source, located 1.42 m from the source and 0.73 m from the closest wall.
The tungsten collimator significantly reduced the thermal neutron events by ~ 778 x
compared to the number of thermal neutron events with the CLYC detector in the
same room as the source, and it reduced the number of thermal neutron events by
~ 15x compared to number of the thermal neutron events without the collimator.

Modeling the tungsten collimator and CLYC detector in MCNP, the simulation
indicated that the tungsten collimator allows a near-pure neutron spectrum from
the neutron source to the target area (1.6% increase in °Li(n,t) reaction rate). The
increased thermal neutron events in the experimental data (in beam with tungsten
collimator) are possibly from cosmic and terrestrial neutrons, room return neutrons
in the experimental area, and room return neutrons from the room with the neutron
source that leak out of the room through the collimator. Initial characterization

of the experimental area room-return neutrons and cosmic and terrestrial neutrons
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indicated that ~49% of the in-beam thermal neutron capture ®Li(n,t) reaction rate

can be accounted for by these two sources.

6.5.1 Future work

The fast neutron facility capability with the tungsten collimator could be enhanced
by installing a remotely controlled, 3D motorized translation stage to position the
neutron source with the collimator and to design a new source holder to reduce the
thermalized neutrons from the holder.

The neutron environment from the collimator can be further characterized by
using a "Li-enriched CLYC detector to measure the 3°Cl reactions, which can then be
subtracted from the events in the Li-enriched CLYC detector to better estimate the
fast and thermal Li(n,t) capture events. Furthermore, thermal neutron absorption
materials, such as cadmium, can be placed in different locations to possibly further
reduce the thermal neutron environment at the end of the collimator.

Finally, the fast neutron facility with the tungsten collimator can be used for
thermal neutron sensitive measurements, such as calculating the ?*?Cf SACS for
reactions with high thermal neutron cross sections and researching the fast neutron

detection efficiency in thermal neutron sensitive detectors, such as CLYC.
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VII. Conclusions and Recommendations

This research successfully developed unique capabilities to improve neutron
nuclear data measurement in the areas of neutron inelastic scattering cross section
measurements, including °O(n,n’y), plastic scintillator formulations that can be
used in light-based 3D printing for fast neutron imagery and high spatial resolution
neutron detection, and thermal neutron sensitive measurements. This resulted in
the establishment of GENESIS at Lawrence Berkeley National Laboratory,
establishment of the fast neutron facility at AFIT, development of a new, 3D
printable scintillator formulation being submitted for a patent, and demonstration
of proof-of-principle methods to conduct novel measurements to address

long-standing nuclear data gaps.

7.1 Inelastic Scattering Cross Section Measurements

There is a need to experimentally measure the inelastic scattering neutron cross
section of 10 at a wide range of neutron energies to provide more accurate data
and fill gaps of missing cross-section data. The new GENESIS capability at the 88-
Inch Cyclotron at Lawrence Berkeley National Laboratory was designed to measure
neutron inelastic scattering cross sections using an array of high-resolution HPGe
clover detectors to measure the gamma rays from the excited target nuclei and 26 EJ-
309 liquid organic scintillators to measure the inelastically scattered neutrons. When
taken in coincidence, the GENESIS detector array can measure the partial double-
differential cross section. This work helped develop, improve, and characterize the
GENESIS capability and developed the code and algorithms to process the GENESIS
data to support these measurements.

A preliminary and scoping experiment was conducted on 'O by placing an
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alumina (Al,O3) target in the neutron beam generated from 14 MeV deuterons
breaking up on a carbon target. The analyses of the data from the ~6 hour run was
successful in calculating the number of counts in the HPGe clover detectors from
the 2" excited state of O using the 6.129 MeV full energy and escape peaks. To
calculate the partial cross section of the 2" excited state, the HPGe detector
efficiency at high energies (>6 MeV) and characterization of the incident neutron
beam is needed, which are currently in progress.  Additionally, the limited
experimental time and low energy neutron beam prevented the analyses of higher

160 states and outgoing neutron coincidence data.

7.1.1 Current and Future Work

Current work continues to measure and calibrate the efficiency of the HPGe
detectors at higher energies and characterize the incident neutron beam using the
sToF system, both of which are needed to calculate the cross section. The next
experiment with 0O will be conducted over multiple days and with 23 MeV
deuterons, enabling the measurement of higher energy states of 10 and outgoing
neutron coincidence data. Additionally, the BGO shields from the HPGe clover
detectors will be removed to reduce the number 60 inelastically scattered neutron
events outside of the 'O target. In addition to the °O(n,n’) measurement, the
longer run time and higher energy neutron beam will possibly enable the
measurement of the partial cross section for other reactions, such as ?”Al(n,p)*" Mg,
60 (n,a)3C, 27"Al(n,d)**Mg, %0(nn+a)?C, 2"Al(n,n+p)?*’Mg, °O(n,p)'®N, and
160 (n,d)"N.
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7.2 Plastic Scintillators for 3D Printing

This research was successful in developing fast-, light-cured plastic scintillator
formulations that can be used for light-based 3D printing using industry-standard
405 nm light. The most promising formulations for creating a clear and hard plastic
contained a combined total of EJ-309/DIN and PPO of 30 wt% and a combined total
of IBOA and crosslinker of 70 wt% with a IBOA /crosslinker ratio of 70/30. The
plastic scintillators were generally solidified within 10-20 seconds in the 405 nm light
from a Formlabs Form Cure. The scintillator with 25-30 wt% of PPO provided the
highest radiation detection performance with the light yield up to 83% of EJ-276’s
and up to a PSD FoM of 1.31. The leaching and a hazy film that developed on these
high PPO scintillator formulations was eliminated by placing the scintillators in an
ethanol bath for 1 hour. The overall best performing scintillator was AFIT225B,
which contained 5 wt% DIN, 25 wt% PPO, 21 wt% HDDMA, 0.2 wt% Exalite 416,
and 0.1 wt% TPO, did not leach due to the ethanol treatment, and produced a relative
light yield of 83% of EJ-276 and PSD FoM of 1.28. Other noted issues such as surface
cracking, haziness, and purpling were addressed through improved formulations and

post-cure heat treatments.

7.2.1 Future Work

Future work includes further analysis of the effects of light yield due to curing time
and TPO burn up, continuation of the formulation development to prevent leaching
and/or increase radiation detection performance, and production of scintillators using

a light-based 3D printer.
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7.3 Reduction of Thermal Neutron Environments

Low thermal neutron environments are needed to perform thermal neutron
sensitive experiments, such as 2°2Cf SACS cross section measurements for
10B(n,a)Li and SLi(n,t)*He. However, in neutron experimental facilities, which use
thick concrete or shielding for radiation protection, the neutrons scattering off the
surfaces of the room create a room full of thermal and epi-thermal neutrons that are
uniformly distributed. These room return neutrons can complicate or render the
measurements impossible. By placing the target outside the room with the neutron
source with a line-of-sight port to the neutron source and a collimator in the beam
port, the thermal neutron environment at the target can be significantly reduced.

Different collimator designs and materials were modeled and simulated in MCNP
to reduce the number of thermal neutrons from the collimator, which resulted in
the final design of a conical converging-diverging tungsten collimator with a nozzle
diameter of 1.135 cm located at 20 cm from the beginning of the collimator and
entrance and exit inner diameters of 7.62 cm. The 140 cm long tungsten collimator
was cut from 8.89 cm (3.5”) diameter, >99.95% pure, tungsten rods into 14 equal
length segments for manufacturability and portability and the inner conical holes of
the collimator were cut using electrical discharge machining. A 4” hole was bored out
of the 140 cm thick concrete wall at the AFIT fast neutron facility, which separated
the neutron source from the experimental area. The hole was lined with a 3.5”
schedule 80 PVC pipe to easily install and remove the tungsten collimator.

The neutron and gamma radiation field of a ?*2Cf source from the collimator
was mapped using a 17 x1” EJ-309 scintillator and 17 x17, 95% °Li enriched CLYC
detector connected to a 2-D (horizontal and vertical) motorized Velmex BiSlide, which
resulted in a uniform distribution of gamma rays, fast, and thermal neutrons.

The thermal neutron environment was characterized by placing the CLYC detector
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in the center of the beam and 7.62 cm left of the center both with and without the
tungsten collimator. Additionally, the CLYC detector was placed in the room with
the 2°2Cf source, located 1.42 m from the source and 0.73 m from the closest wall.
The tungsten collimator significantly reduced the thermal neutron events by ~778
times compared to the number of thermal neutron events with the CLYC detector in
the same room as the source, and it reduced the number of thermal neutron events by
~15 times compared to number of the thermal neutron events without the collimator.

Modeling the tungsten collimator and CLYC detector in MCNP, the simulation
indicated that the tungsten collimator allows a near-pure neutron spectrum from
the neutron source to the target area (1.6% increase in °Li(n,t) reaction rate). The
increased thermal neutron events in the experimental data (in beam with tungsten
collimator) are possibly from cosmic and terrestrial neutrons, room return neutrons
in the experimental area, and room return neutrons from the room with the neutron
source that leak out of the room through the collimator. Initial characterization
of the experimental area room-return neutrons and cosmic and terrestrial neutrons
indicated that ~49% of the in-beam thermal neutron capture %Li(n,t) reaction rate

can be accounted for by these two sources.

7.3.1 Future work

The fast neutron facility capability with the tungsten collimator could be enhanced
by installing a remotely controlled, 3D motorized translation stage to position the
neutron source with the collimator and to design an new source holder to reduce the
thermalization of neutrons in the holder.

The neutron environment from the collimator can be further characterized by
using a "Li-enriched CLYC detector to measure the 3Cl reactions, which can then

be subtracted from the events in the ®Li-enriched CLYC detector to better estimate
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the SLi(n,t) events. Furthermore, thermal neutron absorption materials, such as
cadmium, can placed in different locations to possibly further reduce the thermal
neutron environment at the end of the collimator.

The fast neutron facility with the tungsten collimator can be used for thermal
neutron sensitive measurements, such as calculating the 22Cf SACS for reactions
with high thermal neutron cross sections, and to research the fast neutron detection

efficiency in thermal neutron sensitive detectors such as CLYC.
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Appendix A. EJ-309 Positions

Table A.1. Position of all the EJ-309 scintillators relative to the target location used
in the 1°0(n,n’) experiment.

Detector x[m] y[m] 2z [m] d [m]
EJ-3090  0.7253 0.1494 -0.0183 0.7408
EJ-3091  0.5464 0.2747 -0.0166 0.6118
EJ-309 2 0.3812 0.3927 -0.0170 0.5476
EJ-309 3  0.1686 0.2499 -0.3369 0.4520
EJ-309 4 -0.0514 0.2499 -0.3365 0.4222
EJ-309 5  -0.2588 0.2523 -0.3356 0.4932
EJ-309 6  -0.4082 0.3925 -0.0238 0.5668
EJ-309 7 -0.5720 0.2795 -0.0257 0.6371
EJ-309 8 -0.7526 0.1503 -0.0219 0.7678
EJ-3099  0.7331 -0.2575 0.2554 0.8179
EJ-309 10 0.7361 -0.0047 0.2542 0.7788
EJ-309 11  0.6871 0.2391 0.2306 0.7632
EJ-309 12 0.4790 0.2371  0.2300 0.5819
EJ-309 13 0.3296 0.2500 0.2377 0.4771
EJ-309 14 0.0805 0.2408 0.2300 0.3426
EJ-309 15 -0.1262 0.2416 0.2263 0.3543
EJ-309 16 -0.3197 0.2430 0.2266 0.4610
EJ-309 17 -0.5318 0.2432  0.2262 0.6270
EJ-309 18 -0.7112 0.2466  0.2242 0.7854
EJ-309 19 -0.7827 -0.0002 0.2498 0.8215
EJ-309 20 0.5180 -0.0238 0.4369 0.6781
EJ-309 21 0.3169 -0.0222 0.4356 0.5392
EJ-309 22 0.1117 -0.0242 0.4347 0.4494
EJ-309 23 -0.0868 -0.0211 0.4321 0.4412
EJ-309 24 -0.2879 -0.0197 0.4326 0.5200
EJ-309 25 -0.4916 -0.0216 0.4325 0.6551
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Appendix B. MDPP-16 Board Inputs

Table B.1. Inputs for each of the MDPP-16 boards.

MDPP-16 Board

Channel SCP (17) QDC1 (18) QDC2 (19)
0 Clover 3-1 EJ-309 0 EJ-309 16
1 Clover 3-2 EJ-309 1 EJ-309 17
2 EJ-309 2 EJ-309 18
3 Clover 3-4 EJ-309 19
4 Clover 4-1 EJ-309 4 EJ-309 20
5 Clover 4-2 EJ-309 5 EJ-309 21
6 Clover 4-3 EJ-309 6 EJ-309 22
7 Clover 4-4 EJ-309 23
8 BGO 3 EJ-309 8 EJ-309 24
9 BGO 4 EJ-309 9 EJ-309 25
10 EJ-309 10
11 Clover 3-3  EJ-309 11
12 EJ-309 12
13 EJ-309 13 LaBr
14 EJ-309 14 EJ-309 3
15 EJ-309 15 EJ-309 7
32 Trigger In Trigger In Trigger In
33 RF RF RF
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Appendix C. MDPP-16 Board Settings

Table C.1.

“Module Init” settings for the MDPP-16 boards.

Register Value

Description

0x6042 2
0x605C 0
0x6050 15424
0x6054 2880

0x6058 0x001
0x605E 0x100

0x6068 1
0x606C 1
0x6096 0b00
0x6044* 3

TDC resolution (0.098 ns)

Record all events per channel in window
Window start (-1500 ns from trigger input)
Window width (4500 ns)

Trigger source (trigger 0 input)

Trigger output (all channels)

NIM4 input (trigger 0 input)

NIM2 input (trigger 1 input)

Time stamp source (VME)

QDC output format (long and short integral and time)

* QDC boards only

Table C.2. MDPP-16 SCP board “Frontend Settings”.

Register Name All 0&1 2&3 4&5 6&7 8&9 10&11 12& 13 14 & 15
0x6100 select_chan_pair 8 0 1 2 3 4 5 6 7
0x6110 tf_int_diff 3 1 1 1 1 20 1 1
0x6112 PZ0 4650 3950 4050 4000 4050 20 4050 4550 4500
0x6114 PZ1 4650 4100 4150 4350 4220 20 3920 4500 4500
0x611A gain 2000 235 225 285 285 3000 105 697 697
0x611C threshold0 0x800 280 250 220 260 600 600 400 300
0x611E threshold1 0x800 220 280 300 260 700 250 300 1050
0x6124 shaping_time 480 20 440 440
0x612A signal_rise_time 120 0

0x6126 BLR 1

0x6128 reset_time 16

Table C.3. MDPP-16 QDC boards “Frontend Settings”.

Register Name All
0x6100 select_chan _pair 8
0x6110 signal_width 12
0x6112 input_amplitude 6000
0x6114 jumper_range 6000
0x6118 integration_long 40
0x611A integration_short 2
0x611C threshold0 0x200
0x611E threshold1 0x200

For the LaBr detector, which was connected to channel 13 on the MDPP-16 QDC2

board, had the same settings except for what is listed in Table C.4.
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Table C.4. MDPP-16 QDC boards “Frontend Settings” for LaBr detector.

Register Name All
0x6100 select_chan_pair 6
0x6110 signal width 16

0x6118 integration_long 30
0x611A integration_short 1
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Appendix D. HPGe Efficiency Calibrations

Table D.1. Gamma rays from '°2Eu and °°Co used for HPGe detector efficiency
calibration with their corresponding intensities.

Energy
Source [MeV]| Intensity [%)]
0.245 7.583 £ 0.019
0.344 26.500 £ 0.400
0.411 2.234 £ 0.004
0.444 3.148 £ 0.027
0.779 12.942 + 0.019
0.867 4.245 £ 0.019
152y 0.964 14.605 £ 0.021
1.086 10.207 £ 0.021

1.090 1.727 £ 0.006
1.112 13.644 £ 0.021
1.213 1.422 + 0.006

1.299 1.623 £ 0.008
1.408 21.005 £ 0.024
0.847  100.000 £ 0.000
0.977 1.439 + 0.015
1.038 13.990 £ 0.100
1.175 2.279 + 0.020
1.238 67.600 £ 0.400
1.360 4.330 £ 0.040
(o 1.771 15.690 & 0.150
2.015 3.080 %= 0.030
2.035 7.880 £ 0.070
2.598 17.280 £+ 0.150
3.010 1.049 £ 0.010
3.202 3.240 £ 0.030
3.253 7.930 £ 0.060
3.273 1.889 £ 0.020
3.451 0.953 £+ 0.100
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