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Abstract

The MicroLayered FasiNeutron Detector (MLFD) is a novel faseutrondetection
technology that has ba developed from concept stage to demonstrable functionality in a
laboratory environment. The MLFD boasts a high-feaitron detection efficiency of 9.2% at 43

mm lengthof-detector, a neat00% gammaay rejection capabil without requiring pulse shap

di scrimination or any additional el ectronics

generation inherently by design. These features have been achieved by careful material selection
in suitable geometrical fagpn. Polymethyl methacrylate MMA) was used as a neutron
converter (by proton recoil) and light guide, and zinc sulfide as an inorganic scintillator, in an
alternating layer configuration such as to maximize scintillation photon collection from neutron
int eracti ons whenkoegenernation. A phpotodatectorlagaches to the side of the
MLFD, which can either be a photomultiplier tube (PMT) or a silicon photomultiplier (SiPM),
depending on the application desired. The orientation of the phottateda the side (parallel to

the longest length of the MLFD) also reduces probability of forwardo pagat i on al
photons from being collected. The detection efficiency can also be scaled by simply increasing the
number of layers, i.e., the lengthtbe detector. The vastly diffent decay pulse times for protons

(700 ns to 10,000 ns) and electrons (12 ns) leads to a very distinct neutron andrggraveant
separation, leading to a PSD ratio of 4.56. Furthermore, replacing the PMT with SiPMsreduce
the Uer enkov ediathe PMT photocatibdewmdow, phereby eliminating the need
for pulse shape discrimination altogether, and only requires a low LLD to reject almost all gamma

radiation.

Although originally designed for use at the TREfREIlity of Idaho National Labatory,
the MLFD has exhibited performance that makes it versatile for extended application in SNM
searches. Therefore, the MLFDs were coupled to an array of SiPMs as an imager to locate the
direction of a neutron source imaxed radiation environment, dnvas successfully able to predict
the location within 30 seconds in a 5¢m radius. The imaging system can be configured to have all
necessary electronics-doard, making it lightveight, portable and compact. The MLFD can b
batchfabricated with ease ard a simple fowstep process using commosityund laboratory

equipment.
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Abstract

The MicroLayered FasNeutron Detector (MLFD) is a novel faseutron detection
technology that has been developed from concept stage to proven denildpstrablaboratory
environment. The MLFD boasts ah fastneutron detection efficiency of 9.2% at 43 mm length
of-detector, a neat00% gammaay rejection capability without requiring pulse shape
discrimination or any additional electronicsortechnie s, and suppression of
generatiorinherently by design. These features have been achieved by careful material selection
in suitable geometrical fashion. Polymethyl methacrylate (PMMA) was used as a neutron
converter (by proton recoifnd light guide, and zinc sulfide as an inorganic scintillator, in an
alternating layer configuration such as to maximize scintillation photon collection from neutron
interactions while minimizing Gerenkofthegener a
MLFD, which can either be a photomultiplier tube (PMT) or a silicon photomultiplier (SiPM),
depending on the application desired. The orientation of the photodetector on the side (parallel to
the longest length of the MLFD) also reduces probabilitjoovardp r opagat i onal ue
photons from being collected. The detection efficiency can also be scaled by simply increasing the
number of layers, i.e., the length of the detector. The vastly different decay pulse times for protons
(700 ns to 10,000 nsnd electrons (12 ns) leads to a very distinct neutron and gaayneaent
separation, leading to a PSD ratio of 4.56. Furthermore, replacing the PMT with SiPMs reduces
the Gerenkov radiation developed i n theneedPMT pl
for pulse shape discrimination altogether, and only requires a low LLD to reject almost all gamma

radiation.

Although originally designed for use at the TREAT facility of Idaho National Laboratory,
the MLFD has exhibited performance that makegeitsatile for extended application in SNM
searches. The MLFDs were coupled to an array of SiPMs as an imager to locate the direction of a
neutron source in a mixed radiation environment, and was successfully able to predict the location
within 30 secondsiia 5¢cm radius. The imaging system can be configured to have all necessary
electronics orboard, making it lightveight, portable and compact. The MLFD can be batch
fabricated with ease and in a simple fstep process using commosipund laboratory

equpment.
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Chapterl-l nt roducti on
1.1 Research Motivation

Nuclear energy is a clean, safe, reliable and competitive source of energy. It is the only
source of energy that can replace a significant giathe fossil fuels (coal, oil and gas) which
pollute the atmosphere massively and contribute to the greenbfiase Operating a nuclear
reactor requires the continuous monitoring of safety. However, unexpected events can occur, such
as a loss of coaht, or sudden reactor overpower. Therefore, it is important to determine the safety
limits of operation and fudhilure thresholds. These parameters can be measured by monitoring
the realtime behavior of fuel elements when abnormally stressed. As arpéxanstrumentation
for monitoring fuel motion was constructed at the Transient Reactor Test (TREAT) facility at
Idaho National Laboratory in 1963. The TREAT instrumentation provides stress testing of nuclear
fuels during which quick, high energy neutrpaolses are produced to simulate accieat
conditiong1]. Arrays offast neutron detectors are placed in collimated slots to observe fuel motion
during such transients. They provitlme and spatial resolution of fuel displacements during

reactor power transient experiments, as well as before and after the transient.

1.1.1Challenges in Accident Tolerance Testing of Reactor Fuels

The 2011 Fukushima Daiichi disaster, which prompted thedslwt of Japan and
Germanyods nucl ear power plants, sparked inter
facility at the Idaho Natiorid.aboratory (INL). In November 2017, the U.S. Department of Energy
restarted transient testing for the developmedradvanced, safer, and more efficient fuels. The
TREAT instrumentation includes the Aho¥bscope
steelcol | i mated channels coupled to OHo-nentwomak but
pulseg?2]. Stresgesting regires statistical precision of faseutron count rates, which increases
with true-positive detector events. Hence maximizing-fastitron degction efficiency, while also
minimizing gammaray background from being misidentified as neutrons, becomes itwpera
The Hor ny ak button, however, suffers from |

contaminating the signal, and nbnearity of deector response at large transients. Thus, there has



been a need to improve the neutron detection system foragemeprecision in fuel motion

imaging.
1.1.2Challenges in Special Nuclear Materials Searches

Similar to fuel motion imaging, active interrogatiogquires discrimination of neutrons
from gammarays. Presently, organic scintillators are generally used for éagtam detection.
Although pulse shape discrimination can be used to distinguish between fast neutron and gamma
ray events, in applications wdh have intense gamnray fields, the discrimination becomes less
effective for organic scintillators due to neart signal corruption at higher gamiray fluxes[3],
thus limiting meaurement of the neutron spectra. Furthermore, additional techniques and
electronics to discriminate between particles can complicate thellaketector and add weight

to portable systems.

1.1.3Development of the MicroLayered Fast Neutron Detector

To addresshese issues, there was a need for a simple detection system that is capable of
providing accurate and reliable data. The Micayered FasNeutron Detector (MLFD) was
devised to address the shortcomings of both fuel imaging and active interrogaticategysli
The novelty of the MLFD lies in its geometry and material selection: it uses zinc sulfide as the
scintillation medium, which has alaéively high light yield for protons but a low conversion
efficiency for fast electrons, thereby providing anardnt preference for neutrons over gamma
rays in a mixed radiation environment. However, the use of ZnS has been limited-fibrthin
devicesonly due its light selabsorption. The layer geometry of the MLFD overcomes this
limitation and allows the incogpation of a large volume of scintillator without compromising on
light transparency. The MLFD consists of alternating layers of a neutramertenmaterial such
as polymethyl methacrylate, and a scintillation material (ZnS). The neutron converter layer
translates a portion of the neutron energy to a recoiled proton via the (n,p) scattering reaction,
while the scintillation layer molecules emgtdiation in the form of visible light when excited by
a proton. A photodetector, such as a photomultiplier tbsilicon photomultiplier, is placed
perpendiculaalong the layers instead of at the end, enabling maximized collection of scintillation

light. For fuel imaging at TREAT, the direction of the neutrons is known, and the photodetector is



placed parallelta hi s di recti on, which | owers the prob.

radiation generated in the neutron converter material. Rentgrkbb MLFD was found to be
highly insensitive to gamma rays, without requiring any discrimination techniquesisyzulse
shape discrimination, especially when coupled to silicon photomultipliers. This finding led to an
expansion of its application in SNM searches. As will be discussed in detail in the following
chapters, the MLFD was shown to also have a highiastron detection efficiency that is tunable

to the application by varying the number of layers in the MLFD.

1.2 Contributions to the Scintillator Community

The MLFD was initially designed with the intention of employing it to image nuclear fuel
motion in reator accident conditions. However, on displaying versatile qualities, the scintillator
was explored further and has been developed to contribute to other fields, most notably in Special
Nuclear Materials searches. This process of research has led tbawetpcontributions to the

scientific community and to technology, in order of impact:

a. Invention of a novel device that has inherent gamayainsensitivity while
detecting fast neutrons without requiring any additional pastiideriminating
equipmenbr techniques.

b. Silver-doped zinc sulfide, although a high ligheld scintillator, has not been
used widely and mostly delegated to use asdéfigiency thin, singldayered
detection medium owing to its opaqueness to its own light. With the MLFD, a
unique geometrical design overcomes the opacity problem, and introduces a
novel design to use ZnS as a laxgdume scintillator.

c. A PSD ratio of 4.56 was achieved for fagtutron and gammiay separation,
which is the highesknown ratio reported for any stilfator, to the best of the
aut hordos knowl edge.

d. The ZnS:Ag decay time and mode for protons were determined for the first
time, and agrees with literature values for ZnS:Ag decay time and mode for
alpha particles, which are also heavy, charged particles.

e. The fastneutron detection efficiency of the MLFD is scalable with increasing
layers, a feature that makes the device tunable to the application.



These technological achievements have been detailed indigssrtation with the

following section being a gae to the contents of the rest of tissertation

1.3 Dissertation Organization

Efforts into building a device capable of mitigating the shortcomings of currently available
technology in fuel motion imaging and active interrogation have been presenteds in th
dissertation spanning six chapter®rovided inChapter 2are an introductory background of
radiation detection physics, material science, and present technologies and their shortcomings that
have prompted a need for the MLFDiscussed inChapter 3are the detector designs for
addressing challenges to present technology, which ultimately lead to the realization of the MLFD.
Also included in the chapter are current methods of fabricating the MLFD, and summarizes
previous trials in devising the MLFD aradternative designs. Following fabricatioshown in
Chapter 4is how the detector was instrumented with associated electronics to read data for
performance analysis and testihgChapter 5the characterization of the deteci®discussetb
understandts capabilities and limitation&keviewed inChapter Garethe detector performance,
and analyzes its results to evaluate its suitability for the proposed applications. Eoradlyded
in Chapter 7areimplications of the results, summarizes the nigidings, and provides guidance
for future steps with the MLFD. Thdissertationincludeswork that has been reported in five peer
reviewed journal publications and four conference proceedings, includégaster presentation.
Additionally, this disseration is supported with references to reliable waiported by
independent, nenonflicting organizations to verify the contents of the present work. Figures that
are referenced have been reproduced byaetihg data from the original work given in the

reference.



Chapter2-Backgr ound

The following sections in this chapter will provide the reader with adequate background
regarding the physics and processes that form the basis of the-IMyoed FastNeutron
Detector. Topics of discussion include neutrons amanga rays and their interaction with media,

working principle of scintillators, associated electronics, and previous work done in related areas.

2.1 Radiation and its Interaction with Matter

Radation is the emission or transversal of energy as waves or partierincipally
categorized into ionizing and néonizing radiation, the former stands of interest due to its ability
to ionize atoms and molecules, and break chemical bonds. lonizirdioadinclude charged
particles such as alpha particles, beta glagiand fission fragments, and neutral particles such as
neutrons, gamma rays ardays[4]. Neutrons are subatomic particles with a mass of 1.008 u
(atomic mass unit), slightly larger than that of atpn (1.007 u). The neutron is stable inside the
nucleus, but a feeneutron is unstable, and beliecays into a proton, electron, and an antineutrino
with a halflife of about 15 minutefs].

Table2-1 Classification of neutrons according to enefly

Neutron energy Energy range
0.0r0.025 eV Cold neutrons

0.025 eV Thermal neutrons
0.0250.4 eV Epithermal neutrons
0.40.5eV Cadmium neutrons
0.51eV EpiCadmium neutrons
1i10 eV Slow neutrons

10i 300 eV Resonance neutrons
300 eV 1 MeV Intermedate neutrons
1i 20 MeV Fast neutrons

> 20 MeV Ultrafast neutrons

Based on the energy, neutrons can be classified into several types constituting an energy

distribution that is adapted to the Maxwellian distribution for thermal matisted inTable2-1



are neutron types distinguished by their range of energies. This classification is important for
selecting the detection mechanism, which is highly dependent on the neutron energy. Fast neutrons
have energy betweehand20 MeV and can be produced from several sources. Nuclear fission
produces neutrons that have a mean energy of 2 MeV, such as those generated at TREAT.
Spontaneous fission sources, IRR&CT, produce a similar MaxweBoltzmann distribution from

0 to aboutl0 MeV. Nuclear fusion is also another source; deutériutium fusion produces
neutrons with an energy of 14.1 Me8amma radiation is naturally produced from neutron stars,
supernova explosions and beyond the event horizon in black holesessidranatically, from

nuclear explosions and lightning.

Alpha particles, electrons and protons are charged patrticles, and therefore continuously
lose energy via Coulombic interactions with electrons in the medium they pass through. Gamma
rays and neutrorere bah uncharged particles, and hence not affected by the Coulomb force when
passing through matter. Gammagys can interact with electrons directly, but neutrons generally
only interact with an atomm nucleus, rendering their detectiomre complicatedsuchas via

transferring their energy to charged particles or by neutron cd@jure

2.1.1Spontaneous Fission

Unstable nuclei of heavy elements can split into two nuclei of lighter elementgdhat a
similar in mass, and liberate a large amount of energy. Lighter elements are unable to overcome
the large potential barrier in distorting the nucleus from its originats@aerical shape, and hence
do not undergo spontaneous fission.

Most commonly2%°Cf is capable of spontaneously fissioning, with a 96.9% probability of
undergoing alpha decay, and a 3. 1%fe prodybabi | i
spontaneous fission were considered the only decay process, would be 85.5 years. dinaever,
its probability of alpha decay is much higher (and whoselifialis about 2.73 years), the effeet
half-life of 2°2Cf is 2.64 years. Per fission, about 3.7 neutrons are emitted with an average energy
of 2.3 MeV. The average alpha particle enasfy.12 MeV. Prompt fission gamma rays are also
emitted in the fission process. While the neutron emission rate f@his about 2.4 x 18
neutrons 3 g?, the gammaay emission rate is 1.3 x ¥ g’ The neutron energyi(E))
follows the Watt fssion spectrun]:
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The prompt fission gamrmay spectrum was given by:
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Figure2-1. 2°Cf (a) neutrori9] and (b) gammaay spectrdl10].

2.1.2Fast-Neutron Detection

Neutrons, depending on their energy, can be detected by three primary methods: scattering,

absorption and activation. The relatipeobabilities of these methods chandrastically with

neutron energy. Fast neutrons, having high energies, can transfer an appreciable amount of energy

to the nuclei they are interacting with. Such an interaction is called alestitscattering, or a

(n,p)

reacti

o re,

ntelug r dma§

dvehrid tei nchet W6 p 6

denotes

collisions®d recoil protons. During each collision, the fast neutron loses energy, and is moderated,

or s |

owed

down,

whil e

to the profoh. lsetprocess of saattgys i st r

desirable over other methods in detection of fast neutrons when information such as the original

energy of the neutron, its direction of travel, and the time of emission is important to know.



2.1.3Gamma-Ray Detection

Gamma rays can interact with matiera variety of ways, three of which are significant
for radiation measurements. The firstamed photoelectric absorption, is the ejection of a
photoelectron on absorbing the photon by the target atom. The originanptsiappears
completely. This intexction can only take place with the atom as a whole, not with free electrons.
The photoelectric interaction is the dominant mode of interaction for gamma raysraysl of
low energy, and for target materials of highraic number (Z). The second, Compswattering,
takes places between the gamrag photon and an electron. In this interaction, the incident photon

is deflected through an angdethereby transferring a portion of its energy to the electroesa

All angles of scattering angossible, hence the energy transferred to the recoil electron can vary
from zero to a large fraction of the original photon energy. The probability of Compton scattering
depends on thdensity of electronsas availablescattering targetsand thus increa&s with Z.
Finally, if the gammaay energy exceeds twice the rasdss energy of an electron (1.02 MeV), a
third processnamedpair productionis possible. This interaction takes place in the Coulomb field
of a nucles, and the gammay photon disappesito produce an electrguositron pairFigure

2-2 represents the probabilities of the three processes.

N
o

120
@
2100 |
o}
w .
© 8ol  Photoelectric Pair n
kS| Effect production
g 60~  dominant dominant
£
2 40 Compton
= scattering
S dominant
<

0
0.01 . 1 10 100

Figure2-2 Interaction of gammaaysof different energiewith materials can take place by different
processe§r].
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Figure2-3. The blueglowinKSt at e' s TRI GA Mk ||l r eacreépmduceds due t
from www.ksu.edu.

When a charged particle, such as an electron, passes throughtadieierial at speed
greater than the phase velocity of | ight in tfF

energies k) for electrons travelling in different media is given by:

—
2 | T (2.3)

where mc? is the rest mass equivalent, anis the refractive index of the medium. Therefore, the
minimum energy ofgammaays t o produce recoil el ectrons

radiation is given by:

T, ++/T2+ 2T m,c? (2.4)
E, = .
2
n2
T. = myc? ~ -1 (2.5)
wlﬂ‘ -1

whereki s the kinetic energy required to produce



Gerenkov radiation arises fr esofthesnatariment r i ¢ |
front and at theear of the patrticle, leading to a varying electric dipole momentum. The molecules
promptly return to their stable state by the emission of photons. This phenomenon is analogous to
its more popular sonic counterpare,., the sonic boom.

(a) Sonic Boom {b) Cerenkov radiation

- Vis lesser than phase v is greater than /-
velocity of light in phase velocity of light
medium

in medium

Figure2-4. Mechanism of UOGerenkov radiation generatio

The shock wave in case of the electrically charged particles is in the fehotwins, the
frequency spectrum of which is continuous. The shorter wavelengths are nemrgejnhence
Gerenkov radiation is observed to be a brilli
to determine particle direction, and the light yiditermines the energy of the particle. However,
Gerenkov radiat i onsgenaated byebackground iadiatiom, @speciallfy in ant i
environment wher ei dlhees 6b aacrkegr ®iugni foipcaarnt i n nu
contamination ofthe final signal produces, misclassification and misidentification of particles, and

ultimately lead to inaccurate detection results.

2.2 Principles of Scintillation Detection and Material Properties

The first type of radiation detector invented was a sauiily screed barium
platinocyanidé devised by Wilhelm C. Rontgen in 1895 while he disceslex rays[11]. The
screen had become illuminated in a completelk daom on being irradiated with rays. Thus
the firstradiation detector was produced, whiwas amaterial thaemitslight when excited by
ionizing radiation. The light is produced by radiation interacting with either the atomic or
molecular structureyhich excites electrons tohagher energy statd o return to itgroundstate,

10



the electra releases energy in the form of photons. Ideally, for a material to be a worthy

scintillator, it should possess the following properties:

1. It should be able to ceert the energy of the ionizing radiation into detectable light
with a high light yield.

2. The light emission must be spontaneous (fluorescence) rather than delayed light

emission (phosphorescence).
3. It must be transparent to the wavelength of its own emigad

4. The emitted wavelength should be able to be efficiently detected bycbtjattion

devices such as photomultiplier tubes (PMTs) and silicon photomultipliers (SiPMs).

The aforementioned properties help the user to determine the material ofadumicging
to the end use, in addition to other qualities that may be required. Scintillatiterials are
classified into two main types based on the physical differences in their light production
mechanisn{4]: organic and inorganic. While organic compoupdsduce saitillation photons

from molecular bonds and stategyrganic compound®quire a periodicattice for atomic states.

2.2.1Inorganic Scintillators

Upon absorbing radiation, electrbiole pairs are generated. While holes in the valence
band can move freely thrghout the crystal, the electrons in the conduction band are excited from
the valence band up the conduction bands. The excited electrons quickly lose energy in the form
of photons to dexcite to the lowest conduction band edge. However, if the inargaystal is
doped with activator impurities, additional energy levels can be produced iatid gap (the
forbidden region between valence and conduction bands). In this case, the excited electrons can
drop to the lowest conduction band edge or the upgterator site energy state. Upon dropping to
the activator ground state, light photons r@leased that have lower energy thandtystalband
gap [4]. It is important to note that the process of fluorescence is almost instantaneous upon
absorbing radiation, while &eed transitions from forbidden energy states result in
phosphorescence, a phenomenon imclvithe reemission of photons takelace well after the

original ionizing event

11



The emission spectrum, dictated by the bgad energy of the scintillator andteator
energy levels, is generally spread over a continuous range of energies duditmeilstate$4].
The excitation energy being different from the emission energy causes their respective spectra to
be different; this property is called the Stokes shift.

Activation

In the inorganic crystal, only a small fraction of at@mesnission centers of lumines@en
center emit photons. These O6inhomogeneitiesd in
addition of a smal/l amount eoattivatboapoenetgy state® 6 a c t

within the band gap determitiee wavelength of emission.

2.2.2Nuclear Properties

Fastneutron detection based on recoil scattering requiresatomic mass (Ajnaterials
in order to transfer the maximum amount of energy. Hydrogematerials are thus best suited to
construct fasheutron scintillatorsSuch hydrogenousnaterials can be used as the neutron
converter in conjunction with other scintillating materials that produce flight recoil protons,
or, the hydrogenous material itself can be scintillation, in the form of an organic scintillator.
However, organic satillators generally havéower light yield than inorganic scintillators. To
select the best material for fastutron detectigra quantitative parameter called the neutron cross
section is utilized. The neutron cressction value determines the probiyibf interaction per
unit path length. The elastic scattering crssstion for various elements are showfigure2-5.
The energy transferred to the recoil proton can also be determined using the followingnequa

T 44

— A2 26
E (1+42° 29

where T is the energy transferred to the proton, E is the neutron energy, A is the mass number of
the material, ana is thecosine of thescattering angle of the recamieutron. The neutron energy

atmaximum energyrarsferto the protorwould equal zero.

12



Using equation(2.6), Hydrogen(A=1), having similar mass as that of autren, would
allow 100% transfer of neutron energy, and is thus the most efficient neutron converter. Once the
neutron energy has transfatrento protons (positively charged particles), they can be detected by
Coulombic interactions with electrons. Theaohed particle slows down gradually through further

interactions via scattering reactions.
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Figure2-5. (n,p) scattering crossections for various elemeni?].

Various plastics with high hydrogen content are not scintillators, thus esgdjacent
additional organic or inorganic scintillating materialhe secondary particles obtained from
neutron scattering, such as protons, interact with the inorganic crystaluiesléo produce
scintillation photons. The choices of scintillation and recoil prgenerating materials are crucial

for optimum detectoperformance.
Neutron converter material

Material properties such as hydrogen concentration, radiation hardnesgptcal

transparency are important considerations while selecting a neutron converter material.

13



Hydrogen Concentration

Organic materials, i.e., plastics have a high concentration of hydrogen, and hence are
commonly used in scintillators for faseutron @tection. Plastics also contain carbon, and
occasionally other elements such as oxygen and sulfur. While a 100% todesfergy is possible
in hydrogen, the maximum amount of energy that can be transferred in carbon, according to
equation(2.6), is about 28%, and reduscéower for oxygen,etct he quantity Ohydrc
rati oo, which is the ratio of the numbar of
metric forcompounds with higher hydrogen coneatibn. As the ratio of hydrogento carbon

atomsincreasegor a given molecul¢éhe energy deposited per scatter will also increase.
Radiation Hardness

Radiation hardness describes the extent to which materials are resistant to physical,
structural and factional damages by radiation, particularly from neutmms$ gamma rays. Fast
neutrons can alter the atomic arrangement and crystalline structure. In plastics, aromatic rings and
a high crosslink density is preferred because long aliphatic chains arwddssiink density can
become easily rigid and brittle upareutron and gammay irradiation. The predominant
radiatiorinduced effect is crodaking of chains in organic compounds. Bonds can be easily
broken and rearranged. Plastics containing chlanitially blister and soften and fill with HCI,
and therefter harden due to crodimking. Changes in chemical properties like polymerization and
de-polymerization, oxidative degeneration and gas evolution can lead to changes in physical
propertiessuch & viscosity, solubility, conductivity, hardness and temsstrength. Teflon,
polymethyl methacrylate (PMMA), and butyl rubber are most susceptible to becoming softer and
weaker|13]. Irradiation of inorganic compounds can result in traps, color centers and defects (F
V- and U centes), however the effect of radiation on inorganic matergae far less significant
than on organic material©xide-basedscintillators such as LYSO:Ce are highly resistant to
gammaray radiation damage. Hoased crystals have shown phosphorescence atid- r
luminescence from proton irradiatigh4]. The visible luminescence of zinc sd# (ZnS) is

insensitive to electron damafjb].
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Figure2-6. Effect of radiation damader various polymer§l3].

Optical transmission in Scintillation Medium

The detector crystal should be transparenthe emissionwvavelengthin order for the
photons to reach the ligiebllection device. If the crystal is opaque, however, such astdes,
their usage is generally delegated totilim detectors with low efficiency.
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Figure2-7. Optical transmittance as a function of wavelength for heavy crystal scintillators (left), and for
light guides such as PMMA (rightleproducedvith permission from IEEE and Astra Produfié].
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Scintillation Material
Light Yield

Thelightyield is the number of scintillation photons produced per energy unit absorbed in
the crystal. It is desirable for a scintillator to have a high light yield in order to achieve better
resolution [4]. Generally, inorganic scintillators have higherhtigyields than heir organic
counterparts. The crystal lattice type and grain size can play an important role in the light yield of
a scintillator. For example, larger crystal sizes of ZnS causes light trapping and internal reflection,
leading to greaterbsorption of ligt. Grinding the powder to smaller sizes also reduces lattice
vacancies, which function as trgj32]. Often, the light yield is notinear for increasing energy
deposition in the scintillator, and substantially differing in yield for different particles, resulting in
difficulty in energy calibration. However, for detectors that grerated merelysacounters, and
not as spectrometers, nbinearity is not a limiting factor in selecting a scintillator as compared to

the other factors discussed in this section.
Response to Lightollection Device

The emission spectrum of the scintidlatshould be wéimatched to that of the light
collection device. Oftentime#, there is a mismatch, wavelength shifters are added to the crystal,

that absorb photons of a shorter wavelength, andlengerwavelength photonfer matching.

Table2-2. Light yields of variousiinorganic materialand®organic material§4].

Material SubCategory =~ Example Light Yield Bi-alkali PMT response
Alkali Metal Halidé’ Nal:Tl 43,000 1

Alkali earthHalide Cak:Eu 24,000 0.5

Transition Metdl ZnS:Ag 50,000 1.3

PostTransition Metdl BisGe012 (BGO) 8,200 0.13

Lanthanidé CeBn 68,000 1.65

Ceramié Li glass: Ce 4,650 0.12

Organic Crystalling Anthracene 17,200 -

Organic Liquid Eljen 305 13,760 -
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2.2.3Photodetectors

Radiation detectionethnology hagyreatly improved since the time theans Geiger
painstakingly coured flashes of light under a microscop&eiger measure@lpha particle
interactions in zinc sulfide (Zn$y0]. Today, detecting photsrias been made much less arduous
by photomultiplier tube (PMT), which are electron vacuum tubes that produce secondary electron
emission, and by silicon photomultipliers (SiPM}Jjich arebased on the excitation of conduction

electrons in a semiconductor.

Photomultiplier Tubes

reflector  scintillator primary
photoelectron dynode anode
/ ] /
i i L Fi
radiation *

------------ l\ 4 9
T \l;/ 7 / \/ \ current
:\r‘ 7 output

vacuum
tube

scintillation  coupling PMT  photocathode
photon  compound window

Figure2-8. Design of and mechanism of radiation detection in a AT

The PMT is generally coupled to a scintillator crystal usngpupling compoundThe
photocathode window serves to absphbtons from the scintillating material. The coating on the
window, on encountering photons, emit electrons by the photoelectric effect. Some of these
electrons can diffuse through the coating and enter the vacuum tube. If a voltage is applied to the
PMT, the electric field can impart speed to and guide the electrons to an adjacent electrode called
a dynode. Hence, the electrons striking the dynode can lead to more electrons being liberated,
which in turn are sped and guided by the electric field to thedwode, liberating even more
electrons. This process continues for a given number of dynodes. The PMT can thus turn photons

into a large electronic signal, whose charge (Q) can be measured as:
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Q = eqN,G" (2.7)

where q is the charge of an electroNp is the initial number of photoelectrons released at the
photocathodeG is the number of electrons release by a dynode per incident electron (gain), and
M is the total number of dynodes. The electrical signal prodsaeslially converted into a voltage
pulse. An important feature of the PMT photocathode is its quantuneeffic{ QE), defined as

the number of electrons released from the photocathode per photon incident on it for a particular
photon wavelength.

To redue light losses from internal reflection at the scintillator/PMT interface, a coupling
compound is usually iested between the scintillator and PMT window, whose index of refraction
closely matches that of the PMT window. Optical glue is the most comnmaiidede, due to its
ease of wuse. The PMTO6s sensitivity muwsrk mat cl
noise in a PMT can originate from leakage current on the PMT surface (under low voltage
conditions), thermionic emission of electrons (at camrmperating voltages), and regenerative
effects (at high voltages). Background radiation as well as praloeggosure to ambient light
while under bias can also contribute to dark current. It is desirable to minimize dark current. PMTs
are favorable becse of their high gain and low dark current. The photocathode window is
generally made of borosilicate glassfused silica. Radiation interacting with the glass enclosure
of PMTs can produce Uerenkov photons tionhat ca

interacting within the detector.
Semiconductor Photodetectors

Photodiodes are formed by a silicom gunction that creates a depletion region free of
mobile charge carriers. Upon absorbing a photon, an elelstierpair is generated in the silicon.
If a reverse bias is applied to the photodiode, the electric field across the depletion region
accelerates thholes towards theathodeand the electrons towards tarode resulting in a net
flow of current. If an adequately high electric field is getextan the depletion region, impact
ionization occurs, i.e., the charge carriers can be accelerated tosgeatelary charge pairs. A
single absorbed photon can lead to a continuous ionization cascade throughout the volume of the
photodiode, causing th&licon to break down and become conductive, in a process called the
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Geiger discharge. A large gain can beduced by operating a photodiode in the Geiger mode,
and devices employing this method are known as Single Photon Avalanche Diodes (SPADs). To
guerch the current flow, a series resistor can be used to lower the reverse voltage in the diode to
below its breakdown voltage, stopping the avalanche. Thereafter, the diode recharges to the bias
voltage, and is once again available to detect more photorsspd$es a problem: if more than

one photon is absorbed in the diode at the same time, it will generat@kesigf only one photon

produced it.

To overcome this loss of information, a dense arrayngf independent SPADs each with
a series resistordferred to as a microcell) are combined into a silicon photomultiplier (SiPM).
The Geiger avalanche is caméid to the particular microcell it was generated in; during this
process, all other microcells operate independently and are fully charged toptieteas. Each
microcell is optically and electrically isolated from one another, leading to a regiondo$pizee
surrounding each microcell. Larger microcells lead to a higher active area and gain. The charge

generated from an event can be expressed by

Q = NfirsdGe (28)

whereNsredi S t h e numb e r erenl icrocklls, ané s the gaio as given byg ¢

=& (2.9)

whereC is the microcell capacitancay/ is the overvoltage. SiPMs are generally operated at a bias
that is 1025% above its breakdown voltage. The difference between the operational bias and the

breakdown voltage is its overvoltage.

Dark current in SiPMs can originate from overvoltage, teaiper and active area. An
added problem in SiPMs that can lead to noise is optical crosstalk between microcells, caused by
accelerated charge carriers in high fields emitting photons that can trigger a secondary avalanche
in a nearby microcell. Thereforasingle photon may generate signals equivalent to 2, 3 or more

photons.
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SiPMs have several advantage over PMTs: unlike bulky PMTs, SiPMs are small and
compact. PMTs require high voltages of operation (~800V) while SiPMs require very low bias
voltage (~30V. SiPMs can also achieve very high gains as compared to PMTs. SiPMs are capable
of detection at the single photon level, which is typically not achieved using FWPTds are also
not affected by magnetic fields as are PMJsing an array of multiple SN#s, however, can lead

to excessive noise.

2.2.4Photon Optics

Scintillation Light Reflector

It is common practice to encapsulate the scintillator crystal in a reflector in order to increase
the probability of scintillation photons to reach the light collectefledRtors are broadly classified
into two types: specular and diffuse (or Lambertian). A specular reflector reflects the incident ray
at the same angle to the surface normal as the incident ray, but on the opposite side of the surface
normal. A mirror is a example of a specular reflector. An ideal diffuse reflector is one whose
luminance is isotropic, i.e., a ray striking the Lambertian surface will reflect in such a manner that
its apparent brightness remains the same regardless his angle of view. iloaisumtensity of a

Lambertian reflector foll ows Lambertodéds cosi ne

Iy = Iycos@ W em™2sr™1 (210

wherel, is the intensity of the emitted light about an argjlleetween the incident raynd the

direction of interest, anthis the intensity of the incident light. The choice of reflediqre is

dependent upon which one results inléest variane in light collection
Light Guides

There are some cases in which regardless of whetherny$talds opaque or transparent,
light guides like optical fibers connect the crystal to the dggikection device. This happens when
the shape of the crystad not wellsuited to the lightollection device, or if the environment

dictates that the ligkcollection device be at a different location than the cryBiahtodetectors
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can suffer radiation damageence in higtradiation flux environments they migbé required to
be placed outside the radiation field, thus requiring a light guide to a¢wmephbtons from the
crystal. Using external light guides obviously attenuates the beam intensity, and can also generate

undesirablel er enkov. radi ati on
Light Collection Efficiency

The ratio of the number of photons accepted at the photocathode to theutokeer of
photons emitted by the light source is the light collection efficiency (LCE) of the detection system.
The LCE depends on the geometry of the cryttal nature of the reflector, how well the crystal
is coupled to the PMT, and on the opticalnsparency of the crystal. If a crystal is coupled to a
PMT, and the charge collected at the an@@eig known, then the LCE can be calculated:

Q=m-LCE-QE-n-R"-e (211)

wheremis thenumberof light photons produced ithe crystaln is the number of dynodes in the

PMT, Ris the dynode multiplication factoR{is the gain), anéis the electronic chardé7].

2.2.5Pulse chaacteristics

A radiation particle interacts in the scintillating material to excite elediod@ pairs, of
which a fraction of electrons falls into luminescent centers. Thereafter, the electron decays to
release a photon. Scintillation pulses can be cheniaed by two time components: the fast

(prompt) and slow (delayed) decay component, as given by:

-t _t _E e
N(tj = Wl[:E' faf — g f*_rj +W2 (E b2f — g r”j

(2.12)
whereN(t) is the timedependent pulsey: andw: are the proportional light yield contributi®of

the fast and slow components, respectively, anahd t> are the fast and slow decay times,
respectively. The subscriptendf denote rise and fall times of the pulse. Generally, the rise times

are extemely short (< few ns), hence equat{@ri2) reduces to:
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N(f) = wye 55 + wye f (213
Table2-3. Rise and decay times of some inorganic scintilldti§
Composition Decay times Rise times
tir (NS) w1(%) tar (NS) w2 (%) t: (pS)
GAGG:Ce 317 9 89 91 497
GAGG:Ce:Mg | 188 34 60 66 72
LUAG:Ce 1784 66 97 34 923
LUAG:Ce:Mg | 667 13 49 87 230
YAG:Ce 445 51 97 49 1560
YAG:Ce:Mg 134 33 51 67 137
LUAG:Pr 924 50 22 50 254
$lise | Fall
ﬂ Time
=
o0
Q
T 90%
3
=
e FWHM
50%
10%|
Time
Figure2-9. Output pulse response from a PM4].
Il n a PMT, t here i s a -ubhctioa fighti pulse tstiikmgthe bet w

photocahode and the peak amplitude of the output current. The transit time includes the time for
electrons to diffuse from the photocathode to the vacuusnfate, to reach the first dynode, and
to traverse the multipl e dymectakerlythe dutpd putseto s e t

increase from 10% maximum to 90% maximum. This includes the charge collection time
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measured between the lastdynodeda t he anode. Similarly,

taken by the trailing edge of the outputgmito fall from 90% maximum to 10% maximum. When
working with relatively slow inorganic scintillators such as Nal:Tl, the time response of the PMT
is negligible compared to the decay time of the scintillator. However, if the crystal has fast decay

times, he PMT can cause gain distortions and nonlinear behavior

2.2.6NIM Electronics and Spectroscopy

A detector can produce a pulse from a radiation partitégaating in it. A need arose in

t he 196006s

detector electronics and dathtaining systems. The Nuclear Instrument Module (NIM) was
developed to guide the design of instrutsethat measure radiation and are interchangeable
physically and electrically for the study of nuclear gibg and engineering. NIM helps connect
the electronic modules (amplifieiSingle Channel Analyzers, etc.) to the frame of a NIM bin via

for modul ar el ect r o rdnmectiantbetwedna r d i

connectors rad cablesTable2-4 contains a list of NIM equipment thatsused in this project.

Table2-4. NIM equipment and their functions.

Equipment

Function

High-Voltage Pover
Supply (HVPS)

DC power supply

Preamplifier

Amplifier
Oscilloscope
Counter/Timer

Multichannel Analyzer
(MCA)

Provides a positive aregative voltage for operating the detector

Delivers a constant DC voltage to its load

Provides an optimized coupling between the detector output and the
counting system following ther@amplifier, minimize noisesignal shaping,

impedance matching to reduce attenuation of signal
Amplifies signal

Displays and records voltage pulses

Counts pulses, and sets time durations for counting pulses

Records and stores pulses according to their height, displays a histogre

pulse heights
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Digitizer Receives analog information, and records it digitally; used to study timir
characteristics of a pulse

Pulse Height Spectrum

Spectoscopy is the sciencef quantifying radionuclides by analyzing a histogram of
energies produced by a detector. Each pulse emerging from a radiation interaction in the detector
is binned according to its pulse height, forming the histogram. This puld# Bpectrum (PHS)
canvary in its features depending not only on the amount of energy deposited, but on the geometry
of the detector, effect of multiple scattering, and various other factors. For example, a@cotbn
scintillator (containing only hydgen and carbon) irrégated by monoenergetic neutrons should
produce, ideally, a stefanction pulse height spectrum. However, statistical fluctuations arising
from fluctuations in the number of excited free electrons, fraction of charges that decay by
fluorescence, and finalbmber of photons reaching the light collecting device results in a Gaussian
softening of the high energy edge of the step function. Carbon scattering and multiple proton
scattering can also distort the spectrum. If the detector ggohetrdimensions smai than the
range of protons in it, the entire energy of the prot@y not deposit in the detector, once again
altering the spectrum. At high neutron energies, threshold reactions sé€knag®Be can occur,
releasing energetic hey ions that falseladd to the total neutron detection efficiency and further
distorting the spectrur]. It is important to be aware of such effects in the analysis of the pulse

height spectrum for the accurate inference of radionuclide identification.

2.2.7Pulse-ShapeDiscrimination

If the detector is irradiated with more than one nuclide, or if threshold reactions within the
detector cause false counts from secondary particles, the PHS can be contaminated with counts
originating from different radionuclides. It is nesary to determine which count or pulse
originated from which source in order to accurately measure the detection efficiency, or to identify

the source of irradiation.

Pulse Height Discrimination
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The lower channels in a PHfseusually dominated by countsofn background radiation
andelectronic noise from the detector. A Lower Level Discriminator (LLD) is usually set at the
lower channel$o rejectany pulses below the LLD. This method of removing potential background
noise fran the PHS by usingnLLD is cdled pulse height discrimination. The principle of this
met hod is based on the premise that Anoiseo0 or
is a form of discrimination by pulse heights, or energy. Althougimgean LLD helps eliminate
bak gr ound noise, it unwittingly also eliminate
but which deposited only a small amount of energy comparable to background noise.
Consequently, the efficiency is reducédurthermore, interactions fromifferent particles or
threshold reactions can lead to high energy deposition, thus rendering pulse height discrimination

ineffective in discriminating between those events.

Pulse Shape Discrimination

Long gate
Short gate
1.0F =
Thermal neutron
b ast neutron
0.8F Gamma
-
=
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?l-: ]
0.2} 1
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Figure2-10. Decay times of events from a fast neutron, thermal neutron and a gagnimgeracting in a
®Li-loaded plastic scintillatdn9].
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When events of similar energy, but diffetesource of origin, need to lseparated, the
pulse shape is analyzed instead of the pulse height. The decay times of pulses produced in a
scintillator from heavy ions and gammays are generally different, even if their pulse height is
the sameKigure2-10). Gammaray events have a prompt decay time, while neutrons generally

have a delayed decay time in scintillators.

Charge integration method iscammon technique for pulse shape discrimination (PSD)
anal ysi s, due t o ndhhe streaghtfotward ltasglwaseirequrédi Tha rélative a
amounts of charge from the prompt and delayed fluorescence is used to determine a PSD ratio,
which separi@s neutrons from gamma rays. For each event, the current pulse is integrated over
two time intevals, and a PSD ratio is determined. The amount of scintillation light reaching the
PMT is computed as charge under the current pulse, the total being mogladi the amount of
energy deposited in the detector. The ratio takes advantage of theala@ant of delayed light
emission (slow component) from a recoil proton than that of the recoil electron. The difference in

values of the PSD ratigjven by eqation(2.14), separatethe neutron and gamnray even,

Tail Gf ..S'I',gﬂﬂ,l — Qlong Gats Q_‘.'horr Gats (214)

P5D Ratio = .
Full signal Qrong Gaze

where Qnort catdS the charge integrated during the short gate time period, generally representing
the fast component of the light output, andddcateS the charge integrated during tlbeg gate

time period Figure2-10), representing the total scintillation light output.
Performance Metric

Fast neutron detectors are often required in situations where a significant background of
gamma radiation>asts. The ability 6the detectoiPSD system to clearly separate the particles
determines its usefulness in that situation. To provide a quantitative determinant of the detection
systembs capacity to separ at e esaofdetectarstosasss as w
their applicability, a standard Figuod&-Merit (FoM) is calculated. The FoM is also used to
optimize the values for short and long gates to select the most appropriate combination. The FoM

IS a postprocess calculatign

26



5
FoM = (2.15

E_Q'E TILFTLE + 5?‘!9 utron

whereSis the distance between the centroids of the gamayand neutron peaks, afds the

full-width-at-half-maximum (FWHM) of the gammeay and neutron peaks.

The statisticsused to modethe charg integration methodra based on th&oisson
distribution, which can be conveniently reduced to a Gaussian distribution. For a Gaussian
distribution, the FWHM is

d = 2+ 2In2o (2.16)

where 0 is the standard deviat. From equation(2.15), the higher the FoM, bettethe
discriminaton between different particles. To set a benchmark for acceptable PSD, a reasonable
definition for wellseparated distribution dictates that tledFshould be above 1.320].

Other methods of PSD includg) thepulse gradient analysis; which compares the peak
amplitude and sample amplitude at a later tif@®,the zerocrossing method; which uses time
between the start of the pulse and the-oeossing pait in the filtered bipolar signal, arf@d) the
discrete wavelet transform, utilizing frequency domain featufeshe pulse. The charge
integration technique is most commonly used due to its simplicity and highly accurate
discrimination between neutronsteagammarays at high energies.

2.2.8Mathematical Tools for Detector Characterization

To characterize a detector, onweuld need quantifiable values to assess its performance.
As discussed earlier, a counter/timer records the number of egeatded by a detewr within a

specified time frame.

G

o= " = gross count rate (2.17)
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B
b= 7 = background count rate (218

net countrate = g—b (2.19

where G = number of counts recordedhuy counter in time t with the source and detector present,
and B = number of countecorded by the counter in time t without the soumteuding counts

from background radiation as well as electronic noise

It is imperative to calculate the errorsdount rates to determine if the data reported can
be certified trustworthyGiven thesame amount of measurement time for G andh& net count

rate error is given by:

_VG+EB (2.20)
t:l';,,E = A

The detection efficiencis usedo assess the ability of the detector to detect a certain type
of radiation. There are two categories of detection efficiency that can be determined, i.e., the

absolute and intrinsic efficiency. The absolute efficiency is defined by:

g, =N /n (2.21)

whereg,, is absolute efficiency\ is the number of neutron counts recorded by the detector, and

Nsis the number of neutrons emitted by the source.

However, =, depends on the geometrpdaorientation of the detector and sourasd

would thus baliffi cult to compare efficiencies of detectors with different geometries and different
orientations to the source. The geometry of the source and the detector affects measurements

because the madn between the source and the detector may scatter and abdalegand
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more significantly, the shape of the detector and the distance between them would determine what
fraction of the particles would be able to enter the detector. Therefore nal sp@mtity, intrinsic

efficiency, is defined as:

=N 2.22
g="/ N, (222)

whereg; is the intrinsic efficiencylN is the same as used in calculating absolute efficiencyNand

is the number of neutrons ineidt on the detector.

The use o&; works to reducéhe dependence of geometry and orientation by defiding

as:

N,=N_=0 (2.23
wherell is the solid angle subtended by the detectorésdhirce of radiationdefinedby:

Number of particles per second emitted inside the
space defined by the contours of the (2.24)
source and the detector aperture

" Number o f particles per second emitted by the source

=

SpdA. -
I, 1, (o) a4aa

4Ty
Sl}‘qs

) (2.25)

n =

Thus, the intrinsic efficiency provides uniform basis of comparison of different detector

performances.
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2.3 Applications

The need to detect fast neutrons can arise in various fields such as reactor instrumentation,
space physics, fundamental particle seacheaterial science, special nuclear material searches
and active interrogation techniques, to naméew. The material selection, type of detector
required depends heavily on the application. Discussed below are few applicateEnesfast

neutron detects play a key role.

2.3.1Fuel Motion Imaging

Idaho National Laboratory recently restarted the Tran&l&#{ctor Test (TREAT) facility
for the development of safer and more efficient reactor fuels. To help regulators determine fuel
failure thresholds, effects ofiigh-power excursionscriticality accidents (Chernobyland
consequences of losd-coolant accidnts(Fukushima Daichii]21], the TREAT instrumentation
provides stresgesting of nuclear fuels during which quick, highergy neutron pulses are
generated that induce fuel motion to slate mild to severe accident conditighg The behavior
of the fuel wth cladding and reactor core when abnormally stressed is of interest to developers of

accidenttolerant fuels.

Measurement of fuel displacement during a transient can be conducted using standard
instrumentation such as monitors for pressure, temperatarepalant flow. Transparent coolants
(gas and water) also allowed for optically photographesg tapsules through a windd@22].
However, wih the advent of the liquid metal fast breeder reactor, test capsules became opaque.
Thus, the opacity of the test capsule, and the limitations of the stansi@umentation led to the
choice of using a fission particle detection system.
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Fuel Displacement Imaging

The reactor neutrons induce fissiorthe fuel, producing fission neutrons, gamma rays in
the test fuel, and other forms of lesser penetrating radiation, such as alpha and beta particles. Only
peretrating radiation, such as gamma rays and neutrons, is detectable given the extensive quantity
of material surrounding the test fuel. However, the gasmagamission times are longer than the
transients, hence they would not provide useful informationtghel motion during the transient.
Furthermore, gammiays also constitute a significant portiof the background from capture
radiation in the test assembly, overwhelming the response from the fuel. Therefore, the detection
of fast neutrons become theeferred method of imaging the fuel displacement during a transient.
The presence of a collim@taids in lineof-si ght vi ewing of the test
image being dependent on the collimator aperture, which is 0.25 mm x 8 mm at TREAfe
reactorfuel used is>>®U, and each thermal fission produces about 2.4 neutrons. 70% of these
neutrons are alve 1 MeV. Although it is desirable to select fission neutrons directed from a
segment of fissile material, any fast neutron above 0.1 MeV is indistinguishairieaffission
neutron. Fast neutrons from the core can scatter, and if their residual ermrgyttse threshold,
they can be detected, adding to a background of noise. Thelénmgity collimation material is

effective at reducing these background radie beforereachingthe hodoscope.

The TREAT Hodoscope
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Figure2-12. Array of fast neutron detectors (left) produce count rate intensity maps of fuel displacement
at various transient timegeproduced vih permission from OSTR3].

The TREAT hodoscope was built to evaluates core changes fromtssgag transient
experimentdy detecting movement of fuel. The hodoscbps an inner concrete collimator and
an outer steel collimator, followed by thick lead shielding, finally leading to an array ef fast
neutron detectors. There are 334 slots formed from 10 columns and 3@igwe2-12). The
slots were previously equipped with fasgutron detectors called the Hornyak buttons, each
connected to their individual photomultiplier tube to provide information ontireal variations
and spaal resolution offuel motion during transient experimefig. Upon restarting TREAT in
2017, about 100 of the Hornyak buttons were deemed functional, and therefore, there was a
mounting effort in refurbishing the existing ones or to search for alternatives that alleviaed s
of the problens faced by the Hornyak buttons.

A variety of fuel motion phenomena have been observed by the TREAT hodoscope,
including pin bending, axial and radial expansion;farkeire motion within cladding, internal fuel
motion within annular fuelfuel breach intacoolant channels, sweepout by coolant, eructation,
slumping, blockages, breach of flow tube, and compaciatectors in the hodoscope array
respond to changes in fission density. The data from the detectors, generally in the form of
nomalized count ra&s, may be displayed in such a way as to provide a quantitative view of the

course of fuel motiorShown inFigure2-13is a hodographhat relates count rates to fuel density.
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Figure2-13. Hodographs fronj22] showing twadimensional shaking corresponding to a helical spiral in
three dimension®n the left is a plot of count rate as a function of time during the transiditgating
melting of cladding. On the left is an intensityodulated hodograph showingefypin undergoing
bending. Reproduced with permission from O&H).

Interestingly, TREAT isnot the only facility utilizing a hodoscope. Scintillating
hodoscopes were used by archaeologists and scientists agrémid® of Giza to view their
internal structures and tombs without breaking down thierairucture or using other invasive

methodd24].
2.3.2lllicit Materials Search Techniques

Active interrogation entails irradiating an object of concern withtnoes or photons and
measuring secondary radiation resulting from their nuclear redotigain information about the
contents of the object. The O6o0objectd in quest
nuclear materials such as hazardous chaisiand explosives. Active interrogatiorpresentlya
highly active area for researchnd in a fashion similar to the requirements for fuel motion
imaging, requires neutron events to be separated from gaiayrevents, in order to be able to
identify sscondary nuclear reactions, and therefore, the object content accurately. Due taréhe nat
of the process, active interrogation creates a mixed radiation environment that contains elevated
background radiation that masks the desired radionuclide signatacenmonlyused technique
is to use a source of higdnergy gamma rays to induce pHasion in the object, leading to
neutron emissiof25]. Fast scintillators capable of distinguishing between neutrons and gamma

rays, moscommonlyby usingPSD, are usually employed in active interrogation.
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Neutrons and gamma rays
from induced fission

/\

|

Dual-particle imager

Figure2-14. Schematic of an active interrogation systegpyoducd with permission from Nature
Publications.

2.4 Previous Work With Scintillators

The following sections contain information regarding the scintillators that reve
historically used at TREAT and the techniques commonly used in scintillators for particle
discrimination.

2.4.1The Hornyak Button

Figure2-15. The Hornyak button as used in TREAT, connected to a PMT (Hdthyak button design
(right).
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The original Hornyak button watroducedin 1922 [71]. Because of its functionality, a
type of Hornyak button was identified for usethe TREATTacility with the goal of detecting fast
neutrons in astronggammaray backgoundenvironment The TREAT Hornyak button design
(Figure2-16) has a scintillation volume containing a mixture of 5% by we@fitsilver-activated
zinc sulfide (ZnS:Ag) and polymethyl methacrylate (PMMA) sandwiched between twe semi
circular PMMA light guides. One face of the Hornylaltton is coated with reflective material
while the other face is coupled to a photomultiplier tube TRPMhe total scintillation volume in
a 25.4 mmong Hornyak button is 16.7 mimA pulse can be generated if a fast neutron elastically
scatters withinhe scintillation voluméhat producesn energetiaecoil proton If the proton then
excites scintillabn molecules the released scintillatiophotors may reach the photocathode
window of an adjacenPMT, which may also cause the ejection phatoeleatoninto the vacuum

envelope
Challenges with the Hornyak Button

The Hornyak buttons havemtrinsic detection efficiencies of 0.4% for neutrons with
energies above 0.1 MeWowever, several complications plague the authenticity of the neutron
counts regiered For example, background gamma radiation and Jeigergy gamma rays
generated in theollimator steel from neutron capture reactions can interact with a Hornyak button
and deposit a distribution of energies, based on the type of gaayrivderactionleading to pulses
that can be misclassified as neutron countfact, the gammiaay interactions in the light guides
can generate morel e r e nphatons than scintillation photonsAlthough pulse shape
discrimination can be used to distinguish betweamstnorr and gammaay events, this introduces
additional electronics that can complicate tetection system. Even with PSD, the electrons
generated from the interactions can gRMTer at e
photocathode glasshich not only contributes significantly to undesirable background, but also
leads to noflinear detector response at higher power levels (refurbished Hornyak buttons were
still suffering from this drawbac27]). In fact, the Hornyak buttoh PMT systenhas showna
cause gain shift and space charge effects in the PMT, which also resultslineaordéector
responselnaccurate count rates at transients would eventually lead to incorrect mapping of fuel

displacement. The fasteutron detection efficiency of theokhyak buttons have also been limited
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by the fideado

cause complete ligtgelf absorption at 180 mil.

Beyond 25 mg/cH) silveractivatedzinc sulfide (ZnS:Ag) absosits own light,leading
to further loss of events occurring within the scintillation volume. Decaybi@ed pulseshaping
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mi nati on

techniques, and
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|l ters

scintil |, astZnSonPMMA Homogeneousrmixturbse

had

background, gammeay backgroun¢l8] and nonrlinearity[2], but they complicated the detection

sysem.
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Figure2-16. Nontlinear detector response at high power lej@is

2.4.2Neutron/Gamma-Ray Separation
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Figure2-17. PSD Ratio plots of®’Cf irradiation of (a) EB0O1[29], (b) CLYC[30], and (c) PVT[31],
reproducedvith permissiorfrom Elsevier and Spring¢29], [30], [31].
Plastic, liquid and inorganic scintillators have been well characterized in terms of
neutron/gammaay separation using PSD.-B01, a liquid scintithtor, has shown an FoM of 2.4

in separating neutrons and gammays igure 2-17(a)) [29]. The inorganic scintillator

CsLiYCleCe+(CLYC) has shown a FoM of 2.6 with a separation of fast neutrons, thermal
neutrons, and gammays Figure2-17(b)) [30]. The plastic scintillator polyvinyltoluene (PVT)
has shown a maximum FoM of 1.7Fidure 2-17(c)) [31]. At very high gammaay flux

backgroundthe charge integration technique has shown to become inefficient due tpiiise

overwhelming the digitizeHigure2-18).
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Figure2-18. Degradation in neutron/gamrnay separation from &2Cf source with increasing gamma
ray flux background§g3], reproduced with permission from O3].

Keeping in mind the shortcomings of the current needs in reactor safety and active

interrogation,and the potential of variowintillator materials and detection techniques, efforts

were undertaken to provide technological solutions by best utilizing material properties and

detection techniques mentioned in this chapter.
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Chapter3-Desi gn of the MLFD

The MLFDwas designed with the ainfiiacreasing neutron detection efficiency, reducing
gammar ay sensitivity and Oerenkov radiation, an
these aims. Other designs that were considered while optimizing the fedttiresvl.FD have
also been dicussed in this chapter. Finally, the wedtablished procedure to fabricate the MLFD
has been discussed in detall.

3.1 Designing the MLFD

Both inorganic and organic scintillators are used for fast neutron detectors. Inorganic
scintillators can be located adent to a recoil medium, such as a hydrogenous material, and
fluoresces from the interactions of recoil ions entering the scintillator. Organic scintillators are
usually deployed as a combined redhibrescence detector, in which proton (or carbon)itgeco
from fast neutrons in the organic compound subsequently fluoresce the scintillator. Presently,
organic scintillators are generally used over inorganic scintillators for fast neutron detection.
Although pulse height discrimination can be used to distgiigbetween fast neutron and gamma
ray events, the distinction can be greatly enhanced by using organic scintillators designed for pulse
shape analysis. However, in applications which have intense gaayrfialds, the discrimination
becomes less effecévfor organic scintillators due to neutron signal corruption at higher gamma
ray fluxes [3], thus limiting measurement of the neutron spectra. Additionally, inorganic
scintillators generally have higher light yield than organic scintillators. The MLFD was designed
combining the positive traits of organic compounds for neutonversion and inorganic

scintillators for scintillation.
3.1.1Material Selection, Geometry and Orientation

The neutrorconverter material is typically selected based on its hydrogen concentration
and radiatiorhardness. Paraffin, PMMA, and cellulaseetate Ave high hydrogen/carbon ratios
(2, 1.3 and 1.1 respectively). However, PMMA has greater optical transparencpahefin, is
radiationhard unlike cellulose acetaf83], and exhibits the least autofluorescence among all

plastic§34], making it the most desirable candidate. Hydrogen and carbon are both poor absorbers
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of gamma rays. Accordinto Asta Products, the supplier of the ClaféPMMA disks used in

the MLFD, the PMMA exhibits lower autofluorescence compared to standard PMMA due to the
pure monomer used as the base ingredient. Low autofluorescence is a desirable property for
scintillation sysems, as it makes data more reliable in terms of the origin of the scintillation light.

As was described in secti@.2 a scintillator ichosen based on a high light yield, optical
transparency, and suital#enission wavelength to match that of the photodetector. Furthermore,
special properties may be desired based on the specific application. In addition to the previously
discussed propges, the background at TREAT required the detector to be insensitjaenima

rayd an important determining factor for the type of scintillator considered.
The Case for Zinc Sulfide (ZnS)

ZnS is a polycrystalline scintillation material with a wide baag gapproximately 3.91
eV for hexagonal and 3.54 eV for cubic form). Zno&n beactivatedwith copper, silver,
manganese, etc. Manganese decreases luminous intensity for ZnS at 450 nm, but increases it at
600 nm, which is not a wavelength that is wakltded with PMTs Copperproduces a plateau
wavelength up to about 550 nmwhich is also not welsuited to PMTg35]. Nickel causes
luminescence quenching by acting as electron trapping centers resulting -nadragive
recombinatior{36]. Activating ZnS with Ag enhancdsminescence at 450 nm, which increases

with dopant concentration up to 2% by weight of Ag nanopart[8l&ls

ZnS:Ag also introduces additional neutiimdluced proton flux by a threshold (n, p)
reaction with32S (approximgely 32% of the counting rate observed from a An®ite mixture
[32]), thereby further increasy fast neutron detection rate. In fact, this reaction predominates
when the discriminator bias is set beyond 2 M2\ However, polycrystalline ZnS:Ag is agque
to its own luminescence for thicknesses greater than 25 rfp8huue to internal reflections and
light absorption thereby making it difficult to develop detector from darge single crystalfo
ZnS:AgQ.

To circumvent this limitation, the ZnS:Ag can be oriented in optidatiependent
alternating sections. ‘Ehsections can be separatedshgesof PMMA, acting as both a neutron
converter as well as light guide. An alternating layered desigrdwacilitate the inclusion of a
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larger total amount of scintillating material while simultaneously reducing thealpitidy of light
self-absorption by limiting the individual layer thickness. In the past, layered devices have been
investigated to achieva higher gammeay discrimination ratio and increase the interaction rate

of neutrong39], but their efficieng has been limited mostly due to the opacity of the scintillation
layers[40]. By fabricating microscale layers of ZnS:Ag, the design can overcome the shortcomings

of this pramising scintillator.

Lastly, specific to the requirements at TREAT, a critical reason for considering ZnS:Ag is
basedon the large difference in the specific energy loss (dE/dx) of protons (or other heavy ions)
and electrons in the scintillator materiathe particle size is chosen to be comparable to the range
of the protons (35 pum for a 2 MeV proton) but much less tthat of the recoil electrons (1.46 cm
for a 2 MeV electron), the scintillation pulses due to the former will be larger than themrlectr
scintillation pulses, thereby reducing the detector response for gaaysarhus, ZnS:Ag has a
relatively high lignt yield for heavy, charged particles (50,000 photons/MeV) but a low conversion
efficiency for fast electronigll], thereby allowing for discrimination of heawiignizing particles
in an intense gammiay backgound. ZnS:Ag grains of 25 um average diamdtegyre3-1) were
used to provide inherent insensitivity to gamma rays.

Figure3-1. SEM image of ZnS:Ag grains as oipied from Eljen.
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Gerenkov Removal

Various techniques have been employed to
subtracting the noise from the scintillation signal, or by reducing its generation, but these
techniques lead to increased complexity ia tletection syster@2]. The most efficient optical
filtering report ed enkoe signal,ebst reSButeth in dolsj 5680hoé thell e r
scintillation light as wel[43]. Unlike the Hornyak button, the layered design would require no
extraneous light gdes henceremovingthac ont r i but i on t o Orestingghe k ov g €
light collection device on the side face of the detedt@ure3-2) instead of collecting light from
the end (as in the case of the Hornyak .buttor
\Becausel er enkov radiation is stildl generated in
direction of the interacting charggdrticle, a portion of forwarg r opagat i ng UGer enkoc
is rendered undetectable by the lighe t ect or . The mini mal Ger enko\
generated in the PMMA layers can be removed by simple-beigit dscrimination. Additional
methods ofi er enkov r emoval are not required. The

illustrated inFigure3-4.

) Forward-propagating

£ _ ;’/ Cerenkov

+ /nS:Ag

Light collection PMMA
device attaches

to this face
/ e

n,y direction

Figure3-2. Design and origation of the MLFD.

A two-part homogeneous epoxyAE25ClOs) was used to bind the layers together. It had
an optical transparency of 97% at 450 nm. The presence of the epoxy in the ZnS:Ag layer reduces
the advantage of forwaiptopagating protons in then®:Ag layer and therefore lowers their
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probability of interaction. The homogeneous mixture of epoxy and ZnS:Ag consequently also

causes lower interaction of forwapdr opagati ng UGerenkov and gamma

Finally, it is beneficial to endse scintillators in Lambertian reflectorsremluce variance
in light collection Teflon tapeand Mg(OH). paint are commonly useldambertianreflectors.
Various ratios of Mg(OH)with resin, and Teflon tape were compared foirtheflectance using
a UV-Vis spectrometer. All samples had the same thickness of 0.5 mm. The Teflon tape was
observed to exhibit the hightesflectance at 450 nnfrigure3-3). BaSQ was used as the reference

to compare the sample reflectors
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110} ; ——4:1 Mg(OH), [
ool 3:1 Mg(OH),
\ ! —_21 Mg(OH)z
90 | M : -Teflon Tape |
< i BaSO,: Ref.
< 80t ! _
o l
8 70 :
(&}
2
e 60
o
50
40
30
20 , i 1 1 1
- - 400 450 500 600 700

Wavelength (nm)

Figure3-3. Reflectance of Lambertian reflectors.

Thus, the concept of théa Mi dray er ed Fast Neutron Det ect
conceived, and it became imperative to optimize the geometry and dimensiodstdctor

performance.
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Angul ar distribution of UGerenkov photons
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Figure3-4. Mechanism of detection in MLFD.

At TREAT, the direction of neutrons and gamma rays are kdoavrcollimated beam
perpendicular to the 8 x 3 mm face of MeFD (seeFigure3-4). If the energy of a gamma ray
(Eo) is greater than 320 keV, as determined by equdfael) for PMMA (refractive index n =
1.49) and the gamma photomdergoes Compton scattering, then at certain angles of the recoil

el ectron emi ssi cantakeplacenk ov emi ssi on

To detect tk scintillation photons emitted by the scintillator, a photosensor such as a PMT
or SiPM is coupled to the scintillatofhe best photodetector orientation can be determined by
optimizing the collection of two processes: the isotropic scintillation arsb®@apic Cerenkov
radiation. To determine the direction of Cerenkov propagationKkbi@-Nishina crosssection
gives the agular distribution probability of Compton scattered photand their corresponding
recoil electros. If the recoil electron has leeity greater than the speed of light in PMMA, the

probability distribution of the Cerenkov coareglescan be derived
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Figure 3-5. Compton scattering @ammaray photons above threshold enerdies or Ger enkov r ad
and eventually generating Uerenkov r a

In a Compton scattering event, the recoil electron scattangée (@) and the scattered

photon angle (&, as shown ifrigure 3-5, are related as:

"

E.
cc-t@1=(1—|- },,)tan? (31)

mec-

where méis the rest mass energy of an electron.

The differentidscattering cross section per electron for incoherent scattering was given by
Klein and Nishina ap}]:

do..(E.,8,) 1 _E EN B
KN ( ¥ ;j — —T'; - 4+ — — —sin? 0@, (32)
dn, 2°E, E, E, 2

wherere is the classical electron radius with a value of 2.8179 %3 bin, d q is the total

differential solid angleE 6 yiskgiven by:
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_ Ey (3.3)

" mc?
g+ 1—cos0,

En’
E,

The solid angle changes with angle as:

dn
i, (34)
0. 2msin @,

r

The angular distribution probabilibf photon scattering is obtained by multiplying equati@B)
and(3.4):

dogy(E,.0,) 1 ,E
——————=—r; —msin@,

do, 2" E,

EN' B
1+|= ] ——=sin" @, (3.5
E,] E,

To obtain the probability of angulatistribution of the recoil electrons, equati¢dl) was
substituted for sin @n equation(3.5) by using trigonometric identities, given bguation(3.8):

O, |[L—cos@  cotl,
NT TR g
mc
| 1 —x2\’
— sin@, = ||1— - (37)
\ 1+x-

| Ay 2
dagy (E,,0,) _ 1 , E' ||1_(1—x‘)
N

—rS—TT p
dd, 2°E 1+ x?

¥

1+ (5) —5(1 - (1 _ x))‘ (38)
E.'}. E.'}. 1+ x©
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The UGerenkov cone an g leesameaprdbability di distrieufiom ase al s

equation(3.8), with the angular distribution obtained from the recoil electron velocity, which in

turn is dependent on the energy of the original photon and scattered phptorean . The UGer e
coneangle:
1
cos @y = ,@_ﬂ (3.9)
where n is the index of refraction, and b 1is
light.
5 T T T

Scattered photon
662 keV - — = - Recoil electron
-/ &NkevV. Uer e cdamangle

No. of Events

0 50 100 150 200

Scattering Angle
Figure3-6. Angular distributonpobabi | i ti es for scattered photons
emission.

Photodetector orientation

InFigure3-6, t he UGerenkov emission angleeausdastri b

minimum recoil electron energy of 178 keV is required toegenat e UGer enkov r adi ¢

250 keV gammaray,éh probabi l ity of UGerenkov angul ar di
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lower energy gamma rays do not contribute to appresiablier enkov emi ssi on.

radiation from higheenergygamma rays wasfound to be forwargropagational.

The orientéion of thephotodetectoran beselectedy determining the dominant direction
oftheler enkov pr o plegphkotodet®atccanba ataches either to thadkor to the
side of theMLFD. To quantify the effect of photodetector orientation, fiassplid slab of PMMA
and ZnS mixture was modeled with the photodetector coupled to thersdd, with respect to
the direction oh/gbeam Figure3-7). A solid sldb was modeled instead of the layered design to
study the effect of photodetector orientatioriioa r e pHotorvcollection without the additional
effect that the layers would have. This would make the comparison between the end and side
orientatonsnouni f or m because the | ayedieigdgeometncdlly gur at
different from a sie or eneview. Using the probabilitd i st ri buti on of UGer enkoa
a 662 keV gamma ray, the side orientation exhi
orientation exhibited 8%. Comparatively, the side orientation had 36% collettsmmnillation
photons while end orientation had 23%. This proves that the side orientation is beneficial in
reducing forwargpr opagati ng Uerenkov but enhances sci
isotropic. Finally, thdayeredMLFD was shown to ha a scitillation photon collection of 60%
and 6.6%or e r e n k o v Thp fpewantage salues have been normalized to the total number
of i e r e n k o vgeneratedtinothre yolume, which for both orientatimese modeled fo662

keV gamma rays

Althoughthe sold slab model has been used to determine the best photodetector orientation
for the MLFD for reasons mentioned in the previous paragraph, the Hornyak Button center slab is
akin to this solid slab model. However, the Hornyak Button-fmalbns wouldcontribue to

0 e r e pHotorvgeneration as well, which would lead to higher totalr e pHotornvcollection.
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Figure3-7. Photodetector orientation ef €okectionfooar662t he UGer
keV gamma ray

A few reasonable assumptions are made in these calculations; firstly, the gamma rays strike
perpendicular to the face of the MLF&nds e condl y, t he attenuation of

the MLFD i s n enkdvehotons cefrachTrhoeu glhert he | ayers f ol |
Total internal reflection sets in at 39.34° in traversing from the ZnS layer to the PMMA layer, so

at angles greater than that, only events at
photons either escapirtfe scintillators or collected at the photodetectof. t he t ot al O €
angle is greater than 39.340, it would get @t

occurred near the edges ®canettherescapetRiFDorteach UGer et
the photodetector. Recoil electrons have higher probability of a narrow scatter angle, especially

for higherenergy gamma ray$igure36) . The UGerenkov photons are
threedimensional cone, and propagate in the forward direction with higher probability. Therefore,

the MLFD benefits from placing the phaoletector on the side, with only lower probability of

Gerenkov photons reaching the photodetector.
Gerenkov Light Yield

For Canpton photon scattering angles greater than 90°, the majority of the original photon

energy is lost to the Compton recoil electroA$so, for increasing gammay energies, the
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Compton photon scattering angles are increasingly fordmedtional Figure 3-6). Hence,
increasing gammeay energiesmpart lower energies to the Compiscattered recoil electron. To
compare the totdl e r e nightoyield, as well as the subsequent numbell & r e mphomns
collected in the Hornyak button (ewdiented) and MLFD (sideriented), the FranKamm
equationis used, which determines the number of emittegl r e pHotons per unit track fa

given wavelength range:

d*N 2maz® g
= —* gin”
dxdl A2 3

(3.10)

whereN is the number of emitted photonds the track lengthi is the wavelength interval, ard

andz are parameters specific to the material being usesluiming the material to be PMMA, and
the wavelength interval to be between 400 nm and 600 nm (determined by the sensitigke interv

of the PMT), the equation reduces to:

N = 40xsin® @, (3.11)

wherex is the length &versed by the particle, expressed in mm.

Electron energy loss over the range of interest is less than 1% for the length of the detectors
in question, hence el ectron energy |l oss, and
neglected in the mad. The dimensions of the detectors are Imsmaller than the total pathlength
of the energetic electrons of interest, therefore it was assumed that the average path of the electron
was straight. The volumes of thdornyak button scintillation region andhe MLFD were
normalized to allow for approgte comparisons between the two detectbesefore the Hornyak
Button was of length 12.7 mm while the MLFD wa&2®2mm. In addition, two homogenized
variants were also modeled. A homogenized variant incladeomlydistributed ZnS grains
a solid wlume of PMMA. One variant had the same ZnS volume percentage as the Hornyak Button
(1.5%), while the other was the same as the MLFD (@%¢. homogenized variant is similar to

the scintillation volume of the Hoyak Button, except it does not have any PMNght guides,
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and the light is collected from the sid@ammarays of energy following th&?Cf spectrum were

used to irradiate the two detector models such that the 15.9 x 2.8 mm face of the Hornyak button
and the 8 x 3 mm face of the MLFD were sultgetto the gamma radiation, perpendicularly on

the face. A cutoff of 178 keV was applied for the recoil electrons, to be eligible to emit Cerenkov
radiation in PMMA (eq. 2.3). The recoil electrons are mostly lithe scintillation volume in

the Hornyakbutton, but they can also result from garrag scattering in the PMMA hathoons,

which have been accounted for in the model. MCNP was used to model the detector geometry and
gammaray scattering, while PTRAC wassed to determine the energy and x, ypardinates of

the gammaay scattering interaction®nly Compton scattering interactions were considered. The
Klein-Nishina cross sections (Fig 3.&)e already included in MCNRsed to obtain the angular
distribution of the Comptoiscattered recoil eléons, from which the Cerenkov photons can be
tracked. A MATLAB code extracts the coordinates and electron velocity to generate the Cerenkov
photons, according to the Frafilkmm equation (eq. 3.11). The photon t&nabsorbed in the
medium, or reemitted 4a Lambertian surface, or terminated at the collecting surface. The photon
track length determines the total number of Cerenkov photons generated, and the optical processes,
i.e., optical scattering, internal fe€tions and remission at Lambertian suefgcdetermine the

total Cerenkov photons collected at the photodetector surface
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Figure3.8. The umberof Cerenkov photons generated as a function of recoilreteenergyfor the four
different models
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The numberof Cerenkov photons generated depends on the recoil electron energy and therefore
the Cerenkov cone angle, and also on the distance traveled by the electron in the (fFigdiem

3.8). The number of real elections produced due to the gamnag scattering interactiortbat

are eligible to produce Cerenkov radiatiarthe HB and the MLFD are in the ratidB4:1. The

HB has a larger total volume of PMMA than any of the other three models and therefare ha
greate number of Cerenkophotonsproduced. The Homogenizegriant containingl.5%2ZnS
producesslightly greatemumberof Cerenkov photons than the MLFKIde to the greater amount

of PMMA present. IrFigure 3.9 an infinite medium of PMMA and ZnS acensidered separately,

and the Cerenkov photons produced in each are considered. PMMA results in greater number of
photongproducedhan ZnS for the same electron enefgye greater number of Cerenkov photons

in the PMMA explains why the homogenized eatiwith the greater volume of PMMA has higher
Cerenkov photons generated in it than the homogenized variant with the lesser volume of PMMA.
The homogenized variant with 6% ZnS and the MLFD have almost identical number of Cerenkov

photons generated duettee same volume of each material.

60
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—2ZnS
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No. of Cerenkov photons
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Figure3.9. The numbenf Cerenkov photons produced in PMMA and ZnS as a function of electron
energy.

Not all Cerenkov photons generated are collected, due to the vapiaaed processes involved in

collection. The number of Cerenkov photons collecteg the light guidedepend on the
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arrangementind grain placement of the differemtaterials in thedetectors. The number of
Cerenkowvphotons collected in the case of the HBnuch greategnceagain due to the greater
total volume of the transparent PMMA. The trendlshe four modelsre the same as kige 3.8
exceptthe lomogenized varian6% collected slightly lesser number of photons than the MLFD

for the same originglamma energy.
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Figure3.10. Number of UOGerenkov photons collected by t
gammaray energyThe black circles represent the HB while the red pentagrams are the MLFD.

The total number of photons collected depends a multitude of factors: thiestectwon
energy and therefore gam#ray energy, optical attenuation and reflection, and detector geometry.
Gammarays with different original energies can result in an equal number of photons being
collected Conversely, gammeays with equal energiesis deposit different amounts of Cerenkov
photons, due to the twstep process: gamnaray scattering dictated by Kleiishina cross
sections, and Cerenkov generation dictated by Ffamkm relationsUnlike scintillation process,
the number of Cerenkov ptoms collected is particldirection dependenthus the variation in
Cerenkov photons collected with original gamrag energyis an amalgamation of tteeparate

processes described abo@eerall, the sideriented MLFD collects less€rerenkov photonsiain
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the endoriented HB, due to lesser PMMA volume, greater amount of ZnS, and the photodetector

orientation.
3.1.2Summary of Geant4 Modeling of the MLFD

Detector geometries, sources and orientation have previously been modeled in Geant4
version 10.2 with patc@2[44]. The TREAT environment was replicated in the model to retain an
accurate description of the neutron and background fluxes. Since gamma rays originate from
multiple sources, 5 prompt fission gamma rays per figsgoiron, and 9 neutresctivated gamma
rays from capture per fission neutron were modeled. The neutron energies folfWetharmal

fission spectrum, and was considered monodirectional due to the collimatemerge from.

Figure3-11. Geant4 model of the layered desiggproduced with permission from Else\ii26].

The layered design was modelled as having a rectangularsacissn of 3 mm x 8 mm,
keeping in mind the collimator width and length at TREAT. The PMMA and ZnS:Ag layer
thicknesses were vaddor optimizatian, as was the total number of layers. The light was collected
from the sides, as shown kigure3-11. A 2.54cm long Hornyak button waalso simulated for
comparison and validation of the model.

The thicknesses adhe PMMA and the ZnS(Ag) layers were important to consider in
achieving the optimum performance of the detector. While a thick PMMA layer would increase

chances of proton gendi@ and light collection, a large percentage of the recoil protons would
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get dsorbed in thick layers. According to SRIMigure 3-12), the projected rage of a 2MeV

proton in PMMA is about 65 m. A parametric study was performed to find the optimal thicknesses

of the PMMA and ZnS(Ag) layer®r a 5cm long layered device. The simulations showed that
optimum thicknesses are 0.18 mm for the PMMA layer,lald ¢ m f or t H26]. ZnS: Ag

IONIZATION
IONS RECQOILS

1

Energy Loss (eV/Angstrom)

0
0A - Target Depth - 100 um

Figure3-12. SRIM simulation of the Bragg curve for 2 MeV protons in PMMA.

A optical photon spectrum was generated from irradiating a Hornyak button and-a 5 cm
long MLFD with neutrons having energies following tHelU Watt fission spectra (asell as
fission gamma rays), as shownHigure3-13. In the MLFD, UGerenkov ev:
minimal and can be easily rejected by using pulse height discrimination. The ability of the MLFD

torejectgammaradat i on was mmdasdait éas bded dhri ied by t he

Intrinsic fast neutron detection ef ficiency (312

n .
ratio = - : . .
XT Intrinsic gammaray detection ef ficiency

A n/ o of B0D withh respect to the background gamma rays is a desirable functional
capability of advanced fasteutron detectors for the hazbmpe[45]. The LLD was st to 180
optical photons to havera/ o2 af B0®. The bump in the neutron spectrum at the initial optical

photon channels is a feature of the MLFD geometry. The neutron detection efficiency increased
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as a function of the detector length at optimizgeidahicknesses, and saturated aiwl6% for
lengths larger than 20 cm. Of course, the length can be limited by the size or number of light
collection devices, space allocated for the detection system, and the totabpas®2.54 cm long
Hornyak button has a total scintillation volume of 16.7 dmincluding dead region). By
compartmentalizing the ZnS:Agtmindependent layers, a 2.54 cm long MLFD could contain a

usefulscintillation volume of 30.5 mfn

—— neutron

101 o : —— gamma Che.
—— gamma Scin.
1072 . : —— gamma Che.+scin. ||

—— neutron

101 —— gamma Che.

—— gamma scin.

1072 = gamma Che.+scin.

107

Normalized number of events
—
o
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Normalized number of events
N
o
L
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Figure3-13. Pulse height distributions for (a) 2.54 cm Hornyak button, and (b) 5 cm MLFD with
optimized hyer thicknesses. QPR optical photonsreproduced with permission from ElseVi26].

Neutron-detection efficiency (%)
w
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Figure3-14. The neutron detection efficiency of an MLFD as a function of the detector Jength
reproduced with permission from ElseVj26].

56



For inlab testing at KSUan isotropic?®2Cf source was modeled, with the neutron and
gamma energy spectra representeedpyationg2.1) and(2.2). The?>°Cf source was enclosed in
a steel casket, which absorbed the alpha particles that were emitted. Per fission event, 3.75 neutrons
and 8 gamra rays were emitteld6]. The source was placed 10 cm away from the MLFD for point
source approximations to be valid. The PHRg(re 3-15) shows the cotrined counts from
neutron,gamma ay and UOerenkov radiation events, in
interesting to note the differences in spectra when the MLFD is irradiatétdQfyversus the
MLFD in the TREAT environment. The initial annels (optical photons) are similar for both
cases, but in the higher channels (i.e., greater energy deposition), the Hornyak button seems to
have slightly higher counts than the MLFD when it is it with an isotropi®<Cf, while the

counts are theame for both Hornyak button and the MLFD in the TREAT environment.

10° ‘
; —— Hornyak button
) . j —— MLFD 25.4mm
g 10<{ : e ' R ' MLFD 40mm
% 103 ;
G
CH |
= ;
= |
T 108 e
é 10-77 7 \"\' :
O L N
< 1081 ".".'.‘T“!wf:g;\uﬂ.ww P, :
Tt
10° - ‘ 1

0 500 1000 1500 2000
Number of optical photons

Figure3-15. Pulse height distributions for the Hornyak button and several leafjthe MLFD when
irradiated with &°°Cf source at KSU47].

SNM Searkes

The layered design was originally conceived with the knowledgkeotiirection of the
neutrons. The layered configuration increases the useful scintillation volume, therefore allowing a

large amount of scintillation photons to be detectablegiyo#osensor. Additionally, the forward
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propagational recoil protons have #&hh chance of encountering a ZnS:Ag molecule (and
subsequently, depositing energy in the ZnS:Ag layer) in a layered configuration. However, if the
neutron direction relative to thdLFD is variable, then the aforementioned advantages achieved
due to the lgered configuration may no longer serve their purpose. Therefore, it was imperative
to investigate the proton energy deposition in the ZnS:Ag layer when the MLFD is irradiated from

different directions, as is usually the case when the source is at awmnlkaation.

The MLFD and &°°Cf neutron source was modelled using Monte Carlo Neutron Transport
(see code in Appendi#4). A 10.0#mm long MLFD was constructed, that comprised of
alternating 200 pnrthick PMMA and 35 pumthick ZnS:Ag layers (thicknesses along thaxis),
each having a rectangular cresection of 3 mm x 8 mnx{ and yaxes, respectively). The number
of layers of PMMA and ZnS:Ag were 43 and 42, respectively. An isotropic neutron source with
energes obeying thé®Cf Watt fission spectrum was placed 5 cm from the MLFD, and two
different locations, as shown Figure3-16. 252Cf was chosen as the source of neutrons as it was

available for experimental validan.

107 . . .
—location A (head-on)
location B (side)
107 1
W
I=
o |
3,2
= 107 ]
[47]
N
©
S
=
1073, |
0 1
0 1 2 3 4 5 6

Energy Deposited (MeV)

Figure3-16. Theoretical proton energy deposition in the ZnS:Ag layers for different orientations of the
source.
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3.1.3Geometric Optimization for Maximum Photon Collection

In the previous section, the PMMANnd ZnS:Ag layer thicknesses were numerically
optimized, based on the range of protons in PMMA, the opacity of ZnS:Ag to its own light, and
the ZnS:Ag volume necessary to increase chances of scintillation. The MLFD geometry was
originally conceived baseddhe requirements of fuel motion imaging. One ofabkpects of the
geometry specifically suited towards the TREAT facility was the esestional form factor.

TREAT

The crosssectional area for the MLFD simulated in Geant4 was chosen to be 3 mm x 8
mmbased on the collimator slit apert{i?¢, and also considering the 6 mn® mm crosssectional
area of silicon photomultipliers (which would need to replace the PMTs currently used in the

hodoscope).
Active Interrogation

To investigate the capabilities of the MLFD in SNM reés, it was imperative to tailor
the detector to th specific needs of this application. However, with the collimator aperture no
longer dictating the detector cressction, the focus was shifted to optimization of ¢thess
sectionalgeometry. Therefa, a MonteCarlo code was written in MATLAB to modehrious
different geometries and dimensions. Additionally, reflectors were also modelled on the exposed
scintillator faces to determine their effect on light collectiBpecular surfaces reflect light i
specific directions (for example, mirrors), whilgfdse surfaces reflect light in all directions (for
example, a dry asphalt roadway). While a Lambertian reflector ensures light striking anywhere on
its surface has equal probability in reaching a pdetiector, a specular reflector can be beneficial

in geometries where certain reflecting angles have higher probability in reaching a photodetector.

To investigate the effect of geometry on the fraction of scintillation photons reaching the
photosensor, seval different crossectional shapes of the MLFD veemodeled: the previously
used rectangle, a sefircle, a parabola, and a trianglEedure 3-17). All shapes had the same
total area of 14 mf A MATLAB code waswritten (Appendix#3) to trace the optical photons in
the four geometries according to the laws of optics as described in the followting B&&].
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Rectangle Semi-circle Parabola Triangle

Silicon Photomultiplier (SiPM)

Figure3-17. Four different crossectional shapes of the MLFD warmdeled, each with three different
cases of reflectors.

MonteCarlo Transport of Optical Photons in MLFD Light Guides

When electrons or protons interact with the sHgeped ZnS atoms, scintillation photons
are born in the ZnS:Ag layer but have higherrcltae s of being fcoll ectedo
enter the PMMA layer. Therefore, the model assumed a uniform distribution of photons in the
PMMA layer. To avoid light lsses at the surfaces, the MLFD model was wrapped in a reflector
at the exposed faces. fact, the effect of the reflector was also studied in three scenarios: the
amount of photons reaching the photodetector without any reflector, with a Lambertiase{diffu
reflector, and with a specular (polished) reflector. Each photon path, of wavelé&tgtim, was
modeled to be randomly distinct from the others as determined by the absorption probability in
PMMA, and by the probabilities of transmission, reflecteomd absorption at the PMM£eflector
(diffuse or specular) or PMMAIr (in the absence @y reflector) interface. The PMMA layer
faces a light collecting surface, while the rest of its geometry is either exposed, or is covered in
diffuse or specular redctor. The lightcollecting surface was modeled after a 6 4oy SenSL
SiPM.

Photon traing in PMMA

The processes of absorption and beam attenuation in PMMA were specified by the
absorption coefficient a (0.03692 riinand the beam attenuation coefficient0.03695 mm).
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To decrease computational time in tracing photons, the code sangied foiased cumulative
distribution function: a photon is traced till it is scattered or reflected and then reduce its weight
(intensity of photons) based on the alpsion probability. Thereafter, the code resumes tracing the
photon with its new weight.ifally, when the weight of the photon is reduced below a certain
value specified by the code, the photon path is terminated and it is no longer tracetl. drase,

the photon is not collectedf. the photon is able to reach the detector plane befereeaight is

reduced below the threshold, after attenuation and/emission from surfaces, it is collected.

The model assumes tao-dimensionalspace, so all photomteractions occur in the
PMMA layer. In reality, a significant amount of photons wouldss into the ZnS:Ag layers on
either side of the PMMAa portion of which would babsorbed in the ZnS:Agvhile others may
re-enter another PMMA layeHowever, sine the PMMA thickness for all geometries remains
the same, this effect would be similaralh geometries, and hence was not considered a factor in

the model.

Initially, the photon source is considered to be an isotropic source, with an initial weight
of w. The source is assigned an originating positian,ob andz. The azimuthal scattegrangle

is given by:

@ = 2nq (313

whereq is a random number between 0 and 1.

The polar scattering angle is given by:

The photon is assigned it x- and y direction cosines (whicarethe x and y components
of the unit vector that points in the direction of photon travel), giverthbyfollowing two

equations

61



., =+/1—p? cos(0) (3.19
(3.16)

ny = V1 — 12 sin(0)

Photon Travel

The probability density function for the attenuation of light with respect to the optical
distance travelled is:

p(l)=e" (3.17)

The cumulative distribution fugtion to equatior§3.17) is:
B(l) = f e ldl' =1—¢! (3.18)
o

P(l) is set to a random number between 0 and 1.

Solving forl:
l=-In(q (319

The geometric pathlengdof the photon in PMMA can be defined as:

ol I (3.20)

Given the direction cosines and the photon path lepdkie photon can be advanced from

its initial position to its next lodeon by the following equations:
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x=xy+p,s (3.21)

}J’ = }J’I} —I— H}_S (3.22)

z=zyt s (3.23

Photon Reflection, Absorption and Cotien

The weight (intensity) of the photon is reduced as the photon travels in the PMMA, as
dictated by the absorption coefficient. This is achieved mathematically by multiplying the photon
weight by the absorption albedo. As the photons trabhetaighthe PMMA, depending on the
geometry, the photon may strike either the ligblecting area, or a reflector (or the exposed
scintillator surface). In the first case, the weight (intensity) of the photon, if above a certain
specified threshold, is collectech ta® the photon strikes a Lambertian surface (the reflectivity
for which, assuming a perfectly reflecting surface, is unity), its weight is reduced by the diffuse

scattering albedo, and the photon is given a new direction as dictated by the follovéitigrsqu

u, = —Jq (3.29
0= 2mq (3.25)
U, = chc-s(Elj (3.26)
py, =1 — p.? sin(0) (327)

If the photon strikes a specular surfaae witha perfectly reflecting mirror, the reflected

angle, with respect to the normal to the surface, is the same as the incident angle. If the scintillator
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doesnothaveatdefect i ve | ayer,
angle is greater than the critical angle (for PMMA this is 41.2 °C) with its weight reduced by the
single scattering albedo of PMMA. If it is not reflected, the photoh igaerminated and does not

get collectd.

Shown inFigure3-18is 5 sources of photons emitting isotropically in a spherical layer of
PMMA wrapped onits faces with an imperfect Lambertian reflector. The weighted ray from
photon source 1 was reflectesite from the diffuse reflective surface, but its intensity (photon
weight) reduced beyond a specified threshold, hencewtasllected (considered abrbed in the
medium). Photon source 2 reflected twice from the diffuse surface, and was able tcheeach t
collecting surface while its weight was still above the acceptable minimum intensity threshold.
Photon source 3 emitted a ray which was absorbe@msrhitted but not reflected when it struck
the Lambertian surface, and hence, was not collected. Psatioces 4 and 5 were born closer to
the light collecting surface, and also were emitted in a direction that allowed direct collection of
the photon wiout encountering any reflective surfaces. Photon sources 4 and 5 probably resulted
in the highest integity of light collection given that their location was the closest amongst the 5
sources to the light collecting surface.

Air

Lambertian

t l&awe the lightiscetlected iif thgincidemt S ne | |

0.5

L2
photon
source 2

photon

source 5
L]

PMMA

» photon

source 4

—s Photon

source 3

photon
source 1

reflector

Figure3-18. Ray tracing of photons in a spherical layer of PMMA with a Lamberé&#eator.
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Figure3-19. Ray tracing of optical photons in different geometries of PMMA with a Lanaimergiflector,
simulating only 100 photorfer clearviewing The photons are materkaeed by a
traced bystraightlines.

Optimization of Geometry

Shown inFigure3-20is the fraction of photons collected by the photosensor as compared
to the total photons generated in the PMMA. The presence dfeatog, whether specular or
diffuse, results in 7% greatéaction of photons intensity collected than without a reflector. For
all geometries, a specular reflector results in only marginally better collection of photons than a
Lambertian reflector. Ifte MLFD is wrapped in either type of reflector, the fractidmphotons
able to reach the photosensor is between 87% to 89.5% for different shapes. If the MLFD is not

wrapped in a reflector, for different shapes, this fraction of photons reaching thegstsaois
between 79% to 82%.
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Figure3-20. Simulated total photon intensity collected by the photosensor, expressed as a percentage of the
initial total photon intensity at their origifor four crosssectonal shapes.

The simulated results show that the parabshape results in the highest fraction of
photons collected, and rectangle the least, with the difference being 2.22%. The fraction of photons
collected is clearly impacted significantly by the g@ece of a reflector, however it is not
significantly affecéd by either the type of reflector, or by the geometry. This is due to the small
dimensions of the MLFD as compared to the photon attenuation coefficient in PMMA. It is
important to note that addinal nonrgeometric factors such as photocathode quanttiniegicy
and scintillator light yield also contribute to the final fraction of photons collected by the
photodetector.
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Chapter4-Fabri cation and | nstr ume

4.1 Fabrication

MLFD fabrication is a 4step pocess: preparing a mixture for the scintillation volume,
stacking the layers, milling the MLFDs and assembling together milled pieces to form a larger
length of detector, and finally wrapping the detector in Teflon tapeldacas except the one

facingthe light collection device.

Figure4-1. Process of fabricating the MLFD: (A) The piston arrangement helped achieve the ZnS:Ag
micro-layers. The crank is turned in the direatishown by the solid blackraw while theyellow arrow
represents stacking of alternating layers, (Bjcanlthick stack was composed of the alternating layers of

PMMA and ZnS:Ag, (C) small rectangles were miandled out of the stack, (D) the piecesdhaery
smooth edges, and arggged ends can be smoothed, (E) the milled pieces were epoxied together to form
a longer piece, shown here optically glued to a PMT photocathode window for testing, and (F) the same

image under UV irradiation.

4.1.1Preparing the santillation volume

ZnS micreparticles doped with 0.01% by weight of Ag, obtained from Eljen Technology,
was mixed with a twqpart opticallytransparent epoxy from Atom Adhesives. The ratio of epoxy
resin to hardener to ZnS:Ag was 10:3:18. This ratio veaisrchined by the recommendezbin:
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hardener ratio and by requiring to maximize the ZnS:Ag content. To maintain the same mass
thickness of ZnS: Ag as present in 12 em, the
included ZnS:Ag and the epoxy. &lhomogeneous mixture of ZnJyAand epoxy will hereupon

be referred to as, simply, the ZnS:Ag layer, since the epoxy has no functional role in the detection

process except to bind materials together.
4.1.2Layer Stacking

Sheets of PMMA, obtained from Astra Pratk) were coated with the Z#& epoxy
mixture and stacked alternatingly. To control the thickness of the ZnS, a polishing and levelling
mount with a circular platform was usdeéiqure4-2). As shown inFigure4-2(b), a screw could
be turned to vertically move the platform. A 360° protractor in deg&ings was printed out
and pasted on the back end of the level, and a handlebar was attached to the central screw, to

indicate the angle of rotation. Antieal depth of 12 microns corresponded to 4.3° of rotation.

| handlebar

- 'protractor
markings

(b)

Figure4-2. (a) Top and (b) back end of the polishing/levelling mount.

A ZnS:Ag layert hi ckness of 35 em was obttaalyned by
downwards by turning the handlebar through 85
|l ayer, plus 72A for t heFiguedlAcArsecthVdvidet ol RMMR , a's
was then pasted over the ZnS:Ag layer, and lightly tapped to ensure no air bubbles were trapped

in-between layers. This process was repeated until a stack of desired length was achieved, which
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was then alleved to aircure for 24 burs Figure4-1B). The stack used to be previously heat
cured as the process took only 1 hour, however, the heat (80°C) caused yellowing of the PMMA

layers, reducing its optical transparency
4.1.3Micro -Milling and Assembly

Thereafter, a Minitech Machinery CNC mienailler was used to cut small rectangles of
crosssection 8 mm x 3 mm out of the staékgure4-3). A squareended, TiCNcoated, 4flute,
1/ &id diameter carbide end mill was used to cut the edges:-obdg was written to cut the
piecednto the shapes required (Appendik). Each 2cm thick circular stack could produce about
five individual rectanglar pieces. These individual deviceould be used either as one single
detector Figure4-1D), or be epoxied togethefigure4-1E) if longer lengths were required. Any

rough edges were smoothed using sandpaper.

T, I e L3

Figure4-3. Small rectangles were cut out of the cured stack usiiagbéde enemill.

4.1.4Enclosing in Reflector

The MLFD is then wrapped in Teflon tape on all facesomet Teflon tape is delicate, and
must be wrapped carefully so as to not leave any air gaps between the detector the tape.
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Figure4-4. The Teflon tape must be wrapped carefully to not leave any air gapsps.

4.2 Instrumentation

Simulation predictions and device engineering revealed the MLFD to have the most suitable design
for a fast neutron detector in highngaaray backgrounds at TREAT. Instrumenting the device
with the necessary electronics is a prergitpito analyzing detector performance. The MLFD was
coupled to a PMT for characterization and preliminary testing, and was thereafter coupled to a
SiPM. Eventually, a prototype was built with an array of SiPMs.

4.2.1Photomultiplier Tube

The MLFD was attachetb the photocathode window of adlkali Hamamatsu R6231
PMT using an optical couplant. The deteetource orientation was arranged in such a manner as
to mimic the orientation at TREAT, with the exception of the PMT attached to the longest face of
the MLFD rather than the end to facilitate greater photon collection from neutron events and lesser
from Cerenkov radiatiorHgure4-5). The PMT was made of a borosilicate glass wind@@/has
a low crosssection for &st neutrons, but has a considerably high value for thermal neutrons (to
produce 0.48 MeV gammiays), which may result from interactions with shielding and other
materials. Gamma ays al so i nteract with the glass to
window was 51 mm in diameter, so MLFDs longer than that would need larger PMTs, or SiPM

arrays.
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Emulates detector-source orientation at TREAT
PMMA Light === T T e
Guides -

PMT

“Neutron beam incident
perpendicularly to this face

MLFD

Figure4-5. (a) The detectesource dentation in the experimental setup (left) imitated that of the
Hornyak buttonsd (right) in the TREAT

4.2.2Silicon Photomultiplier

MLFD (coupled to
SiPM underneath)

Figure4-6. The MLFD was coupled to the SiPM (underneath the MLFigire) using optical grease.

For larger lengths of the MLFD, SiPMs were preferred. Also, SiPMs made the detection
system more compact. A 10 miong MLFD was optically copled to a 6 x 6 mm SenSL 60035
J-Series pon-n SiPM mounted on a MicroFSMA printedcircuit board (PCB) that housed the
sensor and the biasing circuitry, as showRigure4-6. The Standard output (Sout) was read out
to an oscilloscope, and the bias voltage was supplied via the Vbias. The SiRMbreakdown
voltage of 24.2 24.7 V, and was required to be operated betweef ¥ above the breakdown
voltage. The SiPM had adh photodetection efficiency at the ZnS:Ag emission wavelength (450
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nm) of 47%. A DC power supply capable of providingta@B0V and 15 mA was used to supply
bias to the PCBHigure 4-7). A coaxto-doublebanana plug adapter was used for connecting a

BNC cable to the power supply.

Figure4-7. The MLFD-SiPM setup to extract waveforms exiting 8i®M-mounted PCB.
4.2.3SiPM-array Imager

For SNM search applications, the MLFD was coupled to an array of four Broadcom SiPMs
in a 2 x 2 square arrangemehigure4-8 andFigure4-9) . Four MLFDOGs were mol
the SiPMs. Each sensor had an individual preamplifier and output. Depending on thecelative
rates and the spectra from each sensor, the locateoneftron source can be located. An external
power supply powered the board. The SMA outputs and are labeled by the channel corresponding
to the sensor (Chl = sensor 1, etc.). The output vededsto provide a 1 Volt signal for the nominal
input signal. he monitor output for the SiPM bias was scaled 1:10; so a 3 VDC output is a 30
VDC SiPM bias. This output was intended to drive a light load and can be connected to a DMM.
One switch was meali turn on power to the board. A second switch turned on Pkl Bias.

For layout and assembly purposes, the SiPM bias adjustment was placed on the bottom and is
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accessible using a small screwdriver. The applied bias had a maximum at 33.9 V. The MLFDs

were coupled to the SiPM arrays and covered with a-light black lid using antistatic tape.

Power Switch

-
s
-
-
™

Power Supplif=y

Figure4-8. Printed Circuit Board housing the SiPM array and amplification circuitry.
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Figure4-9. Schematic diagram of elechics in SiPMarray PCB

4.3 Alternative Designs, Techniques, and History of MLFD Fabrication



Before the aforementioned fabrication process was perfected, several techniques were
employed to fabriate the MLFD .Listed in his sectionarethese techniques, asivas several

versions of a fast neutron detector that were theorized prior to the MLFD.
4.3.1Chemical Bath Deposition

The use of epoxy to bind the ZnS:Ag to the PMMA layer and to hold togethettble
MLFD introduced a foreign element to the detection sy8tene that is at best unnecessary and
at worst detrimental to the detection process, and the Geant4 model excluded the epoxy in its
model altogether. Thus, in order to avoid using an epowastattempted to deposit the thin ZnS
film on PMMA sheets in @atch process, albeit individually, using chemical bath deposition
(CBD). Additionally, CBD allows one to control the thickness of the film deposited depending on

the concentration of the soét in the solutiofd9].

A ZnS layer is grown on the PMMA substrate by the reaction between a zinc salt for the
Zn?* (zinc sulfate was used), thiourea for the (SC(NH)2), and an amnium salt (ammonium
nitrate was used) as the complexing agent. The 4ZB8@ SC(NH). was added to a solution of
deionized water in a tall testube sitting on a magnetic plate stiiguré4-10(a)). Ammonium
nitrate was added slowly while stirring the mixture with the magnetic stirrer, at 120°C. First, the

free Zrt*is gained from the decquosition of the Zramine:

[Zn(NH;),]** & Zn®" 4+ nNH, (4.1)

Then, thiourea produceg $ns by hydolysis in alkaline medium:

SC(NH,), + OH™ & SH™ 4+ CN,H, + H,0 (4.2)

SH™ +0H™ & $%” + H,0 (4.3)

Finally, the ZnS is grown on the PMMA substrate:
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B
2000

PMMA substrate

Figure4-10. (a) Depositing ZnS layer on PMMgubstrates using CBD, (b) the deposited ZnS layer, (c)
SEM image of the deposited layer, and (d) XRD graph of the deposited layer content.

Images obtained fromscanning electron microscopy (SEM) showed -naiform
deposition, and the layer itself was Beitand did not adhere well to the substréigre4-10(b)
and (c)). XRD imaging showed that although ZnS was dehsiie layer still needed activati
with dopant Ag. Further, additional lines were obsenkadure4-10(d)) that were not attributed
to ZnS, indicating deposition of other materialswadl. For these reasons, shiechnique was

abandoned.
4.3.2Individual Layer Stacking Method

The polishing and leveling mount allowed one to control the layer thicknesses very
precisely. However, prior to using that technique, an initial podafoncept was tilt by coating
individual PMMA layers. In this method, a 20 um thick tape was attached to the edges of a set of
8 x 3 mm PMMA slabs, and a paintbrush dipped in epoxy and ZnS:Ag was coated over the layers.
A level squeegee was run over the coated layessgare uniform coating. Thayers were left to
cure, then carefully snapped off the set, and stacked with a thin layer of epoxy. A Teflon mold was
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used to hold the epoxied layers into shape while it cured. SEM imigesg4-11) showed that
the layer thicknesses were quite agmnform, not only between layers but within the same slab of

PMMA as well, and required a large amount of epoxy. Thus, thibiadeof fabrication was

abandoned.

Non-uniform thicknesses of ZnS:Ag

T r i - 5
y S ¥ i
Individual layers can léb;ngpped J o o ST,
off after coating vﬁtgz gf' 2 ;
* 1 - 0.0213mm

1D .0256mm

|0.0298mm

" 0.D4Eme4

|||||

Figure4-11. Individual 200um thick PMMA strips were bought and taped at the edges to provide a
benchmark of ZnS:Ag layer thickness. The cured layers were then snapped epoxied to create a
stack. The thickness of the ZnS:Ag layer was-aniform.

4.3.3First ML FD Prototype

The first MLFD prototype was built with steps similar in ideal to the present version, but
with lesser precision tools. A large square PMMA disk of @@0thickness was taped at the edges
with regular 35 pum thick tape. The tape guided the ZgSayer thickness, which, along with
epoxy, was coated on the disk. A flat wiper ensured uniform thickness. A second layer of PMMA
disk was then stacked on toptbk first layer. The process was repeated till a stack of desired
length was obtained. A bdrsaw was used to cut out rectangles out of the cured stack. Smaller
rectangular stacks would then be epoxied to form a larger MLFD. This version of the MLFD
suffered from using epoxy that yellowed within weeks, rough and jagged edgesnifiom
lengthsfrom sawing, and large air bubbles in the ZnS:Ag layeigufe4-12).
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Figure4-12. Large PMMA disks were coated in ZnS:Ag and stacked (left). The first MLFD ppeatoty
(right).

4.3.4Homogenized Fast Neutron Detector

A variant of the Hornyak button was devised, which was a mixture of PMMA and ZnS:Ag,
and had the same dimensions as the MUBO]. Unlike the Hornyak button, however, the
homogenized detector did not have anyealfle light guides, with the light collection device
oriented in a similar fashion to the MLFD. To fabricate the detedtpigl PMMA monomer and
ZnS:Ag phosphor (12% hyeight) was mixed together and-aired fully in 7 daysKigure4-13).

Figure4-13. The homogenized detector is aigat of the Hornyak button without the light guides.

Simulations in Geant4 showed that a ZnS:Ag mass fraction of 12% in PMMA would
exhibit the highest efficiency. The ZnS:Ag molecules wearedomly distributed in the PMMA
mass, hence the forwadirectioral protons have lesser probability of depositing energy in the
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scintillator than in the layered configuration. However, this lessened probability is beneficial for
and may contribute to immpved gammaay rejection26]. The neutron detection efficiency of a

5 an-long homogenized detector was predicted in Geant4 to be 1.3Uf thibice less than that

of a 5 cm MLFD. Although the homogenized detector exhibited better performance at very high
gammaray fluxes Figure4-14), the use of PSD and SiPMs (as will be show in later chapters)
would allow the MLFD to perform superior to the homogenized detector. Hence, this detector was

discontinued.
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Figure4-14. Detector performance at differentgammay f |l uxes. OEvent & i s equ.

this plot.reproduced with permission from Elsevj26].

4.3.5Uranyl Nitrat e BackFilled Micro -Structured Semiconductor Neutron

Detectors

Micro-Structured Semiconductor Neutron Detector (MSND) consiatroatrix of micre
structured trenched Si wafers backfilled with neutreactive material lik€LiF for thermal
neutron deteatin [51]. MSNDs boast a high thermal neartrdetection efficiency due to the large

(n,t) cross section SLi and clever geomejfroptimization. It was therefore proposed to evaluate
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the MSNDs for fasheutron detection at TREAT using two approaches: (1) using a hydrogenous
material to thermalizene fast neutrons to exploit the high intrinsic efficiency of MSNDs, and (2)
substitutng the®Li with a fastsensitive reactant, such4&U.

Approach 1: Thermalization

A simple, # channel mockup was designed to represent a portion of a hodoscope, shown
in Figure4-15. A single MSND was modeled in each of the detector channels surrounded-by high
density polyethylene (HDPE). The green region was composed of 5% borated polyethylene (BPE).
Both HDPE and BPE are effent at moderating fasteutrons. In addition, the boron content in
BPE is a good thermaleutron absorber, thereby preventing prevent dks i.e., neutrons
entering the target channel entering other channels and being detected. It was necessary to
minimize such crostalk between the hodoscope channels to provide accurate, spatial mapping of
fuel motion[52].

[ 8.5 |

Figure4-15. (a) MCNP model of the hodoscope magk White regions denote the detector channels
filled with HDPE, green regions represent 5% BPE, and gray regions are the MSNDs. Chanreel 1 is th
target channel withhe source located it its center. All values are in cm. (b) Experimental setup wherein a

single MSND was inserted into each channel one at a time to measure the corresponding count rate.
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A model was written in MCNP to estimate theeatgion efficiency inthe mockup, when a
sequence of MSNDs was placed into the target channel. A-giceaiional®®>>U thermal fission
spectrum was used as the source. The detection efficiency was observed to saturate at about 0.8%
when more than 7 MSNDse#e used. To evaluateosstalk quantitatively, the crogslk ratio
(CTR was defined as:

Number of counts in neighbor channel
CTR = (4.5)
Number of counts in target channel

To validate the computational results, count rates at different channels from neutrons
emitted from &2>Cf source, which was placed at the center of channel 1, were recorded. The
experimental results, as listedTiable4-1, confirmed the existence of significant craak, with
the measured crogalk (all over 60% being substantially larger than the MCNP model predictions
by 10-30% in each channel. karge portion of this difference could be due to neutron scattering
not included in the model. Specifically, the walls, floor, ceiling, equipment, and table on which
the mockup was situated, along with any other, nearby hydrogenous objects may have caused
neutronscattering and lead to a higher count rate. However, because both the predicted and

measured results were underwhelming, no further work was performedite thd discrepancies.

Table4-1. Measurecnd Predicted CTRs in different channels. Channel 1 is the target cf&]nel

Channel Number 1 2 3 4 5 6 7

Measured net couni 185.7+ 128.95+ 114.75+ 113.65+ 1145+ 114.5+ 115.15+
rate (counts/min) | 4.31 3.58 3.37 3.37 3.38 3.38 3.39

Measured CTR ) 69.44% 69.11% 61.79% 61.2% 61.66% 62.01%

50.12%  70.8% 34.95% 50.47% 36.22% 53.4%

Predicted CTR -

Approach 2: FasSensitive Reactants

Uranium was precipitated from a uranyl nitrate solution based on a previouslylated

recipe at KSU53]. The original particles from the uranyl nitrate precipitate had widths ranging
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from301 6 0 & m.mptAvas naadettoereduce the particle size to fitinsidetre @0 t r enc he s
using homogneous precipitation from solution by hydrolysis of urea at elevategeratures.

Such precipitation yielded novel, ammoiméercalated alphatype hydroxide phases and exhibited

a much milder concentration gradient than mechanically adding@dNHresultirg in precipitation

products of higher purity, smaller particles, desls agglomeration. Homogeneous precipitation

of uranyl nitrate was carried out in a pressure cooker at 120°C for 30 minutes. Significant reduction

in particle width was observed, withdths of 61 7  &igured-16).

Figure4-16. (a) Before and (b) after homogeneously precipitating Uirgtrate.

The MSND was fixed in place to the bottom of a aéuge tube and the solution was
poured over it. The tube was centrifuged for an hour. Scanning Electron Microscopy (SEM)

imaging showed that the accumulation of the particles at the entrarssddhe major portion of
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