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Populirvetenskaplig Sammanfattning pé Svenska

Neutroner hittar man inuti atomens kidrna. Som namnet anger 4r neutronen en neutral
partikel, dvs. den saknar elektrisk laddning. Om man frigdr dessa frin atomen sa har man
ett mycket anvindbart verktyg. Utan elektrisk laddning kan neutronen penetrera djupare in
i materia och dirfoér anvindas for materiella studier for att ge information om den atomira
och subatomira virlden, till exempel inom fysik, kemi, biologi och medicin. Men samtliga
metoder som anvinder sig av neutroner behover ett sitt att “se” neutronen. En neutron
detektor!

Neutron detektorer finns firdiga att kopa direke fran en tillverkaren men kan ocksé for
unika indamal behova specialutvecklas. Till exempel pd European Spallation Source (ESS)
hir i Lund sa pagar dir utveckling av nya och unika neutron detektor system for att kunna
uppfylla dom framtida héga kraven nir ESS drar iging. Men oberoende vilken vig man
viljer krdvs det att man skapar sig mycket god forstielse om varje specifik detektor. Frigor
man behéver besvara kan inkludera: Ar det nigon skillnad nir en gamma foton eller neutron
triffar detektorn? Kan man bestimma energin pd neutronerna som detekteras? Hur lang tid
tar det att ldsa ut en signal frin detektorn osv. For att kunna besvara dessa fragor och fler
krivs ingdende utveckling och studie samt tillging till en dedikerad forskningsmiljo och
utrustning. I Source Testing Facility (STF) pd Lunds Universitet finns just en sidan miljo.
Hir har dussintals detektor prototyper och hundratals studenter strévat igenom sedans dess
invigning hosten 2015. Kirnan av STF bestdr av en uppstillning for neutron “tagging” som
kallas for Akvariet. Hir 4r det mojligt att med hjilp av radioaktiva neutron killor bestimma
neutronens energi genom att mita tiden den flyger 6ver ett bestimt avstand. Eftersom
neutronerna pa STF har relativt hoga hastigheter (ca 10’°000’000 km/h) si behover man
mita denna tid med mycket smd marginaler. Faktiskt si sma som 0.000000001 sekunder
eller 1 miljarddels sekund!

Men oberoende hur trevligt det dn ir att sitta pa STE, sa ricker det inte bara med ett labb
och bra utrustning for att kunna karakterisera en neutron detektor. Experimentella meto-
der for att utforska specifika egenskaper av detektorn behéver utvecklas och beprovas for
att slutligen kunna implementeras. Det ir just metoderna som ger oss svaren vi ir ute efter.
Fokuset pa denna avhandling har varit att utveckla och implementera just experimentella
metoder och frimst for en just en typ av neutron detektor. Den sd kallade scintillator de-
tektorn. Scintillatorer har anvints som partikel detektorer i dver 100 ar och utvecklingen av
nya scintillator material 4r 4n idag ett aktivt forskningsomrade. Scintillator detektorn funge-
rar genom att den inkommande neutronen triffar materialet och ge upphov till ljusblixtar.
Generellt si blir dessa ljusblixtar stora och skarpa f6r hoga neutron energier och svagare
for liga neutron energier. En ljuskinslig sensor omvandlar dessa ljusblixtar till elektriska
signaler som kan anvindas f6r att studera hindelsen.

XV



Metoder som utvecklats i denna avhandling har anvint dessa ljusblixtar for att bland an-
nat urskilja neutroner och gamma fotoner i radioaktiva miljéer. Tillsammans med neutron
tagging metoden pa STF har detta resulterat i fordjupad insikt om scintillator materialets
basfunktion. Aven metoder baserade pa datasimulering har utvecklats frin granskningen av
dessa ljusblixtar. Man kan anvinda sig av simuleringar for att sikerstilla sina experimentella
resultat samt att ge insikt i den bakomliggande fysiken. Simulering 4r ett mycket kraftfull
redskap eftersom det ger dig facit direkt i hand. Detta innehéller detaljerad information om
vad som triffade detektorn, nir det hinde, med vilken energi osv. Nir man lyckas att ater-
skapa dom experimentella resultaten i sin simulering sa har man tillging till hela detta facit!
Denna kopplingen mellan simulering och experimentella resultat har givit upphov till me-
toder for energibestimning av detekterade partiklar med hégre precision samt publicering
av forsta karakteriseringen av nya scintillator material.



Introduction

Neutrons are fundamental to the makeup of matter. They are most often found bound
within the atomic nucleus but can be freed through nuclear processes. As free uncharged
particles, they can serve as a unique tool for investigating the atomic and subatomic world.
Beams of free neutrons are particularly useful. Applications cover a diverse range of sci-
entific fields including (but not limited to):

* as a non-destructive imaging tool [1],
¢ for the determination of moisture content in soils and other materials [2, 3],

* for the characterization of mixed neutron/gamma-ray fields [4], for example, to de-
rive parameters of the plasma in nuclear-fusion experiments [s],

* to flag neutrino production [6],

* to establish the presence of low-activity radionuclides [7, 8].

Any such application requires a suitable and well-understood method of detecting neutrons.
For those cited above, the underlying technology is liquid organic scintillator detectors.
Neutrons are fundamentally challenging to detect since they are usually inferred from pro-
cesses such as scattering or absorption which result in secondary particles. The secondary
particles are then detected. Here, the neutron interacts with the scintillator resulting in a
brief flash of visible light which is recognized by a light-sensitive sensor.

Scintillator detectors have been around for well over 100 years [9] and the development
of new scintillator materials and application-specific detection systems [10] remains an act-
ive field of research. Such research and development is largely an iterative process which
requires:

* adedicated environment equipped with the relevant tools, equipment and infrastruc-
ture,



* experimental methods which can provide insight into detector properties and re-

sponses to different types of radiation,

e analytical and computational methods which can quantify results as well as provide
y p q p

deeper understanding.

This thesis is focused on neutron-detector development including:

* the development of the user facility known as the Source Testing Facility at Lund

University,

* theinvestigation of intrinsic scintillation light-production differences between gamma-

rays and neutrons,

* the measurement and parameterization of neutron-induced light yields of different

liquid organic scintillator detectors,

* the establishment of a simulation-based gamma-ray and neutron data-analysis toolkit

which includes a method for detector calibration.

Figure 1 presents an overview of the relationship between the core components of the thesis

project. In total, four peer-reviewed articles were produced. The interdependence, includ-
ing supporting tools, equipment, methods and results, is illustrated. Paper 1 provided the
fundamental base upon which the other three papers were built. Papers 11-1v evolved seri-
ally, each building upon the results and methods established in the previous work. This
resulted in systematic experimental methods and a well-benchmarked and stable analysis-

code framework.

Development of the Source Testing
Facility, a dedicated laboratory
environment including infrastructure
and methods for neutron-detector
characterization.

neutron
tagging

GEANT4
simulation model

4 neutron energy \—
Paper II @ Paper II1

Study of intrinisc pulse-shape

Development of a simulation-based
calibration approach for low-resolution
organic scintillators.

calibration
method

discimination of organic liquid
scintillators as a function of neutron
energy derived from time-of-flight.

neutron inelastic
background

pulse-proc:
software

simulated neutron
Pap er IV light yield

Simulation-based method to study
neutron-induced scintillation light
yield in organics, including light-yield
parameterizations for new
scintillators.

neutron light yield
parameterization

Figure 1: Thesis structure. Arrows indicate the workflow between the projects (boxes). The relevant tools and methods de-

veloped for each project (ovals) are also indicated.



Chapter 1

Background and Concepts

1.1 Neutron Interactions with Matter

The interaction of charged particles with matter occurs mainly via charge coupling to
atomic electrons via the electromagnetic force. Due to their lack of charge, neutrons in-
stead interact predominately with atomic nuclei via the strong force. The confined nature
of nuclei compared to the the extent of the electron cloud and the extremely short range of
the strong force! results in a low probability for neutron interaction. Interaction mechan-
isms include (but are not limited to):

* elastic scattering, where the total kinetic energy of the system is conserved so that
any energy lost by the neutron is the energy gained by the recoiling nucleus,

* inelastic scattering, where the total kinetic energy is not conserved and may be par-
tially converted into excitation energy of the recoiling nucleus,

* absorption, where the neutron induces a nuclear reaction.

The probability of these interactions depends on the energy of the incident neutron as well
as the nuclear structure of the target nucleus. This interaction probability is often referred
to as a cross section. In general, the cross section for absorption is largest at lower neutron
energies (<0.1 MeV) and depends on the inverse of the time the neutron spends in the
vicinity of the nucleus. Depending on the target nucleus, absorption may result in second-
ary charged-particle emissions or gamma-rays. The elastic scattering cross section becomes
substantial in the MeV energy range. The inelastic scattering cross section is significant

The range of the electromagnetic force is infinite, while the strong force is limited to ~10"® m.



only at higher energies (>0.1 MeV) since the energy of the neutron must be greater than
the lowest excited state of the target nucleus. The absolute probabilities for each of these
reactions depend upon target-specific properties.

1.2 Neutron Detection

The detection of a charged particle is relatively straightforward since it will directly ion-
ize the detector medium. Neutrons are generally detected indirectly via the production of
secondary charged reaction products and/or gamma-rays. The detection of these reaction
products can then be used to infer the detection of a neutron. Due to the energy depend-
ence of the neutron interaction, different detection techniques may be employed. In the
following discussion, neutron energies are split into two broad categories: slow neutrons
(Ep < 0.5¢V) and fast neutrons (£,, > 0.1 MeV). Neutrons with intermediate energies
between 0.5eV and 0.1 MeV are not discussed. A more detailed review of the neutron-
energy definitions including the intermediate energies can be found in Refs. [11, 12].

1.2.1  Slow Neutrons

The detection of slow neutrons is commonly accomplished through absorption reactions
which produce secondary charged particles and/or gamma-rays. Gaseous detectors based
on 3He are the “gold standard” for thermal-neutron detection (E,, ~ 25 meV) since the
neutron absorption cross section for 3He is particularly high at this energy. Figure 1.1 shows
the cross section for neutron absorption for the isotopes *He, 5Li and 1B, which are com-
monly used for slow-neutron detection [13]. The absorption cross section falls as a function
of neutron energy, and at above ~0.5 MeV peaks corresponding to specific nuclear-energy
levels can be seen. The elastic scattering cross sections for the same isotopes are also shown.
These remain relatively constant across the entire neutron-energy range.

The slow-neutron absorption reaction for 3He is:

n+ *He — 3H + p + Q(0.764 MeV), (r.1)

where n is a neutron, 3He is the target, 3H is a triton, p is a proton and () is the energy
released by the reaction. The resulting triton and proton, which share the Q-value as kinetic
energy, are easily detected due to their high ionization density. They consequently travel a
relatively short distance in the detector medium. The detection of either of these secondary
particles can be used to infer the neutron. However, due to the indirect detection method,
any information about the energy of the incoming neutron is lost.
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Figure 1.1: Neutron interaction cross sections. Neutron absorption (solid) and elastic scattering (dashed) shown for 3He (black),
5Li (blue) and 9B (green). Data from Ref. [14].

1.2.2 Fast Neutrons

As seen in Figure 1.1, the probability of nuclear absorption drops rapidly with increasing
energy. At higher energies (E/, > 0.5 MeV), the main interaction mechanism becomes
neutron-nucleus elastic scattering. Here, the neutron scatters from the nucleus of an atom
and transfers a portion (or all) of its kinetic energy. The neutron can then be indirectly
detected via the detection of the recoiling nucleus. The maximum possible transferable
energy /™ of the neutron occurs for backscattering collisions where the scattering angle
is 180°:
4A

o= 2 @ .
R (1 + A)Q (1.2)

where A is the atomic mass of the target nucleus and E), is the incident neutron energy [11].
The maximum transferable energy for a selection of isotopes is shown in Table 1.1.



Table 1.1: Neutron-nucleus elastic scattering. The maximum transferable energy is listed.

Target nucleus  Atomic mass Maximum energy transfer [%]

TH 1 100
2H 2 88.9
3He 3 75.0
1He 4 64.0
12¢C 12 28.4
160 16 22.1

Due to the very similar masses of the neutron and the 'H nucleus (proton), the neutron can
potentially transfer all of its energy in a single scattering event. This makes hydrogen-rich
detector materials like organic scintillators efficient fast-neutron detectors.

1.2.3 Neutron Time-of-Flight

The energy of a charged particle can be determined from the total energy deposited in a
detector volume as long as the particle does not escape. This is often a relatively straight-
forward task due to the large stopping power of most materials. A large stopping power
results in the rapid energy loss of the incident particle through interactions with the atomic
electrons. Determining the energy of a neutron is more complicated, since its detection
generally occurs through indirect processes which result in partial energy deposition. A
fast neutron will generally require multiple scattering events to stop. The recoiling charged
particles resulting from each scatter will each carry some portion of the energy of the in-
cident neutron. The low probability of interaction of a neutron results in a large mean free
path. This greatly increases the chance of a neutron escaping the detector volume, resulting
in a lower overall detection efficiency.

A common technique used to determine neutron energy is the time-of-flight (TOF) method
illustrated in Fig. 1.2.
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Figure 1.2: Time-of-flight principle. The time it takes a neutron to traverse a known distance d is measured.



The time it takes a neutron to traverse a given distance (d) is measured using a start (7p) and
stop (17) time signal, where T7 — Ty = TOF. The speed and thus energy of the neutron

can be determined using:

1 d?
P
2" "TOF?’

n = (1.3)
where E), is the neutron kinetic energy, m,, the mass of the neutron and d is the distance
traveled?. A complication associated with this technique is the requirement of a suitable

timing reference (7p). Given an appropriate experimental setup, the TOF technique can
in principle be used to measure any neutron energy.

1.3 Photon Interactions with Matter

The mechanisms which describe the photon-matter interaction are:

* the photoelectric effect,
* scattering such as coherent scattering and Compton scattering,

* pair production.

These mechanisms have cross sections which depend upon the energy of the photon and
the Z-value of the material, shown in Fig. 1.3 for 12c,

In general, the interaction probability decreases as the photon energy increases. In the
case of the photoelectric effect, the photon is absorbed by a bound atomic electron, which
is freed. The energy of the incident photon (less the electron-binding energy) is carried
away by the freed electron as kinetic energy. The cross section for the photoelectric effect
dominates at lower photon energies and decreases as the energy increases. For coherent
scattering, a photon interacts with an atomic electron resulting in angular deflection but
no transfer of energy. For Compton scattering, the photon interacts with an atomic electron
and transfers a portion of its energy, again freeing the electron. This results in an angular
deflection of the incident photon and a reduction of its energy. The difference in energy
(less the electron-binding energy) is carried away by the recoiling electron as kinetic energy.
The photon energy after scattering I, is given by:

2Relativistic energy corrections are negligible below 10 MeV.
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where F. is the incoming photon energy, mec? is the electron rest mass energy (0.511 MeV)
and 6 is the photon-scattering angle with respect to the incoming photon direction [11].
The maximum energy transfer EEF* to the recoiling electron occurs when the scattering
angle of the gamma-ray is 180°, corresponding to backscattering. The maximum electron
recoil-energy transfer via Compton scattering? is given by:

2
252

Emax — .
CE ™ mec? + 2E,

(1.5)

In case of pair production, a photon with an energy exceeding at least double the rest-
mass energy of an electron is absorbed and converted into an electron/positron pair. The
remaining energy is shared equally between the electron and positron as kinetic energy.
Due to energy and momentum conservation, this interaction can only occur in the vicinity
of the Coulomb field of a nucleus or, at higher energies, within the Coulomb field of an
electron. The cross section for pair production dominates at higher photon energies.
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Figure 1.3: Photon interaction probability for 12C. Cross sections (dashed lines) are shown for the photoelectric effect opg,
coherent scattering ocon, Compton scattering ocs and pair production in the vicinity of a nucleus opp, or in the
vicinity of an electron opp.. The total cross section oror is given by the solid line. Data from Ref. [15].

3For this work, Compton scattering was an essential mechanism which allowed for the energy calibration
of low Z-value detector materials.



1.4 Scintillation Detectors

Scintillation, which governs the conversion of energy to light, is one of many ways in
which particles can be detected. Scintillation-based detectors are commonly used in nuclear
physics, particle physics, homeland security and medicine [16] (to name a few). Following
the excitation of the scintillator by ionizing radiation, de-excitation results in the emission
of scintillation photons in the visible spectrum. The scintillation-light intensity is often
proportional to the energy deposited in the scintillator. Using a light-sensitive sensor, the
scintillation can be converted into an electrical signal.

There are two principle types of scintillation emissions, each categorized by the time scale of
their de-excitation. Emissions with fast decay times (~1 ns) are referred to as fluorescence
while those with slower decay times (>1 ys) are referred to as phosphorescence. Figure 1.4
shows the total light output of a multiple component scintillation event together with the
different decay times of the underlying components.
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Figure 1.4: Scintillation light components. Total light output (solid line) shown together with the fast (red dashed lines) and
slow (blue dashed lines) components. Figure modified from Ref. [9].

Further details on different types of scintillators can be found in Refs. [9, 11].

1.4.1 Inorganic Scintillators

Inorganic scintillators employ a regular crystal lattice to enable the scintillation process.
An inorganic scintillator is often doped with a small amount of an impurity known as an
activator which together with the crystal structure determines the energy-level structure.
Figure 1.5 shows a schematic of a typical inorganic scintillator energy-level diagram. The
conduction band consists of electrons which are able to easily migrate across the crystal
lattice, while the valence band is formed by electrons bound locally. Incident ionizing



radiation promotes electrons from the valence band to the conduction band. The doped
activator states allow the conduction-band electrons to de-excite to the activator states, and
across the activator band gap to the activator ground state. A scintillation photon is emitted
in the process. Without the activator states, de-excitation from the conduction band to the
valence band across the crystal band gap would result in scintillation photons which would
be self absorbed by the crystal.

Conduction band

A ( ( — Activator

— states
Incoming
10nizing Crystal Activator
radiation I band gap band gap Scintillation

Absorption k Activator
| k 4 ground state

Valence band

Figure 1.5: Electron energy-band structure of an inorganic scintillator. The conduction band (red) and the valence band (blue)
dominate. The horizontal green lines represent activator states. Electron de-excitation can give rise to the emission
of scintillation light. Black arrows indicate excitation or de-excitation between states. Figure modified from Ref. [11].

By varying the dopant type and concentration, the energy of the scintillation photons can
be tuned, while ensuring the material is transparent to its own radiation. Since the produc-
tion of inorganic scintillators often requires a crystal lattice to be artificially produced, the
size and geometry of the scintillator can be a limiting factor. Alternatively, powder-based
inorganic scintillators can be suspended and cast in an epoxy resin [17]. Inorganic scintil-
lators generally have a large Z-value material composition, and exhibit a high light output
and linear energy response. This makes them suitable for photon spectroscopy [11, 18].

1.4.2 Organic Scintillators

Organic scintillators generally consist of hydrogen and carbon. This low Z composition
makes organic scintillators unsuitable for spectroscopy but useful for fast-neutron detection
due to the increased scattering cross section and large maximum possible energy transfer.
Aromatic hydrocarbon molecules have a closed valence electron loop shared across the mo-
lecule. The valence electrons exhibit what is known as m-electron energy levels consisting
of singlet and triplet states, as illustrated in Fig. 1.6.
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Figure 1.6: Energy-level diagram of the m-electron levels of an organic scintillator. The singlet states (red) and triplet states
(blue) are shown separated for clarity. The thick horizontal lines indicate primary energy levels and the thinner lines
indicate vibrational energy levels. The solid black arrows indicate excitation or de-excitation between states and the
dotted arrows indicate non-radiative transitions between states. Figure modified from Ref. [19].

When ionizing radiation excites the electron levels, the resulting S3 — S2 and S2 — S
transitions de-excite in a radiationless fashion through internal degradation on a picosecond
time scale. Scintillation is produced by S7 — Sy and 17 — Sy transitions. There are
several processes which determine the intensity and time structure of the scintillation light:

* Absorption of energy not resulting in ionization places the 7-electrons into excited
singlet states ultimately resulting in the radiative transition S; — Sy, which pro-
duces prompt fluorescent scintillation light.

* Inter-system crossing allows electrons from the S} state to populate the T} state.
However, the de-excitation 17 — Sy is largely forbidden due to spin conservation,
resulting in much longer decay times for the resulting phosphorescent scintillation

light.

* While in the 77 state, electrons can migrate back into the S; state through thermal
excitations via the the close-lying vibrational energy levels. From here, the radiative
transition S — Sp occurs which results in a delayed fluorescent scintillation light
on a ~100 ns time scale.
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* Two T -excited molecules may combine and through Triplet-Triplet Annihilation [20],
one may end up in the Sp-state while the other ends up in an excited S*-state. The ra-
diative transition S7 — Sy results in delayed fluorescent scintillation light as above.

* Singlet and triplet states may also be populated through the ionization of the -
electrons (past the I;-level) and subsequent recombination. About 12% of recom-
bining 7-electrons return to singlet states, while ~75% return to triplet states [21].
At this point, the previously discussed processes take over.

Figure 1.7 highlights the processes responsible for prompt and delayed fluorescent and phos-
phorescent scintillation-light emissions.
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Figure 1.7: Overview of organic-scintillation processes. The interplay between the different scintillation mechanisms responsible
for prompt and delayed fluorescent and phosphorescent light emissions are highlighted.

For organic scintillators, in an ideal case, the light output per unit path length dL/dx is
given as a function of the ionization density of the incoming particle dE'/dx [11] as

dL dE

% = S%, (16)

where S is the scintillation efficiency. S’ determines the amount of energy which is conver-
ted into light and can vary continuously from 0 (no light conversion) to 1 (complete light
conversion). A typical organic scintillation efficiency is less than 10% [22]. The scintilla-
tion efficiency is affected by self absorption, in which scintillation light is reabsorbed by
the scintillator. The difference between the possible absorption energies and the emission
energies is known as the Stokes shift [11], and is ideally as large as possible. For organics,
the favorable absorptions are larger than the emitted scintillation-photon energies which
limits self-absorption.

With increasing ionization density, the light output becomes less linear due to heat and vi-
brational energy transfer between excited scintillator molecules. This removes energy from
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the normal light-production mechanisms and reduces the total light output of the scin-
tillator. Known as quenching, it was first explained by Birks [23], who postulated that it
was caused by temporary damage to the scintillator molecules due to ionization along the
particle track. To better represent the experimental observation of non-linear light yield at
higher dF /dx, Eq. 1.6 may be rewritten as

dL a@
& =T B o7
dx

where kB is the fractional quenching value known as the Birks parameter. This relation is
only relevant for high values of dE /dx resulting from protons and heavy ions. Electrons
have a relatively small dE/dx even at higher energies, resulting in the linear dependence
previously discussed. Generally, quenching is less pronounced in gaseous scintillator de-
tectors due to their reduced density and more pronounced in liquid scintillator detectors

due to their higher density.

The ionization of molecular electrons other than 7-electrons destroys the scintillator mo-
lecule resulting in permanent damage. This will lead to a permanent reduction in S. Any
scintillator detector thus has a limited life time which is directly dependent on the intensity
of irradiation.

1.4.3 Pulse-Shape Discrimination

For certain scintillators, the relative amounts of prompt fluorescence and delayed fluores-
cence produced are dependent on the dE/dx of the ionizing particle. This directly affects
the time structure, or pulse shape (PS) of the scintillation light%. In organic scintillators,
higher dE//dz ionization tracks populate more of the 7 long-decay states compared to
the S*-states. Furthermore, the effect of quenching is greater, which works to suppress
the prompt-fluorescent intensity. Both these effects combine to modify the resulting scin-
tillation PS by increasing the relative proportion of slow-scintillation components in the
signal. Since dE/dx is directly dependent on the type of particle causing the ionization,
PS discrimination (PSD) allows for the identification of particle species. Figure 1.8 shows
a typical time-dependent light-pulse comparison between signals with varying amounts of
slow-scintillation components.

4Certain inorganic scintillators also exhibit this effect, see Refs. [24, 25].
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Figure 1.8: Pulse-shape comparison in a scintillator with PSD capabilities. A predominately slow-component signal (blue) and a
predominately fast-component signal (red) along with two integration gate lengths (short gate and long gate) are
shown. Figure from Ref. [26].

A PSD evaluation of a given signal can be performed by examining the signal over different
time periods. For example, the quantity PS may be defined as:

_ Long gate integral — Short gate integral

PS = (1.8)

Long gate integral

This normalization results in higher PS values for predominately slow-component signals
and lower PS values for predominately fast-component signals. Other PSD techniques such
as rise-time discrimination (RTD) [27, 28] have been proposed. RTD compares the time
it takes for the pulse to rise to the peak amplitude or fractions thereof.

1.4.4 Scintillators in This Work

For this work, the liquid organic scintillators NE 213A [29], EJ 305 [30], EJ 331 [31] and
EJ 321P [32] were investigated. Properties of these scintillators are presented in Table 1.2.

Table 1.2: Selected scintillator properties.

Scintillator NE 213A  EJ 305 EJ 331 EJ 321P
Density [g/cm?] 0.874  0.893 0.89 0.85

Light Yield (% Anthracene) 75 80 68 21
Peak emission wavelength [nm] 420 425 424 425
Flash point [°C] 54 45 44 115

H/C ratio ~1.21 ~1.33 ~1.32 ~2.06

Gadolinium content [% w/w] - - 1.5 -
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NE 213A is a pseudocumene-based variant of the widely used NE 213 [33] developed for
fast-neutron detection. It exhibits excellent neutron/gamma-ray PSD. EJ 305 has very large
scintillation light yield and very good optical transmission properties. It also demonstrates
some PSD properties. EJ 331 is a Gadolinium-doped scintillator (here, 1.5% by weight)
which (in addition to fast neutrons) makes it sensitive to thermal neutrons through the
absorption reaction "*Gd(n, 7). EJ 321P is a mineral oil-based scintillator (non-organic)
with a relatively low light output but with a high 'H/*2C ratio, making it more sensitive
to fast neutrons. The high flash point makes it suitable for use in large detector volumes.
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Chapter 2

Apparatus and Setup

2.1 Experimental Facility and Setup

2.1.1 A Laboratory for Neutron Tagging

The majority of the work presented in this thesis was carried out at the Source Testing
Facility (STF) [34] of the Nuclear Physics Division at Lund University. The facility was
developed in conjunction with the Detector Group of the European Spallation Source
(ESS). The STF is a user facility which provides all the equipment, tools and infrastruc-
ture necessary for the development, characterization and commissioning of detector sys-
tems [35, 36, 37, 38, 39, 40, 41] and shielding materials [42]. A large number of neutron
and gamma-ray sources are available. A neutron-tagging setup which produces beams of
polyenergetic neutrons is a critical, perhaps even unique, laboratory component. The fa-
cility has routinely hosted neutron TOF labs for hundreds of students as well as Bachelor,
Master and PhD projects [26, 43, 44, 45, 46].

Figure 2.1 shows a 3D model of the STE highlighting the major elements of the facility.
The interlocked area is where the majority of the irradiations were performed. It hosts the
neutron sources and is located behind a lockable gate. Signal, high voltage, network and
gas lines are patched through to the interlocked area from the outside DAQ and IT areas.
Designated work areas exist for the dismantling and modification of detector prototypes as
needed.

Figure 2.2 shows the STF before and after its initial development starting in the spring of
2015 and ending with the inauguration in the autumn of 2015. The author played a key role
in the development of the facility.
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Figure 2.1: 3D model of the Source Testing Facility. Workzones are labeled.

Figure 2.2: The Source Testing Facility development. Pictures taken in the spring (left) and autumn (right) of 2015.

2.1.2  Experimental Setup

Inside the STF interlocked area, a neutron source was housed inside a 1.4 x 1.4 x 1.4 m?
poly-methyl-methacrylate (PMMA) cube. Filled with de-ionized water, this cube is referred
to as the Aquarium. Figure 2.3 shows a CAD model of the Aquarium with the placement
of a neutron detector in front of one of the cylindrical beam ports. There are four of these
beam ports which provide a direct line of sight between a neutron source (when not in
its parked position) and the outside world. A more detailed explanation of the Aquarium
design can be found in Ref. [45].
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Figure 2.3: 3D model of the experimental setup. The Aquarium (blue) is shown along with the steel support structure (black).
Detectors may be placed in front of each beam port.

2.2 Radioactive Sources

2.2.1 Actinide/Beryllium Neutron Sources

Since the discovery of the neutron by Chadwick in 1932 [47], actinide/beryllium-based
neutron sources have been widely used in research. The neutron-producing reaction is
based on the a--decay of the actinide and the subsequent a-absorption by a ?Be isotope,
resulting in 12C and a free neutron according to

a+ 9Be — 2™ 4. (2.1)
L, 120 4 (4,44 MoV)

The recoiling 12C nucleus can be produced in its first excited state (4.44 MeV) with a ~55%
probability [48]. If so, it will promptly de-excite with the emission of a 4.44 MeV gamma-
ray. The maximum possible ()-value for the reaction is given by the rest-mass difference of
the reactants and products as:
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Q = Mope + Maq — My — Mi2c = 5.7 MeV.

(2.2)

In the case of 23%Pu, ~71% of the time the maximum emitted alpha energy is ~5.5 MeV [49],
resulting in a maximum neutron kinetic energy of ~11.2 MeV. Figure 2.4 shows a typical
PuBe fast-neutron energy spectrum calculated by Kozlov ez a/. [50].
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Figure 2.4: PuBe fast-neutron energy spectrum. Full energy spectrum corresponding to the ~11.2 MeV Q-value. Threshold set

to 2 MeV.

2.2.2 Gamma-ray Sources

The gamma-ray sources used for the energy calibration of the detectors employed in this
thesis is presented in Table 2.1. Compton scattering is the main interaction mechanism due
to the relatively low Z-value compositions of the liquid organic scintillators.

Table 2.1: Gamma-ray sources. E., refers to the gamma-ray energy while EZg* refers to the maximum energy of the Compton
electron. “Single” refers to sources where a single gamma-ray emission was considered, while “double” refers to
sources where two different gamma-rays were considered.

Source E, [MeV] Ecg [MeVe] Type
22Na 0.51 0.34 double
B7Cs  0.66 0.48 single
0Co 117 0.96 double
22Na 1.28 1.06 double
60Co 1.33 1.12 double
Z2Th 2,62 2.38 single
AmBe 4.44 4.20 single
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2.3 Photomultiplier Tubes and Detectors

2.3.1 Photomultiplier Tubes

A photomultiplier tube (PMT) is a photosensitive device which converts scintillation light
into an electric signal. Figure 2.5 shows a schematic of a PMT coupled to a scintillator
material. Incoming ionizing radiation produces scintillation photons. These photons are
converted into electrons at the photocathode of the PMT via the photoelectric effect. The
typical electron conversion efliciency (quantum efficiency) is 20-30% depending on the
wavelength of the scintillation photons. The inside of the PMT is vacuum tight. Through
an applied voltage, electric fields guide the electrons to the first dynode. PMTs are very
sensitive to external magnetic fields, as the initial photoelectrons can easily be deflected.
To prevent this, a PMT is normally enclosed in a material with a very high magnetic per-
meability, known as a yi-metal shield. The kinetic energy of the photoelectron striking the
first dynode frees more electrons, and the electric field accelerates these electrons from one
dynode to the next. This amplifies the electric current at each subsequent dynode. Typical
electron amplifications of ~107 result at the final dynode known as the anode. The amp-
litude and total charge of the current pulse at the anode is generally proportional to the
amount of light produced in the scintillator.

Single photoelectron p-metal shield

Dynode
connector pins

Incoming _—

radiation

Scintillation
photon

7

‘ , Current pulse

Scintillation s
material Photocathode ei’:&?gss Dynodes Vacuum tube Anode output

Figure 2.5: Schematic overview of a scintillator and PMT assembly. Incoming ionizing radiation produces scintillation photons
which are converted into photoelectrons at the photocathode. The photoelectrons are amplified through the dynode
chain to produce a current pulse at the anode.

Optical coupling between the PMT and the scintillator may be improved with optical
grease. Optical grease can increase the scintillation light transmission by bridging any air
gaps caused by irregular surfaces. However, aging of the grease will degrade the light trans-
mission over time and regular maintenance may be require to maintain the signal strength.
For this work, dry-fitted PMTs with no optical grease were employed to ensure the repro-

ducibility of the results.
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2.3.2 Detectors

Figure 2.6 shows a 1 in. inorganic YAP:Ce and PMT assembly together with a 3 in. liquid
organic scintillator and PMT assembly. These detectors were employed extensively in this
thesis.

Liquid organic
scintillator

Figure 2.6: CAD model of the detectors (to scale). Left: YAP:Ce. Right: liquid organic scintillator.

The YAP:Ce inorganic scintillator [s1] was comprised of a 1 in. X 1in. (diameter x length)
cylindrical crystal coupled to a 1in. Hamamatsu Type Ri924 PMT [52] provided by
Scionix [53]. The gain of the YAP:Ce detectors was set using a 22Na source with the high
voltage fixed at about —750 V. As described earlier, inorganic scintillators like the YAP:Ce
have a good gamma-ray sensitivity and furthermore, are largely insensitive to neutrons of all
energies [54]. The YAP:Ce detectors were used to detect the 4.44 MeV gamma-rays from
the PuBe source and provide a timing reference for neutron TOF measurements.

A more detailed view of the liquid organic scintillator detector components can be seen in
Fig. 2.7. The cylindrical aluminum cup had a 3 mm wall thickness and an inner dimension
of 94 mm X 62 mm (diameter X length) which resulted in a volume of ~430 cm?®. The in-
side surface of the aluminum was painted with TiO3-based reflective coating (EJ 520 [55]).
This coating is specifically intended for use in contact with liquid organic scintillators, in-
cluding those based on stronger solvents like xylene and toluene. A 93 mm x 5 mm (dia-
meter X thickness) borosilicate-glass optical window [56] was glued into place on the cup
using Araldite 20004 [57] two-part epoxy. Once the cup had been filled with a scintillator,
the entrance and exhaust ports were sealed with screws and Viton O-rings [58]. The com-
pleted cell was dry fitted to a 72.5 mmx 57 mm (diameter X length) PMMA UVT [59]
light guide which was also painted with a TiO2-based reflective coating (EJ 510 [60]). A
3in. diameter Electron Tubes type 9821KB PMT [61] was dry fitted to the light guide.
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The entire assembly was housed inside an enclosure, which included a p-metal magnetic
shield and a spring-loaded connector/base assembly. This held the PMT, light guide and
scintillator cell together. The typical operating voltage was about —2kV, comparable to
previous investigations of similar detectors [54, 62, 63, 64].

p-metal PMT PMT Borosilicate-glass ~ Scintillation
shield window photons

PMT

window enclosure

Y

N

Aluminum
cup

PMT

photocathode Light guide

Liquid organic
scintillator

Figure 2.7: Detector assembly schematic. A typical interaction results in the emission of scintillation light, some of which reaches
the photocathode.

Figure 2.8 shows a cross-sectional view of a typical neutron-detector setup. In this case,
a liquid organic scintillator detector with the front face centered vertically on the beam
port at 925 mm from the center of the PuBe neutron source is shown. The front of the
Pb shield was 160 mm thick'. The remainder of the shielding was 30 mm thick. A mixed
radiation field of neutrons and gamma-rays passed through the 500 mm long beam port
of the Aquarium. The background in the Pb enclosure was measured without the aperture
using a 1.5 in. LaBr3:Ce gamma-ray detector to be less than 1 Hz, with the PuBe source in
its parked positions out of line-of-sight of the detector.

This experimental setup facilitated TOF measurements, while the gamma-ray energy calib-
rations were performed in a more radiologically “quiet” part of the experimental hall away
from the Pube source.

Ut included a ~10 x 10 mm? aperture to allow for a very small number of source-related gamma-rays to
pass through in data-taking mode.
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Figure 2.8: Overview of a typical experimental setup (not to scale). The distances between the source, YAP:Ce and liquid
organic scintillator detectors are shown along with the dimensions of the Aquarium aperture. The thickness of the
Pb shielding is also detailed.

2.4 Digital Pulse Processing and Time-of-Flight

2.4.1 Digital Pulse Processing

Figure 2.9 shows a schematic of the experimental setup and the pulse processing logic chain
along with the digitized signal waveform of a typical detector pulse. Processing was per-
formed using a CAEN VX1751 Waveform Digitizer [65] which samples analog pulses with
a 1 GHz sampling rate, a bandwidth of 500 Mhz across a 1 us window and a 1V peak-
to-peak (Vpp) dynamic input range. This results in 1000 samples per event. Due to the
1 Vpp dynamic input range, the signal from the liquid organic scintillator detectors needed
to be attenuated? to capture the full amplitude of the measured irradiation. A CAEN type
N8s8 variable attenuator [66] was used to equalize the signal amplitudes from each of the
scintillators passed to the digitizer, see Table 2.2.

Table 2.2: Attenuation. Attenuators were used to equalize the signal amplitudes.

Scintillator NE 213A  EJ 305 EJ331 EJ321P
Attenuation factor [dB] 12 16 15 6
Attenuation factor 3.98 6.31 5.62 2.00

The liquid organic scintillator signal (ch1) was used to trigger the acquisition for all digitizer
channels via a falling-edge threshold set to —25mV. The digitizer initially sampled the
waveform into a buffer which allowed the values prior to the falling-edge threshold to be
recorded. The event-timing marker which determined the location of the start of the pulse
was derived using an interpolating zero-crossover method [11]. This was necessary to remove
the time-walk associated with the falling-edge threshold. The zero-crossover method works

?The signals from the YAP:Ce detectors did not require any attenuation.
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by splitting the incoming pulse into two identical pulses. One pulse was inverted while
the other was delayed (~7 ns). After which, both were summed, resulting in a bipolar
pulse. The zero-crossing point of the bipolar pulse was used to determine the event-timing
marker. The baseline was determined by averaging the amplitude of the first 20 samples
(20 ns), with this constant value then being subtracted from each sample comprising the
digitized pulse. A numerical integration was performed starting 25 samples before the event-
timing marker and extending 60 ns or 500 ns, resulting in short-gate (SG) and long-gate
(LG) current integrals. These values, often referred to as QDC (charge-to-digital converter)
values, represent the charge in the signal (proportional to the energy deposited by the event),
which is histogrammed. The relative timing between the liquid organic scintillator (ch1)
and YAP:Ce detectors (ch2 —5) was determined by taking the difference between the event-
timing markers of the incoming pulses event-by-event. This resulted in four independent
TOF measurements, one for each YAP:Ce detector. Data from each of the four YAP:Ce
measurements, once calibrated, were combined.
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Figure 2.9: Digital pulse processing schematic. Top: Typical digitized signal waveform. The falling-edge threshold is shown
along with baseline, event-timing marker, short-gate (SG) and long-gate (LG) integration windows. Bottom: The
experimental setup including the PuBe sopurce, YAP:Ce detectors, liquid organic scintillator detector and attenuation
module. The digitizer and digital pulse processing logic chain (dashed box) is also shown.
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2.4.2 Time-of-Flight

Neutron tagging and thus TOF determination was made possible due to the previously
discussed correlated emission of both a neutron and a gamma-ray from the PuBe source.
There are three main classes of TOF events-of-interest:

* correlated neutron/gamma-ray events: a fast neutron is detected in the liquid or-
ganic scintillator detector and a corresponding 4.44 MeV gamma-ray is detected in
a YAP:Ce detector. These events are also known as tagged neutrons.

* correlated gamma-ray/gamma-ray events: a low-energy cascade gamma-ray from
the actinide is detected in the liquid organic scintillator detector and a correlated
4.44 MeV gamma-ray is detected in a YAP:Ce detector?. These events are also known
as gamma-flash events.

* uncorrelated events: a neutron is detected in the liquid organic scintillator detector
and a uncorrelated gamma-ray is detected in the YAP:Ce detector (for example),
resulting in an arbitrary time difference®. These events are also knows as random
events.

Figure 2.10 shows a typical histogram of the pulse-time differences between a signal in the
liquid organic scintillator and a YAP:Ce detector. The three event-types described above
are clearly shown. Since all gamma-rays travel with the speed of light, the position of the
gamma-flash feature remains fixed. The width of the gamma-flash is the result of electronic
jitter, the physical size and geometry of the source and finite detector volume.

3Correlated cascade events are also possible but have been removed in the data analysis.
“Any non-correlated emissions may result in a random event. Random events are mainly source related but
can also be caused by other background radiation.
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Figure 2.10: Uncalibrated time-difference spectrum. Gamma-flash (red), tagged neutrons (blue) and random background (gray)
are shown. The fitted location of the gamma-flash distribution (T, vertical dotted line) is also shown.

Figure 2.11 shows the full PuBe fast-neutron energy spectrum originally presented in Fig. 2.4
together with a tagged neutron energy spectrum by measured by Scherzinger ez al. [62]. The
tagging of the neutrons limits the maximum neutron energy to ~6 MeV.
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Figure 2.11: PuBe fast-neutron energy spectrum. Full energy spectrum (open histogram) as before. The tagged energy spectrum
(shaded histogram) was energetically limited to ~6 MeV.

The time origin Tp at which the particle emission occurred was inferred from the mean loc-
ation of the gamma-flash by fitting a Gaussian function to the distribution and subtracting
the TOF of the gamma-ray:
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where T, is the mean location of the gamma-flash, d is the distance between the source
and liquid organic scintillator and c is the speed of light. Establishing the timing of Tj
resulted in the calibrated TOF spectrum shown in Fig. 2.12. Calibrated neutron-energy
spectra could then be produced.

The random-event contribution was subtracted [67] from each neutron-energy bin. Note
that the extent of the random-event region (Wrandom) selected for this subtraction was from
—750ns to —50 ns in the nonphysical region of the distribution, which assured that the
data set was truly random.
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Figure 2.12: Calibrated TOF spectrum. The gamma-flash (red), tagged neutron (blue) and random background (gray) are shown
along with 3 and 5 MeV neutron-energy bins (dark blue). The calculated position of T} (vertical dashed line) is also
shown. The inset shows the random region selected for background subtraction.

A comparison between the analog-based TOF setup used in previous studies [64, 68] and
the digitizer-based TOF setup employed in this work can be found in Ref. [44], where the
potential of digital-waveform processing was first mentioned.
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2.5 Data Sets

The PuBe neutron source was placed at the center of the Aquarium at a distance of 925 mm
from the face of the liquid organic scintillator detector (see Fig. 2.8). The YAP:Ce detector
thresholds were set to 3 MeV. This resulted in the 4.44 MeV gamma-ray associated with
the decay of the first excited state of '2C being selected by the YAP:Ce. It also resulted
in a suppression of the random background for the TOF measurements. The threshold of
the liquid organic scintillator detector was set to 100 keV. Two data sets were collected for
each liquid organic scintillator: a neutron TOF data set and a gamma-ray calibration data
set. A gamma-ray calibration data set was also collected for the YAP:Ce detectors. The
typical total run time for the TOF measurements for each scintillator was 140 h, taken in
1h increments. The typical run time for the gamma-ray irradiations was 1 h, and 10 h for
background measurements.
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Chapter 3

Methods

3.1 Monte Carlo Simulation

A Monte Carlo (MC) simulation is a numerical approach to calculating predictions of com-
plex models involving probability distributions. MC-based simulations are not unique to
the field of physics or even natural science and can be found in other fields such as soci-
ology [69] and finance [70]. Consider for example a particle traveling through a material.
The particle, based on its properties and the properties of the material, will have a probabil-
ity of interacting with the material in many different ways. This may be through ionization,
elastic scattering or absorption, for example. The probabilities for these interactions, which
have been experimentally determined or modeled, are randomly sampled by the MC. Given
enough sampling, a pattern may emerge resulting in a predicted outcome. A precise MC
which replicates data may be used as a cheaper, virtual alternative to measurements.

Geant4 (GEometry ANd Tracking) is a MC-based simulation toolkit developed at Con-
seil Européen pour la Recherche Nucléaire (CERN) [71] to simulate particle interactions
with matter, including detector responses. There exists a wide variety of GEant4-based
simulation toolkits developed for use in related fields of research such as space explora-
tion [72] and medicine [73] (to name a few). For this work, a GEant4-based simulation of
the detector geometry was developed! which featured scintillation-photon tracking. The
simulation employed GEaNT4 version 4.10.04 [74] patch 03 (8 February 2019) using electro-
magnetic physics classes G4EmStandardPhysics, G4EmExtraPhysics, hadronic phys-
ics class FTFP_BERT_HP and optical photon production class G40pticalPhysics. The
scintillation photons were generated by a single gamma-ray or neutron and tracked through

'Detailed technical information regarding the GEANT4 code developed for this work can be found in Ap-
pendix A.1.
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the detector assembly. For the best possible agreement with data, a Geant4 simulation
requires accurate material definitions. Special care was taken with the refractive indices,
YH/12C ratios, densities and absorption lengths for each material making up the detector
assembly. The scintillation photons which reached the photocathode were converted to
photoelectrons with an energy-dependent quantum efficiency [61]. The simulations con-
sidered both reflection at medium boundaries (governed by the index of refraction of the
material) and bulk absorption (which effectively removed the scintillation photons from
the simulation).

3.2 Event Sampling

Radioactive sources generally emit particles isotropically. In order to reproduce the exper-
imental data, a quasi-isotropic particle-emission routine was implemented in the simula-
tions. This allowed for the reproduction of partial hits or clipping events, where a primary
particle only passed through the edge of the scintillator volume. A true isotropic source
of ionizing radiation was approximated by randomizing the particle direction, event-by-
event, into a conical shape which intersected the upstream face of the detector assembly.
Compared to an isotropic source radiating into 47 steradians, this quasi-isotropic approach
saved greatly on computing resources as the majority of events generated struck the detector.
A pencil-beam particle-emission routine was also implemented to allow for the disentan-
glement of inherent detector properties such as resolution. Together, the isotropic and
pencil-beam simulations facilitated an excellent reproduction of the experimental data and
a more detailed study of the underlying detection mechanisms. 3D views of the isotropic
and pencil-beam particle sources is shown in Fig. 3.1.

Isotropic source Pencil-beam source

- *—

(all events along same path)

Figure 3.1: 3D views of isotropic and pencil-beam sources. GEANT4 representation of isotropic (left) and pencil-beam (right)
simulations. A beam of neutrons (green) is shown incident on the scintillator cup (pink) and PMT (red) assembly
from right to left.

Simulated photoelectron spectra at the photocathode of the PMT are shown in Fig. 3.2
for both isotropic and pencil-beam simulations for neutrons and gamma-rays. In both
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cases, the edge of the photoelectron distribution corresponding to the isotropic simulation
is about 5% lower than the pencil-beam simulation. Further, a relatively larger number of
photoelectrons appear in the tail of the isotropic simulation. These effects are attributed to
the highly confined spacial distribution of scintillation photons associated with the pencil
beam, with the production confined to the symmetry axis of the detector. Scintillation
quenching suffered by recoiling protons (neutron interactions) and the lack thereof by re-
coiling electrons (gamma-ray interactions) is also illustrated by the decrease in the number
of photoelectrons produced per MeV in the case of the neutron distribution.
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Figure 3.2: Simulated isotropic and pencil-beam photoelectron distributions at the PMT photocathode. Isotropic (dashed lines)
and pencil-beam (solid lines) simulations. The heights of the distributions have been fixed for visualization. EJ 305
scintillator.

Two main simulation sets were produced: a gamma-ray simulation set used for detector
calibration and a neutron simulation set used for the evaluation of neutron scintillation.
These sets were further divided into (S,iyso, Shen
and neutrons, respectively.

and (S};O, Shemy subgroups for gamma-rays

The gamma-ray simulations included:

. S,iys": produced to match the gamma-ray calibration data as closely as possible using
an isotropic source. Photoelectrons produced by recoiling secondary electrons were
counted.

o SP": produced to study the inherent detector behavior using a pencil-beam source.
Photoelectrons produced by recoiling secondary electrons were again counted. Fur-
thermore, only events depositing within 2 keV of EfE* were chosen.
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The neutron simulations included:

¢ Sk produced to match the neutron scintillation data as closely as possible using
an isotropic source and energy-optimized kB values (see below). Photoelectrons
produced by recoiling protons were counted.

¢ Sh™: produced to study the inherent detector behaviour using a pencil-beam source.
Monoenergetic neutrons and energy-optimized kB values were employed (see be-
low). Photoelectrons produced by recoiling protons were counted if the neutron-
energy deposition was within 1% of the incident neutron energy.

The neutron simulations ranged from 2 — 6 MeV in 0.25 MeV steps.

3.3 Gemrg-based Detector Calibration

The simulation-based gamma-ray data-calibration method allowed for the mapping of meas-
ured charge-based data in units of QDC channels to electron-equivalent energies (MeVee).
Electron-equivalent refers to the energy an electron needs to generate the same amount of
scintillation light produced by a quenching particle such as a proton. The relatively low Z-
value composition of organic scintillators result in gamma-ray interactions occuring mainly
through Compton scattering. This makes it difficult to reliably identify measured features
such as peaks for calibration purposes as none are present.

The simulated detector responses to several different gamma-rays were matched to the
background-subtracted data obtained for the same gamma-rays. Matching was optimized
at the Compton edge location using a least-squares minimization method and included
smearing?. Figure 3.3 shows a typical calibration with background-subtracted experimental
data and the simulations S*° and SP" for three different gamma-ray energies. The Siso
simulation set matches the measured Compton edge while the heavily constrained S5 sim-
ulation set produced a more peak-like feature corresponding to E&3*. The Compton-edge
locations were determined by fitting a Gaussian function to S5 and then averaging the
simulation over +30 of the fitted function. A zero-enforced linear fit was used to determine
the calibration for each scintillator material. The results are summarized in Table 3.1.

?The Compton edge distribution smearing ranged from ~25% at 0.34 MeVee (**Na) to ~10% at
4.20 MeVee (AmBe) for all scintillators and matches well with previous work on similar detectors [64].
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Figure 3.3: Energy calibration. Data (filled points), S‘;“ (solid lines), SEf" (filled histograms) and the peak positions (vertical
dashed lines) corresponding to EZ¢* are shown. The inset figure shows the resulting energy calibration and fit.
NE 213A scintillator.

The simulated photoelectron distributions from the S§™ simulation were used to calibrate
these to MeVee. The results are summarized in Table 3.1. This approach allowed the neutron
simulations to be calibrated to the experimental data directly.

Table 3.1: Electron-equivalent calibrations. Zero-enforced calibration values for data and simulation.

Units NE 213A EJ 305 EJ 331 EJ 321P
[PRoectsetons] 3810 = 90 3530 % 80 3910 + 90 4050 + 90
[2¥ee ] 0.111+0.002  0.066+0.002 0.099 & 0.001  0.144 % 0.002

3.4 Tuning of Birks Parameter and Smearing

The built-in scintillation quenching function standard to Geant4 considers the Birks para-
meter but lacks the second-order energy-dependent term which is claimed by some au-
thors [75, 76] to produce better agreement. Rather than modifying Geant4, an energy-
dependent kB optimization was performed. The tuning of Birks parameter was only relev-
ant for the neutron light-yield simulations due to the relatively high ionization density of
the recoiling protons. Gamma-rays produce scintillation light via recoiling electrons which
have a much lower ionization density, resulting in a linear light output.
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When simulating the neutron-scintillation response, the Birks parameter was tuned to op-
timize the agreement with measured data at each neutron energy. Figure 3.4 illustrates
the method. A range of six kB values was simulated and the multiplicative scale factor A
needed to match the results of each simulation with the data was determined with a least-
squares minimization. Each optimization included an energy-dependent smearing® which
was derived through a separate least-squares minimization.

The optimal kB value was determined by linearly fitting the (KB, A) data set and locating
A = 1. The smearing value was determined by averaging the individual smearing values.
In general, the highest kB value required the least amount of smearing to match the data.
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Figure 3.4: Optimization method for kB values. Left: experimental data (filled circles) and neutron simulations (blue and red)
with smearing values of 12% and 13%, respectively. Right: optimization. EJ 305 scintillator.

This process was repeated for neutron energies from 2 — 6 MeV in 0.5 MeV steps for each
of the scintillator materials. The optimal smearing values varied from ~35% at 2 MeV to
~5% at 6 MeV for all scintillators. The optimized kB and smearing distributions were
each fitted according to:

A

3Smearing was applied to take into account all effects not currently considered within the simulation, such
as the physical size and geometry of the radioactive source, electronic noise and signal propagation (to name a

few).
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where A and B are constants. Figure 3.5 shows the optimized values and the fitted trends.
The fitted trends were used as inputs to the simulations of S¥° and Sh™".
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Figure 3.5: Optimized kB and smearing values. Data points (white circles), fitted trends (solid lines) and uncertainties in the
fitted trends (shaded area) are shown. EJ 305 scintillator.

Figure 3.6 shows the results obtained with the constant kB built-in Geant4 quenching
mechanism and those obtained using the energy-dependent kB values. The constant kB
value was determined using the 4 MeV neutron data set and the method explained above.
This resulted in the best agreement at E,, = 4 MeV, but poorer agreement at other ener-
gies. The optimized kB value and smearing for each neutron energy resulted in excellent

agreement across thC entire energy range.
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Figure 3.6: Simulations performed with energy-dependent and energy-independent kB. Measured calibrated scintillation light
yield (filled circles) and simulations shown without (open histograms) and with (shaded histograms) energy depend-
ence. EJ 305 scintillator.
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3.5 Intrinsic Pulse-Shape Discrimination

PS was studied for 2 — 6 MeV neutrons in 0.25 MeV steps for each scintillator. The PS
was considered intrinsic rather than integrated since the application of TOF cuts resulted
in PS distributions corresponding to gamma-rays and neutrons, respectively. Figure 3.7
shows a PS spectrum produced with uncorrelated and correlated data for an NE 213A liquid
organic scintillator employing a 2 MeV,, detector threshold. The uncorrelated data show
a typical broad PS distribution with the left peak representing gamma-rays and the right
peak representing neutrons. The correlated data result from TOF cuts around the tagged-
neutron and gamma-flash features. Both distributions were corrected for randoms. Note
the separation between the data sets for each particle species and also the appearance of
two peaks in the neutron distribution. The left “neutron” peak is the result of non-prompt
gamma-rays (NPGs). These are events with a neutron time signature but the PS signature
of a gamma-ray. They are generally caused by fast neutrons inelastically scattering in the
Pb shielding (or the detector materials [4, 77]). The de-excitation of the excited Pb nucleus
results in the emission of gamma-rays which are detected in the liquid organic scintillator.
A high purity germanium gamma-ray detector was used to study the energies of the NPG
contributions. The results showed that the main contribution was from the excited states of

"Pb, predominately the 2.615 MeV gamma-ray from the de-excitation of the first excited
state of 208Pb,

Uncorrelated NE 213A

Gamma-rays Neutrons

Correlated NE 213A

Counts

Gamma-rays Neutrons

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
PS

Figure 3.7: Pulse-shape spectra for the NE 213A scintillator. Top: uncorrelated data, without neutron tagging. The red and
blue curves are Gaussian fits. Bottom: correlated data where TOF was used to separate the neutron and gamma-ray
distributions. The diagonally hatched areas show the non-prompt gamma-ray contributions. A 2MeV.. detector
threshold was employed.
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Gaussian functions may be fitted to the gamma-ray and neutron distributions to extract a
figure-of-merit (FOM) for n/~ discrimination. This FOM value allows for comparison of
the PSD capabilities of different scintillators and is defined as:

’Mn _N'y‘
FOM = .
F\X/[—]Mn—F\X/HM77 G-2)

where ji,, , are the mean positions and FWHM,, , are the full-widths-at-half-maximum
of the gamma-ray and neutron PS distributions. A larger FOM value indicates better 1/~
separation. The FOM values resulting from the intrinsic PS data for NE 213A and EJ 305
liquid organic scintillators are shown as a function of detector threshold in Fig. 3.8 and
neutron kinetic energy in Fig. 3.9. Overall, NE 213A shows better PSD performance com-
pared to E]J 305. Both scintillators show dependence on threshold but little dependence on
neutron energy.
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Figure 3.8: Threshold dependent figures-of-merit. FOM extracted from correlated PS data for NE 213A (black dots) and EJ 305
(open triangles).
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Figure 3.9: Energy dependent figures-of-merit. FOM extracted from correlated PS data for NE 213A (black dots) and EJ 305
(open triangles). A 0.5MeV.. detector threshold was employed.

3.6 Neutron Light-Yield Response

A simulation-based method was also developed to determine the maximum proton transfer-
edge locations corresponding to a single neutron scatter in the liquid scinillators. Fig-
ure 3.10 shows the random-subtracted data for 2, 4 and 6 MeV beams of neutrons incident
on EJ 305. S and S, are also shown. The calibration of the simulation resulted in very
good agreement with the data. The neutron scintillation-light yield associated with the
maximum proton transfer-edge location was determined by considering S5, The insert
figure shows the neutron-energy deposition resulting from proton recoils only, along with a
1% energy cut employed to produce the heavily constrained S5 sample set shown in dark
blue. The recoil-proton edge was determined fitting a Gaussian function to the S5 and
then averaging the simulation over £30 of the fitted function. This defined the simulated
maximum deposition (SMD) marked as vertical dashed lines.
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Figure 3.10: Neutron scintillation light yield. Data (filled points) and simulations Si° (open histograms) and S2" (shaded his-
tograms) are shown for 2MeV, 4 MeV and 6 MeV neutrons. The inset shows simulated recoil proton energies for
4 MeV neutrons. The dark shaded region between the vertical dashed lines is the 1% energy cut implemented
to produce the SP™ simulation and corresponds to the dark shaded simulated scintillation light yields in the main
panel. Fitted Gaussian functions (dashed trends) are shown together with the SMD locations (vertical dashed lines).
EJ 305 scintillator.

The SMD method for determining the neutron scintillation-light yield as a function of
recoil-proton energy was compared with three well-established data-driven prescriptions.
The data-driven methods used to determine the maximum proton transfer-edge locations

included:

 Half-Height (HH) method: a Gaussian function was fitted to the edge of the proton-
recoil distribution and the location of its half-height was taken to be the maximum
transfer,

* Turning-Point (TP) method: a Gaussian function was fitted to the edge of the proton-
recoil distribution and the location of the minimum in the first derivative of the
function was taken to be the maximum transfer,

* First-Derivative (FD) method: the minimum of the first derivative of the proton-
recoil distribution was taken to be the maximum transfer.

Figure 3.11 shows the scintillation-light yield and parameterization for NE 213A using the
SMD method in comparison with the three data-driven methods mentioned above. A fitted
light-yield parameterization predicted by Kornilov ez al. [78] is also shown. It is given by
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L(E,) = Lo—2— )
(Ep) o (3.3)

where L(E)) is the neutron scintillation-light yield based upon the specific energy loss
of protons, Lo is an adjustable scaling parameter and L; is a material-specific light-yield
parameter. The SMD method shows especially good agreement with the TP method while
predicting slightly less light yield in comparison with the HH and FD methods. Similar
results were produced for EJ 305, EJ 331 and EJ 321P.
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Figure 3.11: Recoil-proton light yields for NE 213A. Measured data (open circles), SMD predictions (closed triangles). The
Kornilov light-yield parameterizations are shown for the measured data (black solid lines) and SMD method (blue
dashed lines), respectively. The SMD results shown are the same in all panels. The uncertainties are smaller than
the data points.
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Chapter 4

Closing

4.1  Summary

The STF at Lund University is a dedicated environment for detector development. It has
facilitated the experimental work carried out in this thesis. The neutron-tagging apparatus
associated with the Aquarium infrastructure at the STF was used to perform a comprehens-
ive series of neutron-scintillation characterizations for liquid organic scintillators. Measure-
ments were performed on NE 213A, EJ 305, EJ 331 and EJ 321D, all of which were contained
in detectors having identical physical form factors. This facilitated the the systematics of the
comparison. A digitizer-based pulse-processing framework was developed which allowed
for straightforward and reproducible data processing. A detailed GEant4 simulation was
created and used to interpret the data. It considered both gamma-rays and neutrons. The
simulation took into account optical transmission through the detector assembly by track-
ing individual scintillation photons. The gamma-ray simulation was found to agree very
well with gamma-ray calibration data. A carefully selected sub-set of a simulated gamma-
ray spectrum allowed the Compton edge locations to be determined more accurately than
with previous data-driven methods. This facilitated the energy calibration of the detectors.
The intrinsic PSD capabilities of NE 213A and EJ 305 were measured using tagged neutrons.
Removal of the underlying random-coincidence background facilitated a cleaner separation
of the neutrons and gamma-rays. NPG events, which have a neutron TOF signature but
a gamma-ray PSD signature, were identified. They were due to fast neutrons inelastically
scattering in the "Pb shielding. FOM was derived by studying the neutron/gamma-ray
separation in the PS distributions. While FOM as a function of the incident neutron energy
was essentially constant, FOM improved with increasing threshold. Overall, the PSD per-
formance of NE 213A was superior to that of EJ 305. Neutron scintillation-light yield was
measured for NE 213A, EJ 305, EJ 331 and EJ 321P using tagged neutrons. The simulation
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was matched to the background-corrected neutron TOF data using an energy-dependent
Birks parameter. The simulation approach reproduced the data very well and allowed the
maximum recoil proton-edge locations to be determined more accurately than with pre-
vious data-driven methods. The response characteristics of NE 213A and EJ 305 matched
existing results very well. The response characteristics of EJ 331 and E]J 321P were previously
unmeasured.

4.2 Observations

Tagging via TOF allows for clear separation of neutrons and gamma-rays which promotes
intrinsic rather then integrated studies of detector properties. The gamma-ray simulation
facilitated the energy calibration of the measured scintillation-light yield. Compared with
well-established data-driven calibration methods the simulation-based approach provided
further insight into the underlying physical processes. It also allowed for the unfolding
of spectra containing multiple gamma-rays, even when the energy separation between the
gamma-rays is small. Further, it allowed for the quantification of background NPGs result-
ing from inelastic scattering of fast neutrons in shielding material and the detector apparatus
itself. The coupling of PS discrimination capable detectors with neutron tagging facilitated
studies of intrinsic PS, allowing for a more detailed assessment of the PS discrimination
capabilities of the scintillators studied. The resulting FOM show only limited dependence
on neutron energy. However, FOM show an increasing trend as a function of increasing de-
tector threshold. The simulation-based SMD method located the maximum proton-recoil
edge and facilitated a detailed scintillation light-yield calibration. This allowed for non
data-driven parametrizations of the scintillation-light yield.

4.3 Outlook

Neutron-induced light-yield and light-output parameters for two previously uninvestigated
scintillator materials have been presented. The gadolinium-doped scintillator EJ 331, due
to the thermal-neutron sensitivity of "*Gd, may act as a bridge between fast-neutron and
thermal-neutron detection. The mineral-oil based scintillator EJ 321P, due to its low toxicity
and high flash point, is particularly suitable as an explosion-resistant alternative in large-
volume applications. The ~2 : 1 'H/*2C ratio makes it an excellent choice for fast-neutron
detection. Next generation scintillators, including those based on mineral oil, are especially
suitable for developing active neutron shielding or active moderators.

The neutron irradiation studies performed in this thesis were limited to 2 — 6 MeV due to
the 4.44 MeV gamma-ray accompanying the neutron emission. Extending this relatively
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limited energy range using beams of higher energy neutrons from an accelerator-based neut-
ron source would be a straight-forward and valuable addition to the database. Mapping the
responses at higher energies would allow a better understanding of the underlying mechan-
isms over a more significant energy region. Mapping the responses at lower energies would
likely be difficult using this technique as scattering does not produce a large enough energy
transfer to the recoils for them to be detected.

A future extension of the tagging technique into the domain of thermalized neutrons may be
envisioned. While thermal-neutron tagging presents many challenges, it would constitute a
game-changer for source-based irradiation techniques in the field of slow-neutron science.
Significant effort has already been invested in the design of a liquid organic scintillator
vessel to be used as an active moderator!. This active moderator could provide a useful
additional signal corresponding to the neutron-moderation process. This signal coupled
with the tagged fast neutron and the detection of the thermalized neutron may allow for
the reconstruction of the entire process from neutron emission to moderation to detection.
The EJ-321P mineral-oil based scintillator would make an excellent active moderator due
to its high 'H/*2C ratio.

The gadolinium-doped scintillator EJ 331 is a relatively new hybrid scintillator. It could
be used as a fast-neutron and thermal-neutron detector all-in-one. About 99% of the Q-
value associated with neutron absorption on "**Gd leads to a cascade of of gamma-rays. This
may require extensive studies using a high resolution gamma-ray detector. Nevertheless, the
conversion of a fast neutron into a cascade of gamma-rays presents interesting possibilities,
perhaps as thermal-neutron shielding.

1See Appendix A.2 for more details on the active moderator design.
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Abstract

Over the last decades, the field of thermal neutron detection has overwhelmingly employed He-3-based
technologies. The He-3 crisis together with the forthcoming establishment of the European Spallation Source have
necessitated the development of new technologies for neutron detection. Today, several promising He-3-free
candidates are under detailed study and need to be validated. This validation process is in general long and expensive.
The study of detector prototypes using neutron-emitting radioactive sources is a cost-effective solution, especially for
preliminary investigations. That said, neutron-emitting sources have the general disadvantage of broad, structured,
emitted-neutron energy ranges. Further, the emitted neutrons often compete with unwanted backgrounds of gamma-
rays, alpha-particles, and fission-fragments. By blending experimental infrastructure such as shielding to provide
particle beams with neutron-detection techniques such as tagging, disadvantages may be converted into advantages.
In particular, a technique known as tagging involves exploiting the mixed-field generally associated with a neutron-
emitting source to determine neutron time-of-flight and thus energy on an event-by-event basis. This allows for the
definition of low-cost, precision neutron beams. The Source-Testing Facility, located at Lund University in Sweden
and operated by the SONNIG Group of the Division of Nuclear Physics, was developed for just such low-cost studies.
Precision tagged-neutron beams derived from radioactive sources are available around-the-clock for advanced
detector diagnostic studies. Neutron measurements performed at the Source Testing Facility are thus cost-effective
and have a very low barrier for entry. In this paper, we present an overview of the project.
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1. INTRODUCTION

Neutrons of all energies are important probes of matter. The precise detection of neutrons
emerging from a sample under study is crucial to the quality of the resulting experimental data.
Until recently, He-3-based technologies were essentially the only method used for neutron
detection. The recent He-3-crisis [1,2] and the proposal of the European Spallation Source
(ESS) [3, 4] have led to an aggressive search for alternative technologies [5]. Together, the
prohibitive cost of He-3 and the design goals for the new facility with its extremely high flux
of neutrons call for completely new concepts for detectors [6] and shielding [7]. Strong
candidates for new detector technologies exist, but few of these have been characterized
properly. Most are still in their developmental infancy and need to be precisely validated. In
general, the validation of a new detector technology is a two-step process: first, wide-ranging
irradiations are performed using neutron-emitting radioactive sources, where the cost per
neutron is low; and second, promising technologies are then precisely irradiated at neutron-
beam facilities, where the cost per neutron is substantially higher. We note that the cost per
neutron at a neutron-beam facility can be so high that it may be prohibitively expensive. A
facility based upon neutron-emitting radioactive sources is thus a cost-effective solution to this
problem with a relatively low entry threshold. Once the sources and necessary infrastructure
are in place, “natural” neutrons are available around the clock. Thus, the overhead for initially
benchmarking new technology will not be dominated by beam-time associated costs. Further,
by instrumenting a source facility with well understood shielding and equipment to take
advantage of nuclear-physics knowledge associated with the particular radioactive decay in
question, low-cost polychromatic beams of neutrons may be created.

At the Division of Nuclear Physics at Lund University [8], the internationally accessible
Source-Testing Facility (STF) [9] facility has been constructed to provide precision beams of
neutrons from radioactive sources. Thus, a cost-effective solution for performing advanced
detector diagnostics already exists and is in fact routinely employed by its users. The STF has
been instrumented to provide all the tools necessary for the initial characterization of newly
developed detectors and shielding materials to its users.

2. THE SOURCE TESTING FACILITY

Constructed at the Division of Nuclear Physics at Lund University in collaboration with the
Detector Group [10] at ESS, the STF is operated by the SONNIG group [11]. It is a fully
equipped user facility. The STF boasts a complete range of neutron and gamma-ray sources for
the characterizations of detectors and is also equipped with several detectors, detector-
associated infrastructure and IT, as well as the electronic components essential to the needs of
a user-focused laboratory. As there are no reactors or accelerators involved, the STF is available
continuously for prototype development and commissioning. Figure 1 shows an overview of
the facility.
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Figure 1: The STF. On the left, a 3D-rendering and on the right, a photo.

The key infrastructure available at the STF includes:

o Sources: several mixed-field Actinide-BeA}/llium sources, a fission neutron source as
well as gamma-ray sources. In particular, >*' Am-Be, 2**Pu-Be and *>Cf (thin window)
sources are available as well as >'Co, *’Co, '*’Cs, *Na and '**Ba sources for gamma-
ray radiation.

o Detectors: - a full set of detectors, both commercially provided and in-house developed,
for background monitoring, gamma-ray detection and fast- and thermal-neutron
detection. The detector pool of the STF includes plastic and liquid scintillators, gas
detectors (He-3 tube, He-4 cells), solid-boron detectors, inorganic crystal scintillators
(such as 1.5” CeBr; and LaBr; as well as a 12” Nal) and boron-straw tubes, to name a
few. Example of detectors available at the STF are shown in Figure 2.

Figure 2: Example of detectors available at the STF. From the left, two plastic scintillator paddles read
out by PMT5s, one He-4 cell (operated at 5 atm) read out by a 2" PMT, a He-3 tube (calibrated efficiency
0f 96.1% at 2.54) and two NE213 liquid scintillator (0.43 and 4.5 1) read out by a 3" PMT.
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e The Aquarium: a custom-designed shielding apparatus for neutron sources, delivering
if desired beams of “tagged” neutrons' (see Figure 3). The Aquarium consist of a 3-
section cube of Plexiglas (~1.4 m side), filled with about 2650 1 of high-purity water. It
is designed to host a neutron source in its centre, together with four gamma-ray sensitive
detectors. The dose-rate on the external surface of the cube is < 0.5 uSv/h when an
industry standard 18.5 GBq >*'Am-Be source is encapsulated. Four horizontal
cylindrical apertures of ~17 ¢cm in diameter act as “beam guides”, one perpendicular to
each of the four vertical faces of the cube, providing four uniform but combined beams
of gamma-rays and neutrons from the source.

AmBe

Figure 3: The Aquarium. On the left, a CAD drawing and on the right, a photo of the inner chamber of
the Aquarium. The neutron source surrounded by four gamma-ray detectors as well as two of the four
beam ports may be seen.

¢ A black-box: a light-tight enclosure for testing light-sensitive detectors such as open
photo-multiplier tubes (PMTs) (see Figure 4). The enclosure will eventually contain an
optical table with a 1 m” work surface. One end of the enclosure will house servo stages
which can either carry a calibrated laser emitter or radioactive sources. These servo
stages will allow for the mapping of the topological response of areal detectors such as
multi-anode PMTs.

! The neutron-tagging technique is described in detail in Sec. 3.
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Figure 4: The black-box at the STF. On the left, a CAD drawing of the apparatus under construction and
on the right, a photo of the existing prototype. The light-tight box may be surrounded by modular
shielding.

e Electronics and computers: the STF is equipped with a comprehensive set of
electronics modules and computers. The facility is designed to be modular and flexible,
so that users can bring their own equipment or use the available infrastructure in any
combination. This includes analog NIM, CAMAC and VME modules (discriminators,
QDCs, TDCs, visual scalers, etc...) as well as more modern digitizers (see Figure 5).
Several computers are also available to be connected to the experimental setup under
consideration to acquire data from the detectors.

3

Figure 5: A subset of the electronics modulés available at the STF.

o Shielding materials: such as plastic or lead bricks, as well as borated-Al plates and

various geometries of borated-plastic material. These may be used to optimise
experimental setups.
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e Acquisition and analysis software are both available, in particular a pair of ROOT-
based DAQs [12]. The DAQs may be employed to collect data and to provide a first
analysis (see Figure 6). Commercial software is also available for various MCA and
Digitizer modules.

- - T
Figure 6: DAQs running at the STF. On the left, a screen shot of a ROOT-based DAQ and on the right,
a student using the MCA sofiware.

o Simulation tools, based on GEANT4 [13] and included in the simulation framework of
the ESS [14, 15, 16], have been developed to characterize the Aquarium and the sources.
They are intended to be used to facilitate understanding of features within data that
would be difficult to study in real life.

e SONNIG expertise. The group members are available for consulting and support. They
are highly experienced with the set-up of the experiment and/or the optimization of the
DAQs and with how to use the analysis software. Experience with the setup is gladly
shared and help with optimizing acquisition software as well as data analysis can be
provided.

3. TAGGING NEUTRONS

Employing radioactive sources for detector characterizations can be advantageous to the user.
For example, once the setup is optimised and the acquisition of data is started, in contrast to
accelerator-based measurements, no further assistance is needed and no night shifts are
required. A disadvantage of employing radioactive sources is that the emitted neutrons have a
wide range of energies that are not uniform. The ISO 8529-2 recommended neutron-energy
spectrum from **'Am-Be is shown in Figure 7. As can be seen, the emitted neutrons are
definitely not mono-energetic. Moreover, any neutron-emitting source likely emits a mixed
field of gamma-rays, alpha-particles and neutrons.
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Figure 7: Spectra from sources. On the left, the ISO 8529-2 recommended neutron spectrum for a **' Am-
Be source and on the right, a measured gamma-ray-spectrum for a *’Na source.

Further, neutron sources generally radiate mixed field isotropically. Due to the mixed field, the
wide energy spectrum of the released neutrons, and the randomness of the underlying decay
processes, direct-exposure irradiations offer a less controlled environment compared to a
reactor beam line. Clearly, such a beam line may be carefully tuned to provide a continuous
mono-energetic beam of neutrons. However, by precisely measuring the radiation field on an
event-by-event basis, one can reconstruct the properties of each individual neutron and thereby
“tag” the neutrons. The process involves determining the time-of-flight (ToF) and thus the
energy of each detected neutron [17, 18].

In a source, such Am-Be, fast neutrons are emitted via the reaction

a+°Be->1C+n
The recoiling 'C is left in its first exited state about 55% of the time and the emitted neutron is
accompanied by the prompt emission of a 4.44 MeV gamma-ray from the instantaneous de-
excitation of the '2C to its ground state. If both the neutron and the gamma-ray are detected, the
ToF and thus kinetic energy of the neutron may be determined on an event-by-event basis (see
Figure 8).

gamma-ray neutron
signature signature

S h
\\\- H /
>
¥ y-detector

associagg d Neutrop, -

a-Be source
n-detector
d o

Figure 8: Neutron-Tagging technique. A 4.44 MeV gamma-ray is measured in conjunction with the
associated emitted neutron. From the time difference between the detection of the two particles, the ToF
of the neutron can be determined and thus its energy may be calculated.
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In our case, the relative timing between the detection of the gamma-ray by an Yttrium
Aluminum Perovskite (YAP) inorganic crystal-scintillator detector and the detection of the
neutron by an organic liquid-scintillator detector is measured, resulting in the spectrum shown
in Figure 9. For every event, the ToF of the detected neutron can be determined and thus,
knowledge of the source-to-detector distances facilitates the calculation of the neutron energy.
The setup is self-calibrating thanks to physical events where two gamma-rays are emitted
simultaneously by the source. These events both travel the well-known distances involved at
the speed of light, and result in a gamma-flash in the ToF spectrum. The gamma-flash provides
a reference point from which the instant of the double gamma-ray emission may be determined.
In general, the source and YAP detectors are placed inside the central chamber of the Aquarium,
while the neutron detector is placed at one of the beam ports.

8000 = T . . . ~
: tn T ]
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0 I \ ) ) l l_

0 200 400 600 800 1000
Figure 9: TDC spectrum of tagged fast neutrons (TDC channels vs number of counts). An entry is the
time between the start signal from the neutron detector and the stop signal from the gamma-ray detector.
The gamma-flash is at T, while the neutron distribution is at t,. The indicated Ty-position is the
reconstructed time of the actual decay. Figure from [19].

With these techniques, the STF is presently capable of measuring the response of detectors to
fast neutrons, fast-neutron detection efficiency and the neutron and gamma-ray attenuation
properties of shielding materials (tagged neutron energy between 1 and 6 MeV). Note that a
major upgrade of the Aquarium and the electronics available at the facility have recently been
funded via the Lund University Natural Science Faculty. Together with a corresponding
upgrade of the data-acquisition systems, we anticipate a first attempt to tag neutrons of energies
in the thermal region (~ 25 meV) to commence very soon.

4. EXAMPLES FOR RECENT STUDIES PERFORMED AT THE STF

Highlights of recent results obtained by various user groups of the STF are presented below.

4.1. CHARACTERIZATION OF SOURCES
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All of our neutron sources have been systematically characterized in-situ (see Figure 10),
providing important validation benchmarks for our experimental infrastructure [20, 21]. This
program of systematic characterization was deemed important since the sources were to be
provided to a user community. Requiring each group in this user community to individually
study the sources they were provided was felt to be unreasonably inefficient. The tagging
technique has been extended to a Cf-252 fission fragment source [22]. For this, the single-sided
Cf-252 source was positioned within a gaseous He-4 scintillator detector in which light and
heavy fission fragments corresponding to neutron emission were detected as tags. Since the
emission spectrum for Cf-252 is exceptionally well-known, an excellent benchmark exists from
which it is anticipated the neutron-detection efficiency of a detector can be unfolded.
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Figure 10: Spectra of sources measured at the STF. On the left, the measured spectra of the AmBe (top)
and PuBe (bottom) sources (plots from [21]) and on the right, the measured spectrum of the Cf source
(plot from [22]).

4.2. CHARACTERIZATION OF DETECTORS

The STF is ideal for the development of prototypes in preparation for tests at nuclear reactors
or on real spallation instruments. It is anticipated that a very large subset of ESS detector
prototypes will see the neutrons of the STF at some stage of their development (as the case for
the Multi-Grid [23], to cite one). Using either direct irradiation or the tagging technique, simple
functionality tests of detector prototypes may be performed. Further, the sensitivity of a
prototype to fast-neutron or gamma-ray backgrounds may be investigated. Examples of the
latter are recent studies performed on commercially available beam monitors [24] or on the
Multi-Blade [25] detector (see Figure 11). The Multi-Blade detector is being developed for
reflectometry instruments at ESS.

A recently developed black-box (recall Figure 4), to be equipped with a servo stages on an
optical table, has been used to characterize Multi-Anode PMTs for the SoNDe project [26]. The
SoNDe project is focused on the development of pixilated, solid-state neutron detectors for
ESS.
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Figure 11: Fast-neutron sensitivity measurement on the Multi-Blade detector: an example of untagged
irradiation measure for detector characterization at STF. On the left, a photo of the detector irradiated
by the PuBe source at STF and on the right, the cumulative number of counts as function of an energy
threshold for different incoming radiations, normalised to the sensitivity of the detector to thermal
neutrons (4.24). (Plot from [27]).

4.3. CHARACTERIZATION OF SHIELDING

The potential of the STF is not limited to the development of new neutron instrumentation.
Using its tagged-neutron beams, the behavior of materials under neutron or gamma-ray
irradiation may be studied in detail [28]. This is a research domain traditionally addressed at
reactors or spallation sources which has recently been invigorated with the promise of proton
therapy in treating cancer. We investigated radiation attenuation in steel, copper, Polyethylene
(PE) and both regular and PE/B4C-enriched concrete samples using the Aquarium (see Figure
12). Measured transmission spectra of tagged neutrons were compared to simulation with a very
high level of agreement (see Figure 13).

were

Figure 12: Radiation attenuation in shielding material mea.
performed.
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Figure 13: A comparison of measurements and simulations for reference concrete and PE-B,C-concrete.

(Plot from [28]).

4.4. EDUCATION

As part of Lund University infrastructure, the STF has been used extensively for student
training at all levels. Table 1 shows a list of thesis work performed to date.

T f
Name of Student ype.o Institution Date Title
thesis
September 12, Initial Characterizations of a Pixelated
Amanda Jalgé Masts LTH o
manda faigen aster 2017 Thermal-Neutron Detector
University of September 8, Initial Testing of the Response of a
La B
aura Boyd Summer Glasgow 2017 Pixelated Thermal-Neutron Detector
Mohamad Akkawi Summer University of June 13,2017 Photon Delec.li(?n U.sing Cerium Bromide
Toronto Scintillation Crystals
Nicholai Mauritzson Master LU June 9, 2017 Design, Construction and Characterization
of a Portable Fast-Neutron Detector
Henrik Séderhielm Under- LU February 3, Two-Dimensional Radiation Field Map of
graduate 2017 a Be-based Source
D ber 16, . .
Julius Scherzinger PhD LU ecezn(;lzr Neutron Irradiation Techniques
March 14
Emil Rofors Master LTH azrg 16 ’ Fast Photoneutron Production
Sharareh Koufigar Under- LU October 21, The Radiological Footprint of a Be-based
graduate 2015 Source
March 20 A -B Testbed for Fast-Neut
Julius Scherzinger Licentitate LU are ’ Source-Based es.be.d orTastReutron
2015 Irradiation

Table 1: STF theses. (for a complete description, please visit http://www.nuclear.lu.se/english/research/neutronfysik/).
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5. SUMMARY

Located at the Department of Physics of Lund University, the Source-Testing Facility has been
designed for advanced detector and material diagnostics. Being a user facility, the STF offers a
complete set of infrastructure, including gamma-ray and neutron sources, shielding, detectors,
computers and IT. Furthermore, acquisition, analysis, and simulation software, and support are
offered by the SONNIG group, who operate the facility. Until now, the STF has been used
almost exclusively for the development of He-3 free neutron detectors and the study of
advanced neutron shielding. The STF offers the potential of a low cost, low barrier to entry,
and low flux neutron source, that has potential applications beyond those utilised presently. The
hands-on training of the next generation of neutron scientists is a high priority. If you are in
need of neutrons, contact us. We are happy to provide access to the STF and support your
measurements with consultations and hands-on support during beam-time.

o http://www.nuclear.lu.se/english/research/neutronfysik/
o https://europeanspallationsource.se/workshops-facilities#source-testing-facility

o stf@nuclear.lu.se

o Source Testing Facility c/o
Lund University
Department of Physics
Division of Nuclear Physics
P.OBox 118
SE-221 00 Lund
Sweden
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ARTICLE INFO ABSTRACT

Keywords:
Scintillation light-yield calibration
Organic liquid scintillator

A light-yield calibration of an NE 213A organic liquid scintillator detector has been performed using both
etic and polyenergetic y sources. Scintillation light was detected in a photomultiplier
tube, and the corresponding pulses were subjected to waveform digitization on an event-by-event basis. The

EE 213A resulting Compton edges have been analyzed using a GEANT4 simulation of the detector which models both
C:':":Z:ae}:e the interactions of the ionizing radiation as well as the transport of scintillation photons. The simulation
GEA§T4 & is cali and also d to well prescriptions used to determine the Compton edges,

resulting ultimately in light-yield calibration functions. In the process, the simulation-based method produced
information on the gain and intrinsic pulse-height resolution of the detector. It also facilitated a previously
inaccessible understanding of the systematic uncertainties associated with the calibration of the scintillation-
light yield. The simulation-based method was also compared to well-established numerical prescriptions for
locating the Compton edges. Ultimately, the simulation predicted as much as 17% lower light-yield calibrations
than the prescriptions. These calibrations indicate that il ly 35% of the scintillation light i
with a given y reaches the It is remarkable how well two 50 year old prescriptions
for calibrating scintillation-light yield in organic scintillators have stood the test of time.

1. Introduction The analysis of the data has been greatly facilitated by a GEANT4 sim-
ulation of the detector apparatus which models the interactions of
gamma-rays and secondary electrons as well as the scintillation photon

transport.

Due to relatively high detection efficiency, strong inherent gamma-
ray rejection properties, and fast scintillation pulses, organic liquid
scintillators are typically employed to detect fast (MeV) neutrons in
mixed neutron and gamma-ray fields. The aromatic organic liquid
scintillator NE 213 [1] was originally introduced in the 1960s [2]
and poses a non-negligible health risk. However, the excellent in-

2. Apparatus

trinsic neutron/gamma-ray pulse-shape discrimination characteristics
and high fast-neutron detection efficiency continue to make NE 213
an excellent choice for fast-neutron applications. In this paper, the
scintillation-light yield of the more recent NE 213 A version of the
liquid is calibrated using the Compton edges in measured energy dis-
tributions from a set of gamma-ray sources. This effort has been un-
dertaken as the first step in a systematic program of parametrizing the
scintillation-light yields of some recently developed organics and oils.

2.1. Gamma-ray sources

Above gamma-ray energy E, ~ 100keV, the scintillation-light yield
produced in organic liquids by atomic electrons freed by interactions
with incident gamma-rays is very close to linear [3,4]. The low average
Z value typical for organics results in the gamma-ray/electron interac-
tions being dominated by Compton scattering. Above E, = 1.022 MeV,
pair production takes over and dominates by ~5 MeV. Measured Comp-
ton edges located at energy Ecp may be evaluated to calibrate the
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Table 1

Gamma-ray sources. “Single” refers to sources where a single gamma-ray
was considered, while “double” refers to sources where two gamma-rays
were considered.

Source E, [MeV] Ecg [MeV,,] Type
2Na 0.51 0.34 Double
137¢s 0.66 0.48 Single
©Co 117 0.96 Double
2Na 1.28 1.06 Double
%0Co 1.33 112 Double
227h 2,62 238 Single
AmBe 4.44 4.20 single
Table 2

Properties of NE 213A.

Solvent Pseudocumene (CyH,;,)

Flash point ~54 °C

Density ~0.9 g/em?

Light output
Decay times
Wavelength of maximum emission

~75% of anthracene (pristine)
~3, ~32, ~270ns
~420 nm

scintillation-light yield of a detector. Table 1 summarizes the radioac-
tive sources used in this work.

2.2. NE 213 A liquid-scintillator detector

The volatile, corrosive, toxic, pungent, xylene-based scintillator
NE 213 has long served as the baseline organic liquid against which all
other organics are judged. In this work, the derivative pseudocumene-
based scintillator NE 213 A was employed [5]. Table 2 presents some
of the well-known properties of NE 213 A.

Fig. 1 shows sketches of the liquid-scintillator detector. The scintil-
lator housing was a 3 mm thick cylindrical aluminum cup 62 mm deep
by 94 mm in diameter coated internally with the TiO,-based reflective
paint EJ 520 [6]. A 5 mm thick borosilicate glass optical window [7]
was attached to the aluminum cell using Araldite 2000+ glue [8].
Together, the cup and the window formed a cell. A ~430 cm® volume of
NE 213 A was first flushed with nitrogen and then pushed into the cup
using a pressurized nitrogen gas-transfer system. Viton O-rings [9] were
used to seal the filling penetrations. The filled cell was joined without
any optical coupling medium to a 57 mm long by 72.5 mm diameter
cylindrical lightguide made from PMMA UVT [10] coated externally
with the TiO,-based reflector EJ 510 [11]. The cell/lightguide assembly
was joined without any optical coupling medium to an ET type 9821K
3inch diameter photomultiplier tube (PMT) with a type B voltage
divider [12] equipped with a mu-metal magnetic shield and a spring
to hold the PMT and PMMA faces in close contact.

2.3. Signals, electronics, and data acquisition

The operating voltage of the detector was set at —2kV, a voltage
employed for this detector in previous VME setups [13-17]. At this
voltage, a 1MeV,, signal had a risetime of ~5ns, an amplitude of
~900 mV and a falltime of ~60ns. The data-acquisition system was
based on a CAEN VX1751 Waveform Digitizer [18] with a 10 bit
ADC and an analog input bandwidth of 500 MHz. The digitizer was
configured for a 1ps acquisition window with 10° samples per second
over a —1V dynamic input range. The voltage resolution was ~1 mV.
In order to preserve the —2kV operating voltage used in the previous
investigations, it was necessary to attenuate the analog signals from the
detector by 16 dB using a CAEN N858 dual attenuator module [19].
Fig. 2 shows a typical waveform. The internal falling-edge threshold
was set to —25 mV. The waveform of each pulse was analyzed us-
ing a suite of analysis software [20] developed in-house. Analysis of
the data was performed using the Python-based [21] code libraries

78

Nuclear Inst. and Methods in Physics Research, A 1023 (2022) 165962

pandas [22], SciPy [23,24], and numpy [25], where the signal
baseline was first subtracted so that the charge corresponding to each
scintillation pulse could be determined by integration. The event-timing
marker was obtained using a standard zero-crossover method [4].
Voltage sampling was started 25ns before the event-timing marker
and extended to 475ns after the event-timing marker. Integration was
performed offline over this 500ns window which will be required
for neutron/gamma-ray pulse-shape discrimination, resulting in an of-
fline software-based charge-to-digital conversion. The conversion was
calibrated to 6.35 + 5.5% fC/QDC channel using a charge-injection
circuit.

2.4. GEANT4 simulation

The response of the detector to gamma-rays was simulated using
a C++ Monte Carlo model developed with the GEANT4 toolkit [26].
GEANT4 version 4.10.04 [27] patch 03 (8 February 2019) was em-
ployed, with a physics list based on the hadronic class FTFP_BERT_HP
and electromagnetic physics classes G4EmStandardPhysics and
G4EmExtraPhysics, using a procedure similar to that reported in
Ref. [28]. The resulting model was used to simulate the gamma-ray
response by modeling the gamma-ray interactions in the detector and
tracking the secondary electrons and scintillation photons [29] that
they produced. The NE 213 A scintillator was attributed a scintillation
light-yield gradient of 1700 scintillation photons per MeV,, (~10%
of anthracene) and a Birks parameter of 0.126 mm/MeV. This low
scintillation light yield resulted from the work of Scherzinger et al. [15]
simulating a NE 213 filled detector. The reduced scintillation-light
yield includes scintillator-aging effects, PMT gain, and PMT-aging ef-
fects. These photons were then tracked using the optical properties
(refractive index, reflectivity, attenuation length) of the components,
where they underwent scattering, absorption, and boundary transitions
on the journey towards the photocathode. The optical surface model
‘glisur’ [30,31] was used. The boundaries between the NE 213 A scin-
tillator and the borosilicate glass window of the cup, the glass window
and the PMMA UVT lightguide, the lightguide and the PMT window,
and the PMT window and the curved photocathode were all assumed
to be polished resulting in specular reflection. Scintillation photons that
penetrated into the photocathode were converted into photoelectrons
(see below). A dielectric-to-dielectric interface was employed at each to
account for refraction. In contrast, for the reflective-painted boundary
between the scintillator and the aluminum cup as well as the external
cylindrical surface of the lightguide, a dielectric-to-metal interface was
employed. For the cup, the ‘metal’ was attributed the optical properties
of the reflective paint used. For the lightguide, a 110 pm layer of the
paint (corresponding to 3 coats, as per manufacturer specifications)
was modeled. Surface irregularities in the paints were addressed using
an optical surface model with a ‘SetPolish’ parameter of 0.1. The dry-
fitted boundaries between the cup window and the lightguide as well
as the lightguide and the PMT window were taken to be air gaps of
100 pm to account for surface non-planarities. Photon transmission was
sensitive to the existence of the air gaps, but relatively insensitive to
their widths. When the gap widths were varied from 100 pm to 300 pm,
the scintillation-light yield varied by ~1%. At the photocathode, photo-
electrons were generated based on the wavelength-dependent quantum
efficiency [12], average ~23%. The PMT gain was defined as the scale
factor necessary to match the simulated-photoelectron distributions to
the measured spectra and was treated as a free parameter. Smearing
was applied to match the simulated photoelectron distributions to the
measured data in the vicinity of the Compton edge using a least-squares
method (see below). It ranged from ~23% at 0.34 MeV,, (**Na) to
~12% at 4.20 MeV,,, (AmBe), with an inverse dependence on energy. It
includes non-pointlike source, signal-propagation, and electronic noise
effects and agrees well with that observed for a very similar detector
by Scherzinger et al. [15]
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Fig. 1. The NE 213 A detector. Top: the cell, lightguide, PMT window, and photocathode. From the right, the NE 213 A scintillator (cyan) was housed inside an aluminum cup
(light gray) sealed with a borosilicate-glass window (orange). This window contacted a light guide (light blue) within the PMT housing (black), which in turn contacted the PMT
window (orange) and photocathode (green). Middle left: oblique view of the scintillator cell. From the right, the cylindrical cup (light gray) and the circular borosilicate-glass
window (light brown). The screws shown on top of the cup facilitated the filling. Bottom right: oblique view of the entire detector. From the right, the cell (light gray) and the
y-metal shielded PMT and base housing (black). Contacts for signal and high voltage (gray) extend to the left from the base of the housing. (For interpretation of the references

to color in this figure caption, the reader is referred to the web version of this article.
3. Measurement

The calibration sources were systematically placed in front of the
NE 213 A detector which was aligned so that the cylindrical symmetry
axis of the detector pointed at the source. Sources with an activity be-
low 1 MBq (**Na, 137Cs, 232Th) were placed at a distance of 45 cm from
the face of the unshielded detector, while the distance was increased
to 200 cm for sources with an activity above 1MBq (°°Co, AmBe).
Hydrogen-rich materials were removed from the vicinity of the setup
to minimize the production of 2.22 MeV gamma-rays from neutron
capture during the AmBe irradiations. A typical run time was 1 h.
Prior to data collection, background was investigated using a 1.5inch
LaBr®(Ce) gamma-ray detector. Gamma-rays from the de-excitations of
40K (1.46 MeV) and 25T (2.61 MeV, 583 keV, 511 keV) were observed.
As count rates were on the order of a few 100 Hz, deadtime was very

).
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low, so that the room background could be subtracted from the source
measurement after a straightforward realtime normalization.

4. Results

Fig. 3 compares the GEANT4 simulations and the data in the vicinity
of the Compton edges measured from three different sources, each
emitting a single, well-defined gamma-ray. As previously mentioned,
the gain of the PMT was treated as a free parameter (see Fig. 4), and
the simulated photoelectron distribution was matched to the measured
data by applying an additional phenomenological smearing, all within
a least-squares minimization. Agreement between the simulation and
the data for each of the sources is excellent.

Fig. 4 shows the relative PMT gain inferred from matching the
GEANT4 simulations obtained with the 1700 scintillation photon per
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window opening 25ns before the event-timing marker, and the 25 mV falling-edge thr

eshold.

137,
40000 Cs (0.48 MeVe) Simulation
é’ oot e, . ¢ Data
3 20000 A o,
o L P
@ o g
0 : : Stedeaga..
3000 4000 5000 6000 7000 8000
232Th (2.38 MeV,,)
n
*glooo—"""...
o A 4
o 4 A J ®
%o
0 oo 900 a a
22000 24000 26000 28000 30000 32000
AmBe (4.20 MeV,,)
4000
5 ® oo o o
S 2000 A viee,,
e
0L : : v elegnnaa
35000 40000 45000 50000 55000 60000

QDC [channels]

Fig. 3. Replicating Compton edges. Data (filled points) and simulations (open histograms) are shown for three single-energy gamma-ray sources. The solid vertical bars in each

panel denote the regions over which the agreement between the simulations and the da
than the data points themselves.

MeV,, light-yield gradient and the offline QDC calibration to the data
in the vicinity of the Compton edges. The gain of the PMT was taken
to be 4 - 10° as per the data sheet. The two close-lying peaks from
%0Co are shown as a single data point at an energy of 1.25MeV,, with
an uncertainty (the horizontal error bar) of 80keV,,. The uncertainty in
the average relative gain has been taken from the uncertainty produced
by the least-squares fitting algorithm. Over the ~5 MeV,, energy region

8

ta was optimized. The statistical uncertainties associated with the data points are smaller

investigated here, an average relative gain of (3.27 + 0.07) - 10°,
corresponding to (1388 + 31) scintillation photons per MeV,,, does a
very good job of representing the results. This average gain corresponds
to roughly 80% of the 1700 scintillation photon per MeV,, used in the
GEANT4 model.

Fig. 5 re-presents the data shown in Fig. 3, but this time in the
context of Compton-edge analyses. Here, the well-known prescriptions

o
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Fig. 4. Inferred relative PMT gain. Gains extracted from matching the GEANT4 simulations to the Compton edges as detailed in Fig. 3 using the 1700 scintillation photon per

MeV,, light-yield gradient. Left axis,

from both singl

right axis,

light yield. Gains gy (filled circles) and double-energy

(open circles) gamma-ray sources are shown (Table 1). The error bars on the data points are dominated by the uncertainty in the QDC charge calibration. The solid line indicates
the average relative gain, while the uncertainty in the average value is represented by the shaded band.

for the locations of the Compton edges of Knox and Miller [3] and
Flynn et al. [32] are applied directly to the data. Both require that
a Gaussian function is fitted to the high-energy side of the measured
Compton edge. Flynn et al. associate the location of the half height
of the distribution with 104% of Ecg while Knox and Miller associate
89% of the full height with 100% of Ecg. Note that with more recent
input from Monte Carlo simulations, it has become generally accepted
that these prescriptions are approximations to the actual location of
the Compton edge [15,33-36]. Also shown are the GEANT4 simula-
tions. For each, the same individual PMT gains and phenomenological
smearings used to produce Fig. 3 have been employed. Further, a
very restrictive cut where only those events with the recoiling electron
receiving within 2keV of the maximum Compton-edge energy has been
applied, resulting in an almost pure Compton-edge simulated data set.
Gaussian functions were fitted to the entire simulated distributions and
the widths of these functions were used to determine the +3¢ event-
summing region used for the calculation of the average peak position.
The fitted Gaussians demonstrated the existence of tails in the distri-
butions to lower QDC channels. These tails were energy dependent,
ranging from ~0% of the integrated distribution below 1.12MeV,, to
~14% at 4.20 MeV,,. The tails resulted in an energy-dependent percent-
age difference between the fitted Gaussian mean and the average peak
position of up to ~4% at 4.20 MeV,,. The locations of the simulated
Compton-edge peaks relative to the locations of the Compton edges
predicted by the Knox and Miller and Flynn et al. prescriptions are not
constant offsets. They vary as a function of gamma-ray energy.

Fig. 6 presents the intrinsic detector resolution extracted from the
results of the GEANT4 simulations. The restrictive 2keV full Compton-
edge energy cut is in place. If scintillation-photon statistics dominates
the falloff in the energy resolution, the 1/1/Ecg; dependence shown is
anticipated.

Fig. 7 shows the application of the simulation-based calibration to
non-monoenergetic sources. Results obtained for 22Na and ©°Co, two
sources each emitting two relatively close-lying gamma-rays (759 keV
separation for 2Na and 160 keV for %°Co) are shown. The ~22% energy
resolution of the detector at these energies renders the methods of Knox
and Miller and Flynn et al. difficult to apply, especially in the case
of ®0Co. By employing the GEANT4 based-calibration method, measured

spectra obtained with these sources may be interpreted in a relatively
straightforward manner. In each case, a single simulation of the source
employing well-known gamma-ray branching ratios was performed in
exactly the method described earlier. For 22Na, 90.2% of decays yield
both a 1.27 MeV gamma-ray and a 511 keV gamma-ray whereas 9.7%
yield only the 1.27 keV gamma-ray. For ®°Co, 99.88% of decays yield
both a 1.17 MeV and a 1.33 MeV gamma-ray whereas 0.12% of decays
yield only a 1.33 MeV gamma-ray. Agreement between the branched
double-energy gamma-ray simulations and the data is again excellent.
The corresponding gains and resolutions have already been reported as
open circles in Figs. 4 and 6, respectively.

Fig. 8 presents light-output calibrations obtained with linear fits to
the data which are summarized in Table 3. The fitted functions shown
have been constrained to pass through the origin. The fits do a very
good job of linearly replicating the simulated Compton-edge locations
as a function of energy. The dominant systematic uncertainty in the
data contributing to the uncertainty in the light-output calibration was
the ~5.5% uncertainty in the charge calibration of the QDC. Systematic
uncertainties arising from the analysis of the simulations included
uncertainties arising from the fitted parameters (<3%) and the effects
of the various cuts employed in the analysis. The uncertainty due to
the various cuts (<1%) was addressed by systematically varying the
windows employed. No clear consensus regarding the systematic uncer-
tainty associated with the Knox and Miller and Flynn et al. approaches
exists. Systematic uncertainties arising from the fitted parameters and
cuts, again <3% and <1% respectively, were consistent with those
obtained with the GEANT4 simulations.

Table 4 shows the number of scintillation photons per MeV,, reach-
ing the photocathode unfolded for the three methods for linear fits
where the line was constrained to pass through the origin. The Knox
and Miller prescription is ~2% larger than the simulated average-value
light yield. The Flynn et al. light prescription is ~17% larger than the
simulated average-value light yield. Based upon the 1700 scintillation
photons per MeV,, light-yield gradient employed in the GEANT4 sim-
ulation and the ~80% relative gain, ~35% of the scintillation light
produced by a gamma-ray reaches the photocathode.
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Fig. 5. Scintillation-light yields for three single-energy gamma-ray emitters. Data (filled points) are shown for three single-energy gamma-ray sources together with simulations
(shaded histograms) having a restrictive Compton-edge cut. Vertical solid lines illustrate the means of Gaussian distributions (dashed black curves) fitted to the simulated Compton-
edge locations. The average values of the shaded histograms are indicated with angled arrows. Vertical dot-dashed lines (Knox and Miller, leftmost) and dotted lines (Flynn et al.
rightmost) illustrate the Compton-edge locations extracted from the Gaussian functions fitted directly to the data over the optimization region (thin blue line). The statistical
uncertainties associated with the data points are smaller than the data points themselves. (For interpretation of the references to color in this figure caption, the reader is referred
to the web version of this article.).
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Fig. 6. Resolution (¢). The energy resolution extracted from Gaussian functions fitted to the restrictively cut GEANT4 simulations. Results for single-energy (filled symbols) and
double-energy (open symbols) gamma-ray sources are shown. The two close-lying peaks from %Co are shown as a single data point as in Fig. 4. The error bars on the data points
correspond to the quadratic sum of the uncertainties in the mean value and deviation of the fitted functions and the gains. A fitted 1/1/E¢;. trend (solid line) is also shown. The
uncertainty in this trend is represented by the shaded band.
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Fig. 8. Light-output calibrations. Top panel: This work, average values (filled circles, solid line) of the restrictively cut GEANT4 simulations. The solid average-value line
shown in this panel appears in all panels to facilitate comparison between approaches. Middle panel: Knox and Miller approach (open squares, dot-dashed line). Bottom panel:
Flynn et al. approach (open triangles, dotted line). Due to insufficient detector energy resolution, ®Co results are not shown for the Knox and Miller or Flynn et al. analyses. The
uncertainties are smaller than the data points themselves.

5. Summary and discussion and double-energy gamma-ray sources. An event-by-event waveform-
digitization (Fig. 2) of the scintillation signals resulted in measured

Compton-edge distributions. Interpretation of the Compton-edge distri-

A scintillation light-yield calibration of an NE 213 A organic liquid butions used a GEANT4-based simulation which models the interactions
scintillator detector (Fig. 1) has been performed using single-energy of ionizing radiation and the transport of scintillation photons produced
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Table 3
Linear fitted ligh
Method Zero unenforced Zero enforced
Slope Offset 7 Slope 2
vl [channels] S
GEANT4 (average value) 9612 + 326 -434 + 203 0.4 9049 + 190 13
Knox and Miller 10443 + 399 -803 + 215 0.4 9222 + 229 5.1
Flynn et al. 10767 + 426 ~147 + 260 0.1 10576 + 258 03
Table 4 [3] H.H. Knox, et al., Nucl. Instrum. Methods 101 (1972) 519, http://dx.doi.org/10.
Scintillation photons reaching the photocathode. 1016/0029-554X(72)90040-7.
Method Photons per MeV,, [4] G.F. Knoll, Radiation Detection and Measurement, second ed., Wiley, New York,
reaching the photocathode U.S.A, ISBN: 9780471815044, 1989, p. 222
[5] JRM. Annand, et al., Nucl. Instrum. Methods Phys. Res. A 400 (1997) 344,
GEANT4 (average value) 483 21% //dx.doi.org/10.1016/S0168-9002(97)01021-8.
Knox and Miller 493 + 2.5% [6] http://www.ggg-tech.co.jp/maker/eljen/ej-520.html. (Accessed 24 September
Flynn et al. 565 + 2.4% 2021).
[7] See http://www.us.schott.com/borofloat/english/index.html.  (Accessed 24
. . . September 2021). Supplied by Glasteknik i Emmaboda AB, Utvigen 6 SE-361
along particle tracks. Simulations employed a 1700 photon per MeV,, 31 Emmaboda, Sweden.
light-yield gradient, tuned to the data using relative PMT gain as a [8] Araldite is a registered trademark of huntsman, 2021, See http://www.
scaling parameter, and matched to the Compton edges by applying araldite2000plus.com. (Accessed 24 2021).
an additional smearing (Fig. 3). The relative gain function determined [9] Viton is a registered trademark of DuPont Performance Elastomers LLC.
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a photoelectron multiplication of (3.27 + 0.07) - 10°, corresponding Sweden.
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. PN R N eptember 3
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ARTICLE INFO ABSTRACT

Fast-neutron/gamma-ray pulse-shape discrimination has been performed for the organic liquid scintillators
20 NE 213A and EJ 305 using a time-of-flight based neutron-tagging technique and waveform digitization
on an event-by-event basis. Gamma-ray sources and a Geant4-based simulation were used to calibrate the
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Keywords:

NE 213A scintillation-light yield. The difference in pulse shape for the neutron and gamma-ray events was analyzed by
EJ 305 integrating selected portions of the digitized waveform to produce a figure-of-merit for neutron/gamma-ray
Time-of-flight separation. This figure-of-merit has been mapped as a function of detector threshold and also of neutron energy

Pulse-shape discrimination
Figure-of-merit

determined from time-of-flight. It shows clearly that the well-established pulse-shape discrimination capabilities
of NE 213A are superior to those of EJ 305. The extra information provided by the neutron-tagging technique
has resulted in a far more detailed assessment of the pulse-shape-discrimination capabilities of these organic
scintillators.

1. Introduction been used widely [3], and provide a performance benchmark for newly
developed fast-neutron detector materials [4-7]. A more recent organic

Organic liquid scintillators are commonly used to detect fast neu- liquid EJ 305 [8] developed for a very high scintillation-light yield

trons in fields of gamma-rays. The main scintillation decay time con-
stant for organic materials is generally of the order of a few ns.
Several organics also have much longer decay components. The fast
components are preferentially excited by relativistic particles, which
are close to minimum ionizing, while slower components are excited by
non-relativistic particles which ionize more heavily along their tracks.
For example, NE 213A has 3 components with mean decay times of
3.2, 32.3, and 270 ns. Secondary electrons produced by gamma-rays are
close to minimum ionizing and thus give a fast signal. Protons produced
after neutron scattering from scintillator hydrogen are heavily ionizing
and produce more of the slow scintillation components. Thus, analysis
of the fall time of the scintillation signal may be used to differenti-
ate incident gamma-rays from neutrons. This technique is known as
pulse-shape discrimination (PSD).

Due to excellent PSD capabilities, the organic liquid scintillator
NE 213 [1] and the more recent derivative NE 213A [2] have long
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is anticipated to have poorer PSD capabilities. In this paper, tagged
neutrons from ~1.5-6 MeV are employed to investigate the PSD ca-
pabilities of these neutron-sensitive scintillators. Evaluation of the PSD
performance is performed both with and without the neutron-tagging
technique, and in a situation where PSD is not optimum.

2. Apparatus
2.1. PuBe-Based neutron and gamma-ray mixed-field source

Fast neutrons were provided by a 28Pu/?Be (PuBe) source. 23$Pu
decays to 234U via a-particle emission (14 branches, weighted mean
energy 5.4891 MeV [9]), and almost simultaneously, a cascade of low-
energy gamma-rays results from the de-excitation of 234U. Fast neutrons
produced by the reaction @ + ?Be — 12C + n have a maximum
kinetic energy of ~11 MeV. When the final-state 12C is left in the
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Fig. 1. CAD representations of the detectors (to scale). The PMTs lie to the left while the scintillator enclosures lie to the right.

first-excited state (with ~50% probability), it promptly de-excites by
the isotropic emission of a 4.44 MeV gamma-ray. The total radiation
field associated with the PuBe source thus consists of a low-energy
cascade gamma-rays, fast neutrons with energies up to ~11 MeV, and
a sub-field of particular interest: 4.44 MeV gamma-rays in coincidence
with fast neutrons of energy up to ~6 MeV. This sub-field was used
to produce tagged-neutron beams, where detection of the 4.44 MeV
gamma-rays gave a reference time for neutron time-of-flight (TOF)
measurements. The PuBe source was a blend of plutonium oxide and
beryllium metal sealed in an X.3 capsule which emitted approximately
2.9 x 10° neutrons per second [10] nearly isotropically. See Ref. [11]
for further details.

2.2. Detectors

Fig. 1 shows CAD representations of two types of scintillation
counters employed in this investigation. Cells of organic liquid detected
fast neutrons and gamma-rays. They provided the start signal for TOF
measurements as well as the pulse-shape information used to dis-
criminate neutrons from gamma-rays (PSD). YAP:Ce crystals detected
gamma-rays and provided the stop signal for TOF measurements.

2.2.1. Gamma-ray trigger detectors

Yttrium Aluminum Perovskit:Cerium (Ce* doped YAIO;, YAP:Ce)
inorganic crystals [12] have good gamma-ray detection efficiency and
low efficiency for neutrons in the energy range investigated here.
Four YAP:Ce detectors were used to detect both actinide-cascade and
4.44 MeV gamma-rays in the presence of the intense fast-neutron field
of the PuBe source. Provided by Scionix [13], they consisted of a
cylindrical 1 in. x 1 in. (diameter x height) crystal mounted on a
1 in. Hamamatsu Type R1924 PMT [14]. A 22Na gamma-ray source
(E, = 1.28 MeV) was used to set the YAP:Ce gains with HV values of
~ =750 V. The YAP:Ce detectors, with minimal sensitivity to the fast
neutrons from the PuBe source, provided the gamma-ray tags.

2.2.2. Fast-neutron/gamma-ray detector

Cylindrical aluminum cups, 94 mm in diameter by 62 mm deep
with a thickness of 3 mm, contained the liquid scintillators. The inside
of each cup was painted with EJ 520 [15], a TiO,-based reflector. A
5 mm thick borosilicate glass window [16] was glued to each cup using
Araldite 2000+ [17]. For each detector, the cup/window assembly
constituted a ~430 cm? liquid-scintillator cell. The liquid scintillators
were first flushed with nitrogen and then pushed into the cells with a
nitrogen gas-transfer system. The entrance/exhaust ports were sealed
with screws and Viton O-rings [18]. Filled cells were fitted without
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Table 1
Selected scintillator properties.
Scintillator NE 213A EJ 305
Base Pseudocumene Pseudocumene
Flash point (°C) ~54 ~45
Density (g/cm®) ~0.9 ~0.89
Pristine light output (% anthracene) ~75% ~80%
Decay times (short, ns) ~3 ~2.7
Peak emission wavelength (nm) ~420 ~425

optical coupling grease (dry fitted) to 57 mm long by 72.5 mm diameter
cylindrical lightguide made from PMMA UVT [19]. The lightguides
were coated externally with EJ 510 [20], a TiO,-based reflector. These
cell/lightguide assemblies were dry fitted to 3 in. diameter Electron
Tubes type 9821KB PMTs [21]. The assemblies were placed within
mu-metal magnetic shields and a spring was used to hold the cell,
PMMA, and PMT faces tightly together. The operating voltage of the
detector was set at —2 kV, as employed in previous investigations
of similar detectors [7,11,22,23]. HV was not tuned to match the
gains of the detectors, but variable attenuators (CAEN type N858 [24])
were inserted to equalize the signal amplitudes passed to a waveform
digitizer. After matching, typical 1 MeV,, signals had amplitudes of
~700 mV, with risetimes of ~5 ns and falltimes of ~60 ns. The cells
were filled with two different liquid scintillators developed for fast-
neutron detection. These were NE 213A [2] (a pseudocumene-based
variant of NE 213 [1]) possessing excellent fast neutron PSD properties
and EJ 305 [8], a pseudocumene-based organic scintillator with one
of the highest scintillation-light yield outputs of any liquid scintillator.
EJ 305 has a long optical attenuation length but poorer PSD properties
compared to NE 213A. Selected scintillator properties are presented in
Table 1.

2.3. Configuration

Fig. 2 shows a sketch of the experimental setup. The PuBe source
was placed so that its cylindrical-symmetry axis corresponded to the
vertical direction in the lab. Four YAP:Ce detectors were also placed
with the cylindrical-symmetry axes in the vertical direction, each ap-
proximately 10 cm from the PuBe source, with slightly varying out-of-
plane positions. These detectors measured low-energy cascade gamma-
rays from 234U as well as the energetic 4.44 MeV gamma-rays coming
from « + °Be —» '2C + n + y. The PuBe source and four YAP:Ce
detectors were encased in a water-filled shielding cube known as the
“Aquarium" [25] with a water-filled wall thickness of ~50 cm. A
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at the center of a water tank emitted correlated 4.44 MeV gamma-ray/fast-neutron pairs. The
neutrons were detected in a Pb-shielded liquid-scintillator detector located outside the water tank to trigger the TOF i

he c were detected

in a YAP:Ce detector located inside the water tank to stop the TOF measurement. A small aperture was left in the shielding house to facilitate the gamma-flash measurements

necessary to calibrate TOF.

~17 cm diameter penetration in each of the four walls of the Aquar-
ium allowed gamma-rays and fast neutrons to escape the shielding
confinement, defining beams. At one beam-port exit, a Pb castle was
constructed to encase the liquid-scintillator detectors and facilitate the
reproducibility of the positioning of the detector. Room background
measured inside the castle using a 1.5 in. CeBr; detector with a -50 mV
threshold was <1 Hz. The NE 213A detector with a —25 mV threshold
showed a background rate of ~50 Hz. As shown in Fig. 2, the liquid-
scintillator detectors were placed in the castle with the upstream face
of the cell at a distance of 92.5 cm from the center of the PuBe source
and at source height. The cylindrical symmetry axis of this detector
pointed directly at the center of the source. A ~10 x 10 mm? aperture
in the 16 cm thick face of the Pb castle allowed this detector to measure
source-related 1 gy cascade g ays and energetic 4.44 MeV
gamma-rays. Two types of coincidence events were of special interest:

1. a fast neutron detected in the liquid-scintillator detector in co-
incidence with a 4.44 MeV gamma-ray detected in a YAP:Ce
detector (a “tagged-neutron" event).

2. prompt, time-correlated gamma-ray pairs emitted from the PuBe
source detected in the liquid-scintillator detector and a YAP:Ce
detector (a “gamma-flash" event).

See Ref. [22] for further details.
2.4. Electronics and data acquisition

A CAEN VX1751 Waveform Digitizer [26] (10 bit, 500 MHz analog
bandwidth) was employed for data acquisition. The dynamic range
was —1 V and 10° samples were taken during the 1 ps acquisition
window. A —25 mV internal falling-edge trigger threshold was used.
The software [27] employed to analyze the waveform of each pulse
included Python-based [28] code libraries pandas [29], SciPy [30],
and numpy [31]. The liquid-scintillator event timing was determined
using an interpolating zero-crossover method [32] which reduced the
time walk associated with the internal hardware trigger of the digitizer.
For each scintillation pulse, the signal baseline was subtracted and the
resulting waveform (see Fig. 3) was integrated, effectively giving the
signal charge. This charge integration (6.35 + 5.5% fC/channel) was
started 25 ns before the event-timing marker, and the integration gate
length was set to 60 ns for a short-gate (SG) integration and 500 ns for
a long-gate (LG) integration. Pulse shape (PS) was parametrized using
the “tail-to-total" method [6,33,34] (Eq. (1)) where the difference in
the signals registered by the LG and SG integrations was normalized to
the signal registered by the LG integration.
_LG-5G

P!
S LG

1)
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Table 2
Gamma-ray sources. The gamma-ray energies and recoiling electron energies at the
Compton edges E;, are shown.

Source E, [MeV] Egi [MeV,,]
197Cs 0.66 0.48
232Th 2.62 2.38
241Am/*Be (AmBe) 4.44 4.20

2.5. Energy calibration

The scintillation-light yield produced by incident gamma-rays in
organic liquids is almost linear above ~100 keV [32,35]. Below pair-
production threshold, Compton scattering dominates because of the low
average Z value of the scintillator. Compton edges were measured with
the gamma-ray sources listed in Table 2 and the results are displayed
in Fig. 4.

Each detector was aligned so that the cylindrical symmetry axis
pointed at the calibration source. 137Cs and 232Th were placed at a
distance of 50 cm from the face of the detector, while the stronger
AmBe was placed at a distance of 200 cm. A typical run lasted one
hour. Count rates were <1 kHz and thus pileup and dead time were
negligible. Room background was subtracted from each spectrum us-
ing a real-time normalization. Gain drift in the YAP:Ce was deter-
mined to be negligible. Gain drift in the liquid-scintillator detectors
was corrected for by aligning the 4.44 MeV Compton edge in soft-
ware on a run-by-run (hourly) basis. This correction did not exceed
~1%. The response of the detectors to the gamma-rays was simu-
lated using GEANT4 [36] version 4.10.04 [37] patch 03 (8 February
2019) with a physics list based on the electromagnetic physics classes
G4EmStandardPhysics, G4EmExtraPhysics and including the
hadronic interaction class FTFP_BERT_HP. Gamma-ray response was
simulated by tracking secondary electrons and the resulting scintil-
lation photons, which were followed to the photocathode. Here, the
wavelength-dependent quantum efficiency [21] gave the probability
of a photon producing a photoelectron. The scale factor necessary to
match the number of simulated photoelectrons at the photocathode to
the measured signal charge was the only free parameter. The positions
of the Compton edges were determined from the simulations by placing
a tight cut around the electron energy very close to the edge, as
described in Ref. [38]. The result of the energy calibration is presented
in Fig. 4.

Fig. 5 shows the typical correlation between the energy deposited
in the YAP:Ce detector and the energy deposited in the NE 213A
liquid-scintillator detector. The YAP:Ce energy calibration employed
the Compton edge of the 4.44 MeV gamma-ray, which does not produce
a full-energy peak in the 1 in. crystal, and the full-energy peak from
the 1.28 MeV gamma-ray of 22Na. The linear fit is constrained to pass
through the origin. Events above the YAP:Ce detector threshold of
3 MeV,, result from the 4.44 MeV gamma-ray and thus correspond to
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Fig. 3. Signal waveform. Typical signals had a ~5 ns risetime, a ~ ~230 mV amplitude, and a ~50 ns falltime. The falling-edge threshold was set to ~25 mV. Also illustrated are
the event-timing marker and both the 500 ns long-gate (LG) and 60 ns short-gate (SG) integration windows, each opening 25 ns before this marker.
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Fig. 4. Energy calibration. Measured and simulated Compton distributions for three gamma-ray energies incident on the NE 213A
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candidate tagged-neutrons events. This threshold was held fixed during
the analysis. Events below the YAP:Ce detector threshold correspond
overwhelmingly to lower energy gamma-rays, but may include the
occasional neutron (YAP:Ce is largely insensitive to neutrons). The
subset of these events which produce a coincident signal in the liquid
scintillator are gamma-flash events, corresponding to time-correlated
gamma-rays being detected in both detectors.

3. Results

Fig. 6 presents a representative TOF distribution obtained for an
average neutron drift distance of 96 cm. The vertical dashed line
located at 0 ns and labeled T, locates the time of particle production in
the PuBe source. It is inferred from the gamma flash timing, which is
given by the sharp peak to the right of T;) at ~2.9 ns. The gamma flash
corresponds overwhelmingly to one of the correlated gamma-rays being
detected in a YAP:Ce detector and the other in the liquid-scintillator
detector. The ~1 ns width of the gamma flash is due to a combination
of electronic jitter and finite detector volumes. The broader peak to the
right of the gamma flash is due to tagged neutrons, and corresponds to
a 4.44 MeV gamma-ray being detected in a YAP:Ce detector while the
corresponding fast neutron is detected in the liquid-scintillator detector.

The gamma-flash and tagged fast-neutron distributions are clearly sepa-
rated. A flat distribution of random-coincidence events spans the entire
TOF distribution. These random events arise from uncorrelated signals
in the YAP:Ce and liquid scintillators which fall randomly within the
acquisition window. Since the counting rates were relatively low, the
random distribution is flat and straightforward to subtract from under
the correlated distributions [39].

Fig. 7 shows PS versus energy deposited in the liquid-scintillator
detectors for singles and tagged data. The tagged data are kinematically
restricted to neutron kinetic energies below ~6 MeV due to energy
taken by the 4.44 MeV gamma-ray. For both scintillators, neutrons re-
sult in larger PS values as they produce more of the slower scintillation
component. The separation between the neutron distributions and the
gamma-ray distributions is considerably larger for NE 213A where the
optimum cut for neutron/gamma-ray separation sits at PS = 0.3. For
EJ 305, the corresponding cut would be at PS = 0.2. NE 213A clearly
provides superior PSD.

Fig. 8 shows PS data from the detectors produced with a 2 MeV,,
detector threshold. Overlap at the 10% level between the gamma-
ray and neutron distributions is displayed for the singles data for
NE 213A shown in the top panel. In contrast, much cleaner separation
is shown in the tagged, random-subtracted distributions for NE 213A
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Fig. 5. Energy correlation. Energy deposited in the YAP:Ce gamma-ray detector versus energy deposited in NE 213A liquid-scintillator detector. The dashed lines indicate the
threshold used for each detector, 100 keV,, for the NE 213A and 3 MeV,, for the YAP:Ce. The structure lying above the YAP:Ce threshold to candidate tagged
events.
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Fig. 6. TOF spectrum. The full range of the acquisition window (including the flat random region) and an expanded view of the region of main interest are shown. The boxes
illustrate the TOF ranges of 500 keV wide bins of neutron kinctic energy centered at 2 and 4 MeV.
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Fig. 7. Pulse shape versus energy. A software threshold of 100 keV,, has been applied to the data from both scintillators. The dashed vertical lines at 1 and 3 MeV,, are
representative of the systematic series of threshold cuts applied in the subsequent data analysis. The long-dashed horizontal line indicates the boundary between neutron (above)
and gamma-ray (below) events. Note the y-axes and color scales are different for NE 213A and EJ 305.
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Fig. 8. Non-prompt gamma-rays (NPGs). PS spectra for an energy threshold of 2 MeV,,. Top: NE 213A singles data where there is no coincidence with the YAP:Ce detectors.
The red and blue curves are Gaussian fits to the gamma-ray and neutron distributions. Middle: correlated NE 213A data where there is a coincidence. Gamma-ray and neutron
distributions are completely separated using TOF. Neutron and NPG distributions are separated by PS. Bottom: correlated EJ 305 data where there is a coincidence. The diagonally
hatched areas show the NPG contributions. For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.

presented in the middle panel. In fact, the particle identification in
these correlated results, produced using the tagging technique, is suffi-
cient to separate gamma-rays, neutrons, and non-prompt gamma-rays
(NPGs). NPGs are source-related, tagged events which have the non-
relativistic TOF signature of a fast neutron but the PS signature of a
gamma-ray. They are due to tagged fast neutrons scattering inelasti-
cally, predominantly from the lead shielding, or much less frequently
from the materials from which the neutron detector was constructed.
The resulting de-excitation gamma-rays are then detected in the liquid-
scintillator detector. As NPGs are tagged and not random, they appear
very clearly in the correlated PS spectra, and a PS > 0.3 cut is
sufficient to remove them. As shown in the bottom panel, the separation
between gamma-rays and neutrons is substantially smaller for EJ 305,
and significant overlap between the distributions exists. Thus a PS
cut does not remove NPGs cleanly and a Gaussian fit to the left side
of the NPG/neutron distribution has been employed to estimate their
contribution.

A Canberra [40] model GC2018 HPGe gamma-ray detector with
a 7935SL-2 cryostat and 2002CSL preamp was placed inside the Pb
shielding house (no aperture) to measure the NPG spectrum. The
detected gamma-rays are overwhelmingly due to the de-excitation of
low-lying excited states of the isotopes of "*Pb, dominated by the
2615 keV line from the first excited state of 208Pb. The indicated
PS > 0.3 cut was applied to the correlated neutron data obtained
with NE 213A to remove the NPG-related contamination.

Fig. 9 shows the PS distributions for the correlated data from
NE 213A and EJ 305, for a software threshold that has been increased
from 0.25 to 3.75 MeV,, in steps of 0.25 MeV,,. The gamma-ray
distributions have been scaled to match the heights of the neutron
distributions for purposes of visualization. These scaling factors ranged
from ~11 (0.25 MeV,,) to ~0.5 (3.75 MeV,,) for NE 213A and from
~4 (0.25 MeV,,) to ~0.7 (2.75 MeV,,) for EJ 305. NPGs have been
identified using TOF and PS. For NE 213A, they have been removed
with a PS > 0.3 cut. For EJ 305 the NPG contribution was estimated
from a Gaussian fit (Fig. 8) and subtracted. The tagging approach
facilitates the unambiguous identification of gamma-rays and neutrons.
The gamma-ray peak locations do not change as the threshold is varied
and sit at PS ~0.22 for NE 213A and ~0.18 for EJ 305. The peak loca-
tions of the neutron PS distributions di linearly with i i
threshold, so that the separation between the gamma-ray and neutron
peak locations is largest for the lowest threshold and decreases as the
applied threshold increases. However the widths of the PS distributions
also decrease with increasing threshold, so that neutron/gamma-ray
separation actually improves significantly.
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The Figure-of-Merit (FOM) used to characterize the quality of PSD
in organic scintillators is commonly defined as

FOM = IA{n—u,I
5,40,

s )
where 4, , and §,, are the mean positions and Full-Widths-at-Half-
Maximum (FWHM) of the gamma-ray and neutron PS distributions
respectively. The larger the FOM, the better the PSD. Fig. 10 shows
the intrinsic FOM as a function of software threshold. The excellent
separation of the gamma-ray and neutron PS distributions facilitated
a numerical analysis of peak locations and widths over +3¢ of the
respective distributions. The uncertainties in the resulting FOM values
were established from a error analysis which considered both linear
and quadratic propagation of the uncertainties from the numerical
approach, with the relative uncertainty in the standard deviation was
estimated to be ~5%. For both NE 213A and EJ 305, the uncertainties
were ~10%. For both NE 213A and EJ 305, the intrinsic FOM values
increase with increasing detector threshold. NE 213A demonstrates
superior FOM for all thresholds.

Fig. 11 shows the evolution of PS spectra for the correlated gamma-
ray and neutron data for both NE 213A and EJ 305 as the average
neutron kinetic energy obtained from TOF is raised from 1.50 to
6.00 MeV in 0.25 MeV steps. A 0.5 MeV,, software threshold was
employed. The gamma-ray distributions have been scaled to match
the heights of the neutron distributions for purposes of visualization.
These scaling factors ranged from ~0.3 (1.50 MeV) to ~0.1 (6.00 MeV)
for NE 213A and from ~0.02 (1.50 MeV) to ~0.2 (6.00 MeV) for
EJ 305. NPGs have been identified using TOF and PS and removed or
corrected for as described previously. The peak locations of the gamma-
ray distributions do not change with neutron kinetic energy and sit at
PS ~0.22 for NE 213A and ~0.18 for EJ 305. Again, the peak locations
of the neutron distributions decrease linearly with increasing neutron
kinetic energy. The separation between the gamma-ray and neutron
peaks is largest for the lowest energy and decreases as the kinetic
energy increases, but this is offset by the increase in distribution widths
as energy decreases.

Fig. 12 shows the intrinsic FOM values extracted from the data dis-
played in Fig. 11 as a function of neutron kinetic energy using the same
methods as for the data of Figs. 9 and 10. For both NE 213A and EJ 305,
the uncertainties were ~10%. The neutron-energy dependencies of the
FOM distributions are quite similar, but clearly the NE 213A values are
considerably larger than EJ 305.
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4. Summary and discussion events. Time-of-flight was employed to determine neutron energy. The
measurement time window of length 1 ps allowed accurate determi-

A systematic quantification of neutron/gamma-ray PSD has been nation of random-coincidence background, which was then subtracted
performed for the organic liquid scintillators NE 213A and EJ 305 (Fig. 6). PS was evaluated using the tail-to-total method and resulted
using energy-tagged neutrons from ~1.5-6 MeV provided by a PuBe  jj excellent separation of gamma-ray and neutron distributions (Fig. 7)

. . 9 12 N
source. Tagging relies on the « + °Be — C + »n+ y reaction, when neutron tagging with random subtraction and removal of NPGs
where the neutron and gamma-ray are detected in coincidence and the (Fig. 8) was employed. Untagged PS distributions show significantly

: Ty - 8 s, The evolution of the correlated gamma-ray and neutron PS distri-

and liquid-scintillator cells were employed to detect the corresponding
neutrons (Fig. 1). The source and YAP:Ce detectors were located inside
a water-filled shielding cube, which had cylindrical penetrations to
allow for the passage of fast neutrons. Pb was used to shield the
liquid scintillators from the direct gamma-ray field from the source
and also the 2.22 MeV gamma-rays resulting from neutron capture
by H in the water (Fig. 2). Event-by-event waveform digitization of
the detector signals (Fig. 3) was employed. Measured spectra were
calibrated using the Compton edges from gamma-ray sources, whose related gamma-ray and neutron PS distributions were also investigated
pulse-height positions were established using a Geant4-based simu- for neutron kinetic energy (TOF) cuts (Fig. 11) ranging from 1.50 to
lation (Fig. 4). The correlation between the gamma-ray energy in 6.00 MeV. While both NE 213A and EJ 305 demonstrated FOM values
the YAP:Ce detector and the neutron energy deposited in the liquid- that are more or less constant as a function of energy (Fig. 12), NE 213A
scintillator cells (Fig. 5) facilitated the selection of neutron-tagging is again clearly superior to EJ 305.

butions was investigated as the software threshold was raised from
0.25 to 3.75 MeV,, (Fig. 9). The resulting FOM values (Fig. 10) show
clearly that NE 213A has superior PSD to EJ 305. NE 213A FOM values
improve significantly as the pulse-height threshold is increased, while
EJ 305 showed a weaker dependence of FOM on threshold. This level
of detail for the PSD performance is only possible when the extra
information provided by the tagging technique is obtained. The cor-
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in this figure caption, the reader is referred to the web version of this article.
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Fig. 12. Energy-dependent figures-of-merit. FOM extracted from the correlated data presented in Fig. 11 for NE 213A (black dots) and EJ 305 (open triangles). Derivation of the

uncertainties is detailed in the text.

With the PuBe source, the tagged-energy range is relatively small
and extension would require an accelerator-based neutron genera-
tor. While the neutron-tagging technique offers increased insight into
threshold-dependent scintillator response, a clear advantage of the
technique lies in the measurement of scintillator response as a function
of incident neutron energy using polychromatic neutron sources. Such
information is crucial, for example, to the validation of simulation
efforts.
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Abstract

Neutrons from 2-6 MeV have been used to study the scintillation light-yield response
of the scintillators NE 213A, EJ 305, EJ 331, and EJ 321P using time-of-flight and event-by-
event waveform digitization. Energy calibration was performed using a Geanr4 model to
locate the edge positions of the Compton distributions produced by gamma-ray sources.
The simulated light yield for neutrons from a PuBe source was compared to measured
recoil proton distributions, where neutron energy was selected by time of flight. This
resulted in an energy-dependent Birks parametrization to characterize the non-linear re-
sponse of organic scintillators to low energy neutrons. The NE 213A and EJ 305 data agree
very well with existing data and are reproduced well by the simulation. New results for
EJ 331 and EJ 321P, where the simulation also reproduces the data well, are presented.
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1. Introduction

The detection of fast neutrons in fields of gamma-rays is often accomplished using
organic liquid scintillators. The organic liquid scintillator NE 213 [1] and its more recent
derivative NE 213A [2] have been used widely [3]. The performance of these organics is
often employed as a benchmark in the development of fast-neutron detector materials and
systems [4-7]. More recently developed liquid scintillators include the high scintillation-
light yield EJ 305 [8] and EJ 309 [9], EJ 331 [10] (which includes a thermal-neutron sensitive
gadolinium additive), and EJ 321P [11] (a mineral oil based scintillator with a 2:1 hydro-
gen:carbon ratio). Recently, a GeEant4 model [12] was developed to facilitate the gamma-
ray energy calibration of these types of detectors [13]. In this work, the Geant4 model
was extended to include the neutron scintillation-light yield with an energy-dependent
Birks parameter. The time-of-flight technique and a polychromatic neutron source were
employed to measure the scintillator responses as a function of incident neutron energy.
The simulated neutron scintillation-light yield corresponding to the maximum neutron-
energy deposition was compared to the measured scintillation yield at the edge of the
recoil proton distribution. This edge corresponds to all of the kinetic energy of the inci-
dent neutron being transferred to a scintillator proton in a single collision. In this paper,
a detailed study of the light yield of the NE 213A, EJ 305, EJ 331, and EJ 321P scintillators
is presented. Results for NE 213 and EJ 305 are compared with previous studies and first

results are presented for EJ 331 and EJ 321P.

2. Apparatus

2.1. PuBe-based neutron and gamma-ray source

A 23%pu/°Be (PuBe) source provided the fast neutrons used here. 238py decays via
a-particle emission to 24U producing « particles of the energy around 5.5 MeV [14]. A
cascade of low-energy gamma-rays is emitted from the subsequent de-excitation of 23U
to the ground state. a-particles which interact with “Be via the o + ?Be — '2C + n
reaction have a maximum kinetic energy of ~11 MeV, with the recoiling 2C left in the
first-excited state ~50% of the time. A 4.44 MeV gamma-ray is emitted from the subse-
quent de-excitation of '2C* to the ground state. Thus, the radiation associated with PuBe

includes fast neutrons with energies up to ~11 MeV, low-energy cascade gamma-rays, and
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energetic 4.44 MeV gamma-rays. Energy conservation restricts the maximum energy of
neutrons emitted in coincidence with a 4.44 MeV gamma-ray to around 6 MeV. The neu-
trons are “tagged” if both particles are detected, as the coincident 4.44 MeV gamma-ray
provides a reference for a neutron time-of-flight (TOF) measurement. The PuBe source

emitted ~2.9 x 10° neutrons per second [15] nearly isotropically, see Ref. [16].

2.2. Detectors

2.2.1. Gamma-ray trigger detectors

In the MeV energy range, Yttrium Aluminum Perovskit:Cerium (Cet doped YAIO3,
YAP:Ce) [17] inorganic crystals have good gamma-ray detection efficiency and low effi-
ciency for neutrons. Four YAP:Ce detectors from Scionix [18] were positioned ~10 cm
from the PuBe source. They detected both the low-energy cascade and 4.44 MeV gamma-
rays. The cylindrical crystals were 1in. x 1in. (diameter x height) and were attached to a
1in. Hamamatsu Type R1924 PMT [19]. Gamma-rays from a ??Na source (E, = 1.28 MeV)

were used to set the gains of the YAP:Ce detectors at an operating HV close to —750 V.

2.2.2. Fast-neutron/gamma-ray detectors

The liquid scintillators were contained in identical cylindrical aluminum cells (94 mm
in diameter x 62 mm deep, ~430 cm? detection volume, wall thickness 3mm). A TiOs-
based reflector (EJ 520 [20]) coated the inside of each cell. Optical windows consisted of
5mm thick borosilicate glass disks [21] glued to each cell using Araldite 2000+ [22]. The
cells were filled through ports which were then sealed with Viton O-rings [23] compressed
with aluminum screws. The cells were dry fitted (without optical coupling medium) to a
cylindrical PMMA UVT [24] lightguide (72.5 mm in diameter X 57 mm long). TiOz-based
reflector (EJ 510 [25]) was used to coat the external curved surfaces of the light guide and
each assembly was dry fitted to a 3 in. diameter Electron Tubes type 9821KB PMT [26]. A
set of springs was used to hold the cell, lightguide and PMT face in contact and a mu-metal
magnetic shield was was fitted around the PMT. The PMTs were operated at about —2kV,
the HV employed in previous investigations [7, 16, 27, 28]. The signal amplitudes were
adjusted using variable attenuators (CAEN type N858 [29]). Typical 1 MeV., signals had
amplitudes of about —700 mV, risetimes of ~5 ns, and falltimes of ~60 ns. Four different

liquid scintillators were employed:
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« NE213A, a pseudocumene-based variant of the organic NE 213 developed for neutron/gamma-

ray discrimination.

« EJ 305, a pseudocumene-based organic similar to NE 224 [30] and BC 505 [31] with

a high scintillation-light yield.
- EJ 331, a pseudocumene-based organic doped with gadolinium (1.5% by weight)?

« EJ 321P, a mineral-oil based scintillator with a hydrogen-to-carbon ratio larger than

2.

Selected liquid-scintillator properties are presented in Table 1.

Table 1: Selected scintillator properties.

Scintillator ~ NE 213A  EJ305 EJ331* EJ321P

Density [g/em®] ~087  ~0.89  ~0.89  ~0.85

Light Yield (% Anthracene) ~75%  ~80% ~68% ~21%
Peak emission wavelength [nm] 420 425 424 425
Flash point [°C] ~54 ~45 ~44 ~115

H/C ratio ~1.21 ~1.33 ~1.32 ~2.06

Gadolinium content [%w/w] - = 1.5% -

2.3. Experimental setup
2.3.1. Apparatus

Figure 1 shows the experimental setup. A water-filled shielding cube known as the
“Aquarium" [32] housed the PuBe source. Each side wall of the cube had a central cylin-
drical penetration (17 cm in diameter x 50 cm in length) which allowed a mixed beam
of fast neutrons and gamma-rays to escape. Four YAP:Ce detectors were placed at a dis-
tance of ~10 cm from the center of the source which was centered on the beam port.
A Pb-shielding hut was constructed outside of one of the beam ports which contained
the liquid-scintillator detectors positioned at a distance of 92.5 cm from the center of the
PuBe source. The symmetry axis of the neutron detector was aligned parallel to the beam

port and pointed directly at the source. The background rate inside the Pb-shielding hut

3The base scintillator is taken to be EJ 309.
“These properties correspond to the data sheet for EJ 331 (0.5 Gd %w/w)
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was measured to be <1Hz with a 1.5 in. CeBrj3 detector (—600V, —50 mV threshold). In
comparison, the neutron detectors showed a background rate of <100 Hz (-2kV, —25mV
threshold). A ~10x10 mm? aperture was left in the face of the Pb shielding to allow for
the measurement of both the low-energy cascade gamma-rays and energetic 4.44 MeV/

gamma-rays. Two classes of event were of particular interest, see Ref. [27]:

1. “tagged-neutron" events: a fast neutron detected in the neutron detector in corre-
lation with a 4.44 MeV gamma-ray detected in a YAP:Ce detector.
2. “gamma-flash” events: a low-energy cascade gamma-ray detected in the neutron

detector in correlation with a 4.44 MeV gamma-ray detected in a YAP:Ce detector.
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1400 W

1400 mm

130 mm

Liquid scintillator

YAP:Ce PuBe

170 mm Aperture

Figure 1: Experimental setup. Top (to scale): 3D rendering of the water tank (Aquarium, blue) and support
frame (black) which housed the PuBe source. YAP:Ce detectors and the Pb-shielded liquid scintillator detector

are also shown. Bottom (not to scale): Side view of detector setup. The PuBe source emitted correlated 4.44 MeV'

gamma-ray/fast-neutron pairs. A ~10x10mm? aperture in the shielding enabled g flash

used to calibrate the TOF measurements.
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2.3.2. Electronics and data acquisition

Liquid scintillator pulses were recorded using a CAEN VX1751 Waveform Digitizer [33].
A trigger point was set at —25mV on the falling edge of the pulse. This started a 1ps
wide acquisition window over which 10° voltage samples were digitised with 10-bit pre-
cision on a dynamic range of 1 V. Software tools [34] for waveform analysis based on the
Python [35] code libraries numpy [36], SciPy [37] and pandas [38] were developed
and employed. The event timing marker for each pulse was determined with an inter-
polating zero-crossover method [39] which largely removed the the time walk associated
with the internal falling-edge trigger. Figure 2 shows the resulting waveform after the sig-
nal baseline was subtracted. The effective total signal charge (6.35+5.5% fC/channel) was

determined by integrating each pulse over 500 ns starting 25ns before the event-timing

marker.

0 R -
U A Falling-edge threshold |
504 ] LG = 500 ns |
> I |
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=
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| ~200
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Figure 2: Digitized waveform. The displayed signal has a riseime of ~5 ns, an amplitude ~230 mV, and a falltime

of ~50 ns. The falling-edge trigger point set to —25mV is shown as a dotted line. The event timing marker and

the 500 ns integration window are also shown.
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2.4. Scintillation simulation and calibration
2.4.1. Simulation
For a particle of energy E that stops in a scintillator, the scintillation light yield is
given by
Rar

LE) = -2 )

where % is the scintillation gradient with respect to the position increment dz and R is
the particle range. For minimum-ionizing particles such as the electrons produced by the

gamma-ray sources employed here, the scintillation gradient is

dL
— =S5 (2)
dx

where S is the scintillation efficiency and % is the specific electron energy loss. For

minimum-ionizing particles such as electrons above ~100keV, L(FE) is linear and it is
convenient to express L in terms of E,.. (equivalent electron energy, units MeV..). In
contrast, non minimum-ionizing particles have non-linear scintillation gradients given by
the Birks formula [40], which is often modified with the Chou correction [41] to improve
agreement with data at lower energies
PR — ©
dr 14 kBIE 4 C(4B)
Here, kB is the Birks parameter and C' is the Chou correction. The scintillation light
yield is quenched with respect to minimum-ionizing electrons having the same specific
energy loss. Standard Geant4 models the scintillation yield without the Chou correction
(C' = 0). For reproducibility, rather than modifying Geant4 to include the C' term, an
energy-dependence in kB was permitted.
Simulations of the detector response to gamma-rays and neutrons were performed us-
ing Geant4 [12] version 4.10.04 [42] patch 03 (8 February 2019) using a physics list based on
the electromagnetic physics classes G4EmStandardPhysics and G4EmExtraPhysics,
the hadronic physics class FTFP_BERT_HP, and optical photon class G40pticalPhysics.
Scintillation photons were produced along the tracks of secondary charged particles, elec-
trons from gamma-rays and protons or ‘2C from neutrons. Photons which reached the
photocathode of the PMT generated photoelectrons with a probability derived from the

wavelength-dependent quantum efficiency [26] of the PMT. The photoelectron yield as a
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function of incident energy is effectively a pulse-height distribution which can be com-

pared to the measured data.

2.4.2. Energy calibration

The scintillation-light yield produced by gamma-rays in scintillating liquids below
pair-production threshold is dominated by Compton scattering due to the low average
Z value of the constituent atoms of the scintillator. Although pair production becomes
increasingly important as the gamma-ray energy increases above threshold, the Comp-
ton edge remains an invaluable feature for calibration of the pulse-height spectrum. The
sources listed in Table 2 were placed in front of each neutron detector and spectra were
obtained for run times of about one hour. The measured deadtime and pileup were neg-
ligible as the count rates were low (< 1kHz), and gain drift was corrected for offline.
Background subtraction was performed after a real-time normalization.

Table 2: Calibration gamma-ray sources. Distances, gamma-ray energies, and Compton-edge energies Ecp, are

listed.

Source Distance [cm] E, [MeV] Ecg [MeV,.]

187Cs 50 0.66 0.48
232Th 50 2.62 2.38
241 Am/Be (AmBe) 200 4.44 4.20

For the full Geant4 simulations of the gamma-ray response, the only free parameter® was
the scale factor necessary to match the distribution of simulated photoelectrons at the
photocathode of the PMT to the pulse-height spectrum measured by the detector. The
simulated locations of the Compton edges were determined by selecting events where the

electron energy is less than 2keV from Ecg [13].

Smearing due to electronic jitter, extended source, and finite detector volume was also included.
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Figure 3: Energy calibration for NE 213A. Measured and simulated Compton distributions for three gamma-ray
energies. Main plot: measurement (filled circles), simulation (gray shaded histograms), simulation with a very
restrictive cut on the Compton edge (red shaded histograms). The mean values of the red shaded distributions
are shown by the vertical dashed lines. Inset: the resulting QDC calibration. The uncertainties are smaller than
the data points. For interpretation of the references to color in this figure caption, the reader is referred to the

web version of this article.

2.5. Event selection

Figure 4 shows a typical energy-deposition correlation between a YAP:Ce and liquid
scintillator (NE 213A) detector. The gain of the YAP:Ce detector was set using the full-
energy peak of the 1.28 MeV gamma-ray from 22Na and the Compton edge of the 4.44 MeV
gamma-ray from PuBe. A 3 MeV,. threshold cut for the YAP:Ce detector allowed for the
straightforward selection of 4.44 MeV gamma-rays, corresponding to neutron emission.
The intense low-energy gamma-ray field at the center of the the water cube prevented
selection of lower energy cascade gamma-rays, which in principle could correspond to

higher energy neutrons. A 100 keV,. threshold was applied to the NE 213A detector.

10

108



= ,
102
3
=
s=]
=
<
> é
-
1<} Q
® 10t ©
-
k5
@
=
~
10°

NE 213A Light Yield [MeV,]

Figure 4: Calibrated scintillation light yields, YAP:Ce and NE 213A. The dashed lines are the detector thresholds,
3 MeVee (YAP:Ce) and 100 keVee (NE 213A). The events lying above the YAP:Ce threshold are candidate tagged

neutrons. Figure from Ref. [43].

3. Results

Figure 5 shows a neutron TOF distribution obtained for a ~96 cm drift distance be-
tween the PuBe source and the NE 213A detector. The time Tj located at 0 ns indicates
the instant of emission of the gamma-ray/gamma-ray (gamma flash) or gamma-ray/fast-
neutron (tagged neutron) pairs from the PuBe source. Tj is extrapolated from the gamma
flash timing to the right of T at ~2.9ns. The combination of electronic jitter, extended
source, and finite detector volumes gives rise to the ~1ns width of the peak. The right-
most feature represents tagged neutrons. The flat distribution corresponds to uncorrelated
signals in the YAP:Ce and liquid scintillator and the contribution of this random distri-
bution was subtracted from the tagged-neutron distribution using an analysis technique

employed for tagged-photon experiments [44].

11
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Figure 5: TOF spectrum, NE 213A. Main plot: the full range of the digitization window, displaying T} (vertical
dashed line), gamma flash (sharp red peak) and neutron distribution (broader blue peak). The gray shaded region
of the flat random background was employed for random subtraction. Inset: region-of-interest. The blue vertical

rectangles illustrate the TOF range corresponding to 250 keV neutron-energy bins centered at 3 and 5 MeV.

Neutron TOF was converted to neutron kinetic energy on an event-by-event basis.
Standard Geant4 does not handle the inclusion of the Chou correction to the Birks for-
mula, and thus kB was allowed to vary. For each scintillator and each neutron energy
2 —6MeV in 0.5 MeV bins, the simulation was aligned with the data using a least-squares
minimization to obtain the optimum value of kB. Additional fine-tuning in the agreement
was provided by smearing the simulated scintillation light yield for each neutron energy
bin. Smearing on average ranged from ~35% at 2 MeV to ~5% at 6 MeV, for all scintilla-
tors. Figure 6 shows the agreement between data and simulation over the entire energy
range before and after kB optimization. Also illustrated are values of kB extracted using
the optimization procedure, together with the a 1/7), fit which follows the extracted kB

values quite well. The trend in kB is used in the simulations.
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Figure 6: Scintillation light yield, EJ 305. Measured calibrated scintillation light yield (filled circles) and simula-
tions (shaded histograms) shown before (left) and after (right) optimization. The uncertainties are smaller than

the data points. The inset shows the variation in kB as a function of neutron inetic energy.

Figure 7 shows the neutron scintillation light yield from EJ 305, for the measured data,
the full simulation, and the simulated maximum neutron-energy deposition (SMD). To
determine the SMD, point source, non-divergent, monoenergetic (pencil) neutron beams
were directed at the center of the scintillator cells. For each incident neutron-beam energy,
the energy deposited by recoiling protons as the neutrons traversed the cell was recorded.
A 1% cut on the high-energy edge proton-energy distribution was then enforced to popu-
late the scintillation light-yield spectra corresponding to the SMD. The SMD distributions
were then fitted with a Gaussian function and 3¢ from the mean was used to determine

the average of the SMD distribution.

13

II1



[T
i, 1%

Counts

3.90 3.95 4.00
Proton Energy [MeV]

Counts

T T T
0.5 1.0 1.5 2.0 2.5 3.0

Scintillation Light Yield [MeV.]

Figure 7: Simulated maximum neutron-energy depositions, EJ 305. Main plot: measured scintillation light yield
(filled circles) and full simulations (open histograms) for incident neutron energies 2, 4, 6 MeV. Inset: simulated
proton recoil energy for a 4 MeV pencil neutron beam incident at the centre of the detector. The dark shaded
region between the vertical dashed lines in the inset corresponds to a 1% energy cut and results in the dark
shaded simulated scintillation light yield in the middle panel. Fitted Gaussian functions (dashed trends) are
shown together with the SMD locations (vertical dashed lines). The uncertainties are smaller than the data

points.

Figure 8 shows a comparison between the data, the full simulations, the SMD simu-
lations, and the corresponding SMD values for all scintillators. The neutron-energy bins

centered at 3 and 5 MeV were +0.125 MeV wide.
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Figure 8: Simulated maximum depositions, all scintillators. Measured scintillation light yield (filled circles) and
full simulations (open histograms) together with the SMD simulations (colored histograms). The SMD locations

are shown as vertical dashed lines. The uncertainties are smaller than the data points.

In addition to simulation-based approaches such as the one detailed above, phenomeno-
logical parameterizations of neutron scintillation light yield based upon the specific en-
ergy loss of protons (£,) have been used to characterize measured spectra. The correlation
between recoiling electron (Le.) and quenched recoiling proton (L(E),)) scintillation light
yields was determined by Cecil et al. [45] for NE 213 to be

L(By) = Lec = K By, —pa (1 -5 )] @

while, Kornilov et al. [46] suggested
2

L(Ep) = Lee = Lom,
P

()

where K and L are adjustable scaling parameters and p; 4 and L are material specific
light yield parameters. The maximum energy the incident neutron can transfer to the
recoiling proton in a single scatter may be determined using three different methods to

locate the high-energy edge of the scintillation distribution (see for example Ref. [28]):

1. The half-height (HH) method [47] involves fitting a Gaussian function to the edge
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of the recoil-proton distribution and selecting the half maximum as the location of

the maximum proton energy transfer.

)

. The turning-point (TP) method also involves fitting a Gaussian function, but here

the minimum of the first derivative of the function is selected as the maximum edge.
3. The first-derivative (FD) method [46] involves taking the first derivative of the dis-
tribution and selecting the minimum point as the edge. The first derivative was

evaluated by considering five adjacent bins above and below each data point.

For the purposes of comparison, the SMD employed in the simulation-driven analyses
of scintillation light yield may be compared with the maximum proton recoil edge em-
ployed in these data-driven analyses. Figure 9 shows an illustration of the scintillation
light yields from 4 MeV neutrons with the SMD and HH, TP, and FD recoil-proton edge
locations indicated. While the HH, TP, and FD locations generally have the same relative
locations with respect to one another regardless of the neutron energy bin, the relative

location of the SMD varies with neutron energy.

4 MeV

0.8 1.0 1.2 1.4 1.6
Scintillation Light Yield [MeV..]

Figure 9: Simulated maximum depositions and proton edge locations, EJ 305. Measured scintillation light yield
(filled circles) and full simulation (open histogram) together with the SMD simulation (shaded histogram) and
the SMD location (dashed line) are shown. The vertical arrows indicate the maximum recoil proton edges as

predicted by the HH, TP and FD methods.
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For NE 213A and EJ 305, parameterization coefficients corresponding to NE 213 [45]
(NE 213A equivalent) and EJ 309 [48] (EJ 305 equivalent) were employed to determine
the light yield curves corresponding to Eq. 4 (Cecil et al.). The base organic in EJ 331
was assumed to be EJ 309, see Table 3. In the absence of previously published results,
the parameterization coefficients p; _4 for E] 321P were determined by fitting to the HH,
TP and FD scintillation light yields. The results were averaged and fixed as constants.
K was subsequently determined with these constants. The L; coefficients were similarly
determined by fitting to the data using Eq. 5 (Kornilov et al), for all four scintillators. First,
the HH, TP and FD neutron scintillation light yields were fitted allowing both L and L
to vary. The resulting L, parameters for HH, TP, and FD were then averaged and fixed
as an L constant. In comparison, Scherzinger et al. [28] report L, = 2.48 for NE 213 and

Engqvist et al. [48] report Ly = 5.95 for EJ 309.

Table 3: Fixed scintillator parametrization coefficients.

Eq. 4, Cecil Eq. 5, Kornilov
Scintillator 1 P2 p3 P4 Ly
NE 213A (NE 213 [45]) 0.83 2.82 0.25 0.93 3.67 £ 0.19
EJ 305 (EJ 309 [48]) 0.817 2,63 0.297 1 6.55 = 0.38
EJ 331 (EJ 309 [48]) 0.817 2,63 0.297 1 534 £ 0.48
EJ 321P 0434001 077 £0.04 026 £0.07 2.13 4043 6.68 £ 0.82

Figure 10 shows the measured scintillation light yield as a function of recoil proton en-
ergy for NE 213A. The SMD methods for determining the maximum recoil proton edge is
compared with the HH, TP and FD methods. A summary of the fixed parameters employed
in the fitted functions may be found in Table 3. The scintillation light yield increases as
a function of recoil proton energy, but not linearly due to quenching. There is little sen-
sitivity to the methods (HH, FD) used to determine the recoil-proton edge, and the SMD
approach does an excellent job of reproducing the TP data while underestimating the light

yields of the HH and FD methods by up to ~6%.
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Figure 10: Comparison of recoil-proton light yield for NE 213A. Results have been obtained using the SMD
(filled triangles), HH (top panel, open circles), TP (middle panel, open circles) and FD (bottom panel, open
circles) methods. The Kornilov (Eq. 5) parameterizations are shown for the measured data (solid lines) and SMD
method (dashed lines), respectively. The SMD method results are the same in all three panels. The uncertainties

are smaller than the data points.

Figure 11 presents a comparison between the NE 213A SMD results detailed above
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and the scintillation light yield for NE 213 measured by both Gagnon-Moisan et al. [49]
and Scherzinger et al. [28]. Agreement between the data sets and the SMD prescription is
very good. The classic scintillator NE 213A appears to be well understood in this energy

region.

¥V NE 213A, SMD
O NE 213, Scherzinger et al. 5 v
O NE 213, Gagnon-Moisan et al. BVQ
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Figure 11: Comparison of recoil-proton light yield measurements for NE 213A. Results include SMD approach
(filled triangles), Gagnon-Moisan et al. [49] (open circles), Scherzinger et al. [28] (open squares). The uncertain-

ties are smaller than the data points.

Figure 12 shows trends in the measured scintillation light yield for EJ 305 as a function
of recoil proton energy between the SMD and HH, TP and FD methods. Here again, there
is little sensitivity to the method (HH, FD) used to determine the recoil proton edge, and
the SMD approach does an excellent job of reproducing the TP data while underestimating
the light yields of the HH and FD methods by up to ~8%.
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Figure 12: Comparison of recoil-proton light yield for EJ 305. Results have been obtained using the SMD (filled
triangles), HH (top panel, open circles), TP (middle panel, open circles) and FD (bottom panel, open circles)
methods. The Kornilov (Eq. 5) parameterizations are shown for the measured data (solid lines) and SMD method
(dashed lines), respectively. The SMD method results are the same in all three panels. The uncertainties are

smaller than the data points.
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Figure 13 presents a comparison between the EJ 305 SMD prescription and the scin-
tillation light yields for NE 224 (EJ 305 equivalent) measured by both Czirr et al. [50]
and Madey et al. [30] together with the parameterization for BC 505 (EJ 305 equivalent)
determined by Pywell et al. [51]. The dash-dotted line represents the Pywell et al. param-
eterization scaled by 0.76, determined by least-squares minimization. The scaled param-
eterization underestimates the scintillation light yields measured in NE 224 before 1980
and shows a slightly weaker scintillation light-yield gradient than the SMD predictions.
This comparison between NE 224, BC 505, and EJ 305 may not be optimal but nevertheless

provides insight.

10t 4 ¥ EJ 305 SMD
{ NE 224, Czirr ct.al
O NE 224, Madey et.al

100 4

—— Light response BC 505, Pywell et.al
—-== Light response BC 505, Pywell et.al (x0.76)

Scintillation Light Yield [MeV..]

100 10t
Proton Energy [MeV]

Figure 13: Calibrated neutron scintillation light-yield comparison, EJ 305 (this work), BC 505 and NE 224. The
NE 224 results of Czirr et al. (open diamonds) and Madey et al. (open squares) are shown together with the EJ 305

SMD prescription (filled triangles). The uncertainties in the measured data are smaller than the data points.

Figures 14 and 15 show trends in the measured scintillation light yield as a function
of recoil proton energy for EJ 331 and EJ 321P, respectively. The manner of presentation
is identical to that employed for Figs. 10 and 12 and the trends in the results are similar.
The SMD approach does an excellent job of reproducing the TP data for both scintillators
while underestimating the light yields of the HH and FD methods by up to ~5% and ~7%
for EJ 331 and EJ 321P, respectively.
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Figure 14: Comparison of recoil-proton light yield for EJ 331. Results have been obtained using the SMD (filled
triangles), HH (top panel, open circles), TP (middle panel, open circles) and FD (bottom panel, open circles)
methods. The Kornilov (Eq. 5) parameterizations are shown for the measured data (solid lines) and SMD method
(dashed lines), respectively. The SMD method results are the same in all three panels. The uncertainties are

smaller than the data points.
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Figure 15: Comparison of recoil-proton light yield for EJ 321P. Results have been obtained using the SMD (filled
triangles), HH (top panel, open circles), TP (middle panel, open circles) and FD (bottom panel, open circles)
methods. The Kornilov (Eq. 5) parameterizations are shown for the measured data (solid lines) and SMD method
(dashed lines), respectively. The SMD method results are the same in all three panels. The uncertainties are

smaller than the data points.
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Table 4 presents a summary of the K and L results extracted from fitting the Cecil
and Kornilov curves using the fixed parameters described in Table 3 to the scintillation
light yield data and SMD results shown in Figs. 10, 12, 14, and 15. While generally not
consistent within uncertainty, there is little to distinguish between the K and L coeffi-
cients resulting from the different methods for determining the recoil proton edges. The
NE 213A results are systematically ~3% lower for K and about ~8% higher for L, than
those measured for NE 213 by Scherzinger et al. [28]. This is due to the fact a different L;
has been employed in this work. The K and L coefficients corresponding to the SMD
results tend to be systematically lower than the data-driven results by ~5%.

Table 4: Fitted scintillation parameterization coefficients. “Edge” denotes the method used to determine the

maximum proton transfer edge. The factors K and Lo are from Egs. 4 and 5, respectively. The fixed parameters

employed may be found in Table 3.

Scintillator ~ Edge K x?/d.of. Lo x2/dolf.
NE213A HH 1.02 +0.01 1.6 | 0.80 £ 0.01 2.4
TP 0.98 £ 0.01 4.7 | 0.77 £ 0.01 1.8

FD 1.01 +0.01 1.8 | 0.80 £ 0.01 0.7

SMD | 0.97 +0.01 2.2 | 0.76 £ 0.01 0.4

EJ305 HH 0.87 £ 0.01 0.4 | 0.83£0.01 0.7
TP 0.84 £ 0.01 1.3 | 0.79 £0.01 0.7

FD 0.90 + 0.01 1.1 | 0.85+0.01 0.7

SMD | 0.84 % 0.01 0.1 | 0.80+0.01 0.3

EJ331 HH 0.91 £ 0.01 245 | 0.77 £ 0.01 20.1
TP 0.87 £ 0.01 11.3 | 0.74 £0.01 10.0

FD 0.90 £ 0.01 3.5 | 0.76 £ 0.01 2.9

SMD | 0.88 & 0.01 4.7 | 0.75£0.01 3.2

EJ321P HH 1.02 £ 0.01 1.3 | 0.65 £ 0.01 7.2
TP 0.97 £ 0.01 1.2 | 0.62 £ 0.01 3.2

FD 1.02 +0.01 1.7 | 0.65 £ 0.01 4.5

SMD | 0.97 +0.01 3.2 | 0.62+0.01 18

4. Summary and discussion

Beams of energy-tagged neutrons from 2—-6 MeV provided by a PuBe source have been

used to perform a systematic study of the scintillation light-yield response of the scintilla-
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tors NE 213A, EJ 305, EJ 331, and EJ 321P. Neutron tagging exploits the o + “Be — 12C + n + 7(4.44 MeV)
reaction, with the gamma-rays providing a reference for measuring the TOF of the corre-
sponding neutron liquid scintillator. The PuBe source and YAP:Ce gamma-ray detectors
were placed within a water-filled shielding cube. The cube employed cylindrical ports to
define beams of gamma-rays and fast neutrons. Pb shielding attenuated the majority of the
direct gamma-rays from the PuBe and the background gamma-rays from the room (Fig. 1).
The analog signals from the detectors were digitized on an event-by-event basis, with the
event-timing marker determined using an interpolating zero-crossover method (Fig. 2).
Energy calibration of the resulting spectra was performed using a Geant4 model of the
liquid scintillator to locate the position of the Compton edge in the measured gamma-ray
spectra from gamma-ray sources (Fig. 3). The correlation between the energy registered
in a YAP:Ce gamma-ray detector and the energy deposited in a liquid-scintillator was used
to select tagged events (Fig. 4). Neutron energies were determined using a TOF method,
and the data were corrected for random background (Fig. 5).

Neutron scintillation light yield was simulated using the same Geant4 model, and
matched to the data by allowing an energy dependence in the Birks parameter (Fig. 6).
The simulated yield corresponding to the maximum neutron-energy deposition was de-
termined with a very strict cut on the deposited neutron energy (Fig. 7). The method
worked very well (Fig. 8). The relationship between the simulated maximum deposition
(SMD) light yield and measured scintillation light yields corresponding to the maximum
proton recoil edge was established (Fig. 9). Data and simulation for NE 213A were inter-
nally consistent (Fig. 10) and nicely reproduced existing results (Fig. 11). Data and simu-
lation for EJ 305 were also internally consistent (Fig. 12), however they showed a steeper
scintillation light-yield gradient compared with paramerization of existing data from the
1980s. Data and simulation for EJ 331 (Fig. 14) and EJ 321P (Fig. 15) were measured for
the first time to the knowledge of the authors.

The Geant4 simulation developed and tested here provides valuable insight into the
behavior of the scintillators, and does a very good job of replicating the data. The tagged
neutron energy range provided by the PuBe source is relatively small. An accelerator-
based neutron generator could be used to extend the results to higher neutron energies.
The neutron-tagging technique facilitates the measurement of energy-dependent scin-

tillator response using radioactive neutron sources. The simulation further refines the
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understanding of the underlying processes.
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Appendix




A1 GEANT4 Geometry, Material and Scintillator-Emission Spec-

tra

A1 Geometry and Material Definitions

Material definitions used for each liquid organic scintillator can be found in Table A.r.1.

Table A.1.1: Material definitions for scintillator simulations.

Scintillator NE 213A [33] EJ 305 [30] EJ 331 [31] EJ 321P [32]

Density [g/cm3] 0.873 [79] 0.893 0.890 0.850
Element: H ([% w/w]) 91 0 [79] 90.0 9.25 14.6
Element: C ([% w/w]) 0 [79] 10.0 89.25 85.4
Element: Gd ([% w/w]) - - 1.5 -
Refractive index 1. 505 [79] 1.505 1.500 1.470
Absorption length [m] 5 [79] 3.0 4.5 6.0

Material definitions used for the EJ 520 reflective paint which lines the inside of the alu-
minum cup can be found in Tables A.1.2 and A.1.4. Due to lack of documentation, a com-
bination of EJ 520 [s5] and EJ 510 [60] material definitions were used. It is anticipated that
this approximation had a negligible effect on the accuracy of the simulation results. For sim-
plicity, the paint was approximated using the G40pticalSurface class on the aluminum
cup/liquid organic scintillator interface with SetType (dielectric_metal) [8o, 81].
The dielectric_metal model type makes the optical surface 100% reflective.

Material definitions used for the borosilicate window which separates the scintillator from
the light guide can be found in Tables A.1.2 and A.rs.

Material definitions used for the PMMA light guide which bridges the distance between
the optical window and the PMT can be found in Tables A.1.2 and A.1.6.

Material definitions used for the EJ 510 reflective paint which is used on the outside of
the light guide can be found in Tables A.1.2 and A.1.3. The EJ 510 paint was geomet-
rically modeled? and a G40pticalSurface class with SetType(dielectric_metal)
was implemented on the light guide/E]J 510 coating interface.

The PMT window was modeled with the same material definitions as the borosilicate win-
dow material above. A parabola shape was coded out of the backside of the PMT window
and replaced with a new geometry representing the photocathode surface on the inside of

the PMT.

?The paint was modelled as 110 pm thick, as per manufacturer documentation for application.



Table A.1.2: Material definitions for EJ 510, EJ 520, borosilicate and PMMA.

Scintillator  EJ 510 [60] EJ 520 [s5] Borosilicate[s6] PMMA[59]

Density [g/cm3] 1.182 1. 182 [60] 2.230 1.190
Element: H ([% w/w]) 2.9 9 [60] - 8.0
Element: B ([% w/w]) - - 6.6 -
Element: C ([% w/w]) 17.2 17.2 [60] - 60.0
Element: O ([% w/w]) 38.8 38.8 [60] 47.5 32.0
Element: Na ([% w/w]) - - 1.3 -
Element: Al ([% w/w]) - - 8.4 -
Element: Si ([% w/w]) - - 34.7 -
Element: K ([% w/w]) - - 1.5 -
Element: Ti ([% w/w]) 51.1 41.1 [60] - -
Refractive index  Table A.1.3 Table A.1.4 Table A.1.5  Table A.1.6
Reflectivity ~Table A.x.3  Table A.x.4 Table A.1.5  Table A.1.6
Absorption length [m]  Table A.1.3 Table A.1.4 Table A.1.s  Table A.1.6

Figure A.1.1 shows a cross-sectional view of the simulated detector geometry and materials.
As a rule, no gaps between material interfaces were used. All materials in contact were
defined to share the same plane.

PMT PMT Borosilicate-glass ~ Scintillation
window photons

window enclosure

Y

| L

\ ‘

PMT Light guide y Liquid organic AATuminum
photocathode scintillator cup

Figure A.1.1: Detector geometry overview. A typical gamma-ray interaction is shown.
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Table A.1.3: Material definitions for EJ 510 reflective paint. Data from Ref. [60] and as TiO2 from Ref. [82].

Wavelength [nm]

Refractive index

Reflectivity ~ Absorption length [mm]

400
405
410
415
420
425
430
435
440
445
450
455
460
465
470
475
480
485
490
495
500

2.68
2.66
2.64
2.63
2.62
2.61
2.59
2.58
2.57
2.56
2.55
2.54
2.53
2.53
2.52
2.51
2.51
2.50
2.49
2.49
2.48

0.917
0.938
0.946
0.950
0.954
0.956
0.958
0.957
0.959
0.958
0.960
0.960
0.961
0.959
0.959
0.961
0.962
0.962
0.961
0.961
0.961

4.9

7.6
11.7
17.7
26.7
39.7
58.7
85.9
124.7
179.7
256.5
363.7
511.6
715.4
990.5
1357.9
1855.0
2523.1
3406.3
4577.1
6095.0
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Table A.1.4: Material definitions for EJ 520 reflective paint. Data from Refs. [55, 60] and as TiO5 from Ref. [82].

Wavelength [nm]

Refractive index

Reflectivity ~ Absorption length [mm]

400
405
410
415
420
425
430
435
440
445
450
455
460
465
470
475
480
485
490
495
500

2.68
2.66
2.64
2.63
2.62
2.61
2.59
2.58
2.57
2.56
2.55
2.54
2.53
2.53
2.52
2.51
2.51
2.50
2.49
2.49
2.48

0.827
0.854
0.875
0.892
0.904
0.914
0.921
0.926
0.927
0.928
0.928
0.927
0.927
0.927
0.927
0.927
0.927
0.923
0.923
0.924
0.924

4.9

7.6
11.7
17.7
26.7
39.7
58.7
85.9
124.7
179.7
256.5
363.7
511.6
715.4
990.5
1357.9
1855.0
2523.1
3406.3
4577.1
6095.0
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Table A.1.5: Material definitions for borosilicate glass. Data from Refs. [56] and as SCHOTT Borosilicate from Ref. [82].

Wavelength [nm]  Refractive index ~ Absorption length [mm]

400 1.484 235.9
405 1.483 234.6
410 1.483 233.6
415 1.482 232.5
420 1.482 231.5
425 1.481 2304
430 1.481 2294
435 1.480 228.4
440 1.480 227.6
445 1.480 226.8
450 1.479 226.0
455 1.479 225.2
460 1.478 224.4
465 1.478 223.6
470 1.478 223.1
475 1.477 222.3
480 1.477 221.5
485 1.477 221.0
490 1.476 2204
495 1.476 219.8
500 1.476 219.2
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Table A.1.6: Material definitions for PMMA using G4_PLEXIGLASS base material and adding PMMA from Ref. [82].

Wavelength [nm]  Refractive index ~ Absorption length [mm]

400 1.505 235.9
405 1.505 234.6
410 1.504 233.6
415 1.503 232.5
420 1.503 231.5
425 1.503 230.4
430 1.502 2294
435 1.502 228.4
440 1.501 227.6
445 1.500 226.8
450 1.500 226.0
455 1.500 225.2
460 1.499 224.4
465 1.498 223.6
470 1.498 223.1
475 1.498 222.3
480 1.497 221.5
485 1.496 221.0
490 1.496 220.4
495 1.496 219.8
500 1.496 219.2

A.1.2  GEANT}4 Scintillator Emission Spectra

A wavelength dependent emission spectrum for each scintillator material was included in
the simulation. Figure A.1.2 shows the scintillation emission spectra for all four scintillators
while Table A.1.7 shows the numerical representation used in the simulation framework.
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Figure A.1.2: Wavelength-dependent scintillation emission spectra.
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Table A.1.7: Wavelength-dependent emission. Data from Refs. [33, 30, 31, 32].

Wavelength [nm] NE213A  EJ 305 EJ331 EJ321P

400 0.054 0.000 0.011 0.000
402 0.084 0.020 0.026 0.043
405 0.116  0.072  0.084 0.105
407 0.170  0.164  0.163 0.147
410 0.246  0.255  0.257 0.239
412 0.454 0.381  0.380 0.429
415 0.743 0.519 0.531 0.534
417 0.883 0.726  0.714 0.648
420 0.949 0.852  0.866 0.917
422 0.991 0956 0.972 1.000
425 0.983 0.990 0.993 1.000
427 0.881 0.986  0.983 0.985
430 0.792  0.956  0.940 0.980
432 0.731 0922 0911 0.963
435 0.707  0.873  0.866 0.876
437 0.706  0.821  0.800 0.869
440 0.701  0.748  0.743 0.781
442 0.683 0.705  0.683 0.751
445 0.657 0.642  0.628 0.692
447 0.618 0.597  0.582 0.649
450 0.545 0.556  0.541 0.619
452 0.483 0.513  0.507 0.565
455 0.431 0477 0471 0.544
457 0.394 0.455  0.446 0.512
460 0.361  0.430 0.422 0.504
462 0.332 0407  0.403 0.480
465 0.307 0391  0.378 0.447
467 0.286 0.348 0.338 0.402
470 0.268 0.303  0.299 0.336
472 0.250  0.265  0.255 0.298
475 0.234 0.233 0.221 0.257
477 0.218 0.197  0.193 0.233
480 0.203 0.174  0.166 0.205
482 0.190 0.152  0.143 0.191
485 0.177 0.131  0.122 0.145
487 0.163 0.111  0.107 0.135
490 0.153  0.097  0.092 0.121
492 0.141  0.083 0.081 0.111
495 0.131  0.072  0.069 0.106
497 0.122  0.059  0.054 0.063
500 0.113  0.047  0.048 0.070
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Since the simulation also accounted for the wavelength-dependent quantum efficiency at
the photocathode [61], the resulting photoelectron conversion spectrum looked slightly
different for each scintillator material. Figure A.1.3 shows the wavelength-dependent
quantum efficiency employed in the simulation. The relevant scintillation emission range
(400 — 500 nm) of the scintillator materials employed, is also highlighted.
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Figure A.1.3: PMT quantum efficiency. The typical scintillation emission range is also shown. Data from Ref. [61]
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A.2 A Design for an Active Moderator

One of the original goals of the author was to extend the fast-neutron tagging method [64,
68] into the domain of thermalized neutrons. A significant portion of time was spent
on the concept and design of a liquid scintillation-based active moderator. Employing a
high 'H/'2C ratio scintillator to increase the neutron moderation efficiency, the aim was
to identify a thermalizing neutron signature in the moderator. Coupled with a thermal-
neutron sensitive detector, the thermalizing signature would provide an additional timing
reference, allowing the reconstruction of the full process chain from the decay to the detec-
tion of a thermalized neutron.

The active moderator design employs an existing 3 in. PMT and light-guide assembly and
includes a p-metal shield. The width and depth of the scintillator cell is constrained by
the size of the light guide. Figure A.2.4 shows a cross-sectional view of the assembly and
highlights the relevant parts. The main scintillator cell volume is made of s mm thick
aluminum and encloses a volume of 41. A 8.8 mm borated glass window separates the scin-
tillator volume and light guide. The protruding expansion chamber houses the gas bubble,
which normally forms during the filling of the cell, away from the borated glass surface.
This maximizes light transmission from the scintillator to the light guide. Figure A.2.6
shows different views of the aluminum construction of the active moderator.

A beneficial side effect of the gas bubble is that it serves as a pressure regulator (since the
liquid scintillator is incompressible) during thermal expansion and contraction cycles due
to temperature changes. A pressure ring and spring assembly keeps the PMT and light-
guide assembly in contact with the glass window.

This detector is envisioned as a first prototype of an active moderator to enable initial testing
and tagging of thermalized neutrons in a proof-of-concept experiment. Ideally, simulation
work will be used to give a better understanding of the optimal volume of the active moder-
ator for a future improved version. This will need to take into account the material proper-
ties of the scintillator used as well as the energy range of the neutron source employed. This
active moderator may allow for the transfer of the methodologies and results presented as
part of this work towards the development of a thermal-neutron tagger.

Figure A.2.5 show the fabricated components before and after assembly.
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Figure A.2.4: A cross-sectional view of the active moderator. Major components are highlighted.
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Figure A.2.5: Active moderator before and after assembly. Major components are highlighted.
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A.3 Improving Student Labs During COVID-19 Restrictions

During 2020 and the start of the COVID-19-related restrictions, students were restricted
from visiting Lund University and course-responsible teachers were given the task to con-
vert their teaching activities to fit an online format. This also included the accompanying
laboratory exercises. It presented itself as an opportunity for restructuring and rethinking
of some of the well-established laboratory exercises. New tools and approaches to ped-
agogy were developed to suit the new situation. While some labs where given completely
online, others were deemed unsuitable for online formats and received special permission
for on-campus teaching. For these special cases, a maximum of 4 students were allowed to
attend each session for a maximum of 3 hours, in contrast to the usual groups of 8 students
working in pairs for half- or full-day experiments. It was therefore decided to prioritize the
interaction of the student with the experiment itself and have the teacher focus on guiding
rather than lecturing.

To obtain the same learning outcome, additional preparation by the students was required.
The lab manuals and related materials were rewritten with clear and step-wise instructions
and published online. Specific changes and improvements included the recording of videos
which gave guided tours of the laboratory environment and explained specific lab concepts.
Care was taken to make these videos as general as possible allowing different labs on similar
subject matter to reuse relevant videos. Also, online quizzes were prepared for each stu-
dent to complete before attending the lab. These highlighted the major focus of each lab
with the goal of making it clear to students what was expected from them. Finally, Jupy-
ter Notebooks[83] were employed (an interactive document able to run in a normal web-
browser) to allow for easy visualization and aid in numerical analysis all in one place. The
tools within the notebook were developed using the Python programming language [84]
and ran in the background producing the relevant results based on the input of the students.
This facilitated a focus on subject matter rather than on analysis or data management. For
those labs which had to be run completely online, analytical or numerical simulation tools
were also developed using Jupyter Notebooks. For instance, one such simulation allowed
the student to “run” the data acquisition of a detector using a radioactive source and observe
the evolution of a pulse-height spectrum over time, similar to using the real data-acquisition
normally used in the lab.

Opverall, the student feedback showed that the streamlined way of handling data manage-
ment and analysis using Jupyter Notebooks was very positively received. Furthermore, the
additional workload put to the students, in terms of pre-lab preparations, was also very
positively received since it allowed them to better understand the focus of the lab. This
had the effect of increasing the confidence of the students which also increased their level
of participation. An overview of the results and experience of the author was published in
Fysikaktuellt Nr. 4 on December 2020 and is included below.
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S
FIGUR 1: Infor laborationerna far studenterna klippa och klistra ihop ett flodesschema éver hur experimentet ska utforas.

Nya metoder gav battre laborationer

I Lund innebar pandemin att for-
matet for laborationer uppdatera-
des—ochislutédndan blev battre.

o

r 2020 har varit en stor utma-
Aning for alla som ir inblandade

i undervisning. Som en reaktion
pi den ridande pandemin fick kursan-
svariga i uppgift att pi mycket kort tid
gdra om sina kurser till ett onlineformat.
All undervisning skulle goras pa distans.
Detta gillde dven for experimentella
laborationer som ur en undervisnings-
synpunke dr en nyckelkomponent for
manga fysikkurser. Under héstterminen
har vi dterigen haft méjlighet att erbjuda
laborationer i sal, men med en del be-
grinsningar. Vi konstaterade tidigt att
dessa begrinsningar krivde en uppdate-
ring av det tidigare laborationsformatet.
Pé grund av detta inledes en modernise-
ring av véra laborationer i kirnfysik. Vi
vill hir dela med oss av vira och studen-
ternas erfarenhet av dessa forindringar.

Det nya laborationsformatet

Laborationer som handlar om mit-
ning, karakterisering och avskirmning
av olika typer av strilning brukar ges
som antigen halv- eller heldagslabora-
tion. En av de inférda begrinsningarna
4r att salstiden far vara max tre timmar.

Vi bestimde oss for att studenternas in-
teraktion med experimentet skulle vara
i fokus: handledaren ska leda mer och
undervisa mindre s att tiden som stu-
denterna sitter och passivt lyssnar mini-
meras.

For att uppnd detta mél krivdes mer
omfattande forberedelser frin studenter-
nas sida infor laborationerna. Vi ville att
dessa forberedelser skulle har tydliga mal
for att frimja en mer effektiv laborations-
milj, med en tydlig "réd trad” for stu-
denterna att folja. Enligt denna princip
(nira kopplad till s kallat " flipped class-
room”) skrev vi om allt material for varje
laboration och gjorde detta tillgingligt
for studenterna via onlineplatformen
“Canvas” (som anvinds pd Lunds uni-
versitet). Vi gjorde féljande dndringar
och tilligg for laborationerna:

B Video som introducerar den under-
liggande fysiken men ocksd visar
laborationssalen och férsoksupp-
stillning. Varje video var mindre dn
tio minuter ling och spelades in av
samma handledare som ansvarade for
laborationen.

B Lismaterial frin liroboken samt an-
dra relevanta killor sammanstilldes
i en lista. Detta gav en dvergripande
struktur med &verlappande lisupp-
drag mellan de olika laborationerna.

Manualerna till laborationerna skrevs
om med ett fokus Pi laborationens
uppstillning samt uppgifterna, helt
utan nigon teorisektion.

B Quiz som tickte relevanta frigor for
varje laboration var ett obligatoriskt
moment som varje student behdvde
klara innan de kunde delta i labora-
tionen. Studenterna kunde ta detta
quiz flera ginger men var tvungna att
svara ritt pd alla fragor. Syftet med
detta var att bade sikerstilla forkun-
skaperna hos studenterna och att tyd-
liggdra vad som forvintades av dem.

¥ Klipp ut-papper som visar de ex-
perimentella komponenter som stu-
denterna ska anvinda i en specifik
laboration. Frin “klipp ut-pappret”
far studenterna vilja vilka komponen-
ter som de tror behdvs och klippa ut
dessa. Studenterna skall sedan ordna
ett kompplingschema med kompo-
nenterna i en rimlig ordning. Detta
ger dem méjlighet att koppla den ab-
strakta kunskapen frin lismaterialet
till en konkret férstielse av uppbygg-
naden av experimentet. Figur 1 visar
tva exempel pa studenternas losningar
pa denna uppgift.

Att erbjuda en variation av férberedelse-
uppgifter och inlirningsmaterial gor»
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FIGUR 2: Jupyter Notebook kombinerar in-
struktioner, kod och resultat.

att vi ocksa tar hinsyn till studenternas
olika inldrningsstilar.

Vi forberedde ocksd ett Jupyter
Notebook-dokument for samtliga labo-
rationer. Detta ir ett interaktivt doku-
ment som studenterna kan arbeta med i
en vanlig webblisare. Jupyter Notebook
blandar beskrivande text och program-
meringskod pé ett pedagogiskt sitt och
studenterna kan importera sin data,
indra parametrar, benimna axlar pa
en graf och visa resultat (cill exempel
figurer) direkt i dokumentet. Vi skrev
koden i Python, men andra programme-
ringssprak kan anvindas. I dokumentet
tog vi ocksd med fragor som studen-
terna ska svara pd, vilket dven gor dessa
Notebooks limpliga som inlimnings-
uppagifter.

Eftersom det var férsta gangen minga
av studenterna kom i kontakt med
Jupyter Notebook, férberedde vi en se-
parat “introduktions”™-Notebook som vi
presenterade under en vanlig féreldsning
dir studenterna sjilva kunde testa koden
och funktionerna. Figur 2 visar ett exem-
pel av en Jupyter Notebook frin studen-
tens perspektiv.

Tre timmar i laborationssalen

Vi blev mycket positivt verraskade av
hur bra den nya laborationsstrukturen
fungerade i praktiken. Vi var frin borjan
beredda pa att det skulle uppsta problem
gillande hantering av Jupyter Notebook
och att studenterna inte skulle ta till sig

UNDERVISNING PA DISTANS

-

Den handledare som héller i laborationen spelar in en kort video som bade introducerar den
underliggande fysiken och visar férsoksuppstéliningen.

all den férberedelseinformation som vi
gav dem. Men vi hade fel!

Studenterna kom bittre forberedda
till laborationerna och mindre tid behév-
des till teorigenomgang. Genom att ocksa
anvinda ett interaktivt verktyg, Jupyter
Notebook, fér analysen blev kommuni-
kationen av laborationens metod och re-
sultat mer transparent och tydligt. Denna
Skade effektivitet gav oss méjligheten att
anvinda mer tid till férdjupande fragor,
diskussion och #ven eventuella sidospar
som studenterna var nyfikna pa. Detta
ledde till en ppen och stressfri atmosfir
dir savil studenterna som handledaren
kunde kinna sig bekvima.

Overlag behsvdes handledaren min-
dre i "bredden” och mer i "spetsen” for
diskussion och slutsats av experimentet.

Studentens perspektiv
For att ge oss méjlighet att forsta hur stu-
denterna tillignade sig detta nya uppligg
bad vi varje laborationsgrupp att limna
in en anonym utvirdering av sina upp-
levelser i form av en kort blankett. Vi
stillde frigor som ”Vad var det bista
med laborationen?”, ”Vad var det simsta
med laborationen?”, "Saknade du nigon
information under/innan laborationen”
och ”Vad har du lirt dig av laboratio-
nen?”. Studenternas svar var dvervildi-
gande positiva.

Bland annat si uppskattade majorite-
ten av studenterna att vi inférde mer for-
beredelsekrav infor laborationerna. De
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tyckte att detta gav en bittre insikt i vad
syftet med laborationerna var. Resultatet
var att studenterna visade stérre sjilvfor-
troende och kad villighet att stilla fra-
gor och inledda diskussioner med varan-
dra och med handledaren.

Det framgick ocksé av studenternas
respons att det inte ricker att bara stilla
hégre krav pa férberedelserna infér labo-
rationen. Det var de hégre kraven i kom-
bination med att vi férberett specifika
lisanvisningar, videor dir vi forklarade
teorin samt en quiz som gav studenterna
denna djupare insikt i syftet med labora-
tionerna.

Okat engagemang

Det som bérjade med en anpassning av
laborationerna till pandemins krav re-
sulterade i ett nytt undervisningsformat
som uppskattas av biade studenter och
handledare.

Det stir nu klart for oss att vi tidigare
underskattat studenternas engagemang
och ambitioner, men att vi nu med ett
strukturerat och varierande férberedel-
sematerial lyckats ta tillvara dem bittre.
Eftersom studenterna var bittre forbe-
redda var de ocksd mindre beroende av
handledning och kunde jobba mer sjilv-
stindigt under hela laborationsmomen-
tet.

NicHoLAl MAURITZSON
OCH HANNO PERREY
Lunds universitet
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