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well known for its PSD capabilities. Coupling this desirable characteristic with loss free, low
attenuation optical read-out through a WLS fiber has the potential to broaden significantly
liquid scintillator applications.
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1. Introduction

A wide range of industrial and government applications continue to push radiation

detection development into new and exciting frontiers. Advanced detection systems require

innovative solutions to meet technical specifications such as efficiency, angular resolution,

energy resolution, and timing resolution while performing under demanding operational

constraints such as a wide range of temperatures, varying background radiation, mechanical

shock, dimensions, and weight. Technology advancements in the areas of signal processing,

optical light read-out, detection materials, equipment miniaturization, and computer model

simulations enable these concepts to become a reality.1' 2 In this work, an innovative detection

module is developed and tested for use in a cosmic ray imaging system designed for oil field

characterization and is evaluated for its potential use in a fast neutron detection system for

nuclear security applications.

1.1. Motivation

1.1.1. Cosmic Ray Imaging for SAGD

Canada's heavy-oil reserve, one of the largest in the world, has an estimated 175 billion

barrels of which 80% are too deep for open pit mining.3 Research on in-situ methods using

steam to extract the heavy oil from the sand began in the 1970s but it wasn't until 2002 that

the first production from a commercial steam assisted gravity drainage (SAGD) project was

realized.4 Now (2014), over 50% of the oil Canada produces is from in-situ methods like

SAGD, with continued growth expected. The SAGD method uses two horizontal wells

separated by approximately 5 meters. Steam, pumped at high pressures into the top well (aka

the injector well), penetrates the reservoir. In doing so, it heats up the local bitumen until its

viscosity is low enough to allow it to flow by gravity into the lower well (aka the producer
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well). The mobilized oil or bitumen is then pumped from the production well to the surface

for processing. Natural gas consumption for steam production accounts for 60% to 70% of the

total operation costs for SAGD plants, making steam management an important aspect of

SAGD operations. 3 The ability to monitor the development of the steam chamber region has

the potential to provide important information to the operator, which could be used to optimize

the growth and uniformity of the underground steam chamber and minimize costs.

As part of this thesis, a cosmic ray imaging (CRI) system has been developed at

Schlumberger-Doll-Research (SDR) Center with the goal of providing in-situ and near-real-

time information about steam chamber development in a SAGD field.

Cosmic ray muons continually penetrate the earth's surface and their flux is attenuated

as they travel underground. As a SAGD steam chamber develops, the bitumen is replaced with

steam, decreasing the density in the reservoir. Muons passing through this lower density region

are attenuated less, resulting in an increased muon flux in that direction. The density across

the field can be monitored in real time by measuring the muon intensity and direction.

This technique of muon imaging has been used in several other applications

including studies of the interior of volcanos.5' 6 SDR has developed a prototype device that

was tested with Suncor Energy Inc. in a SAGD observation well at MacKay River, in the Ft.

McMurray region of northern Alberta, Canada.7 The intent of the field test was to demonstrate

the deployment capability, verify the stability of the system in an operational environment, and

establish constant remote data monitoring. Based on the data collected and Monte-Carlo

modelling, improved muon detection rates, i.e., increased area, is required to identify density

changes more rapidly and accurately.

The operational constraints of downhole monitoring and the required geometries for a

CRI borehole detector limits the available options to improve the muon detection rate or the

angular resolution of the density mapping. The CRI design requires many long-thin detection
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modules as shown in Figure 1.1. The crossed helical pattern allows the position along the axis

of the tool to be determined by observing coincident events in adjacent rings. Adjacent ring

fibers cross only once in the length of the tool. When a coincident event occurs, the interaction

position is localized at the crossing point of the two coincident fibers as shown in Figure 1.2.

The blue parallelogram defines the uncertainty in the position determination and depends on

the active length of the tool, L, the diameter of the fiber rings, D, and the diameter of the

individual fibers, d. When there is at least two pairs of coincident fibers the muon trajectory

is reconstructed using their crossing points. The angular resolution of the density mapping

worsens with position uncertainty. There is a tradeoff between an increase in the muon

detection rate, that is proportional to the active area D x L, and the degradation in angular

resolution as L is increased. It is important to recognize that a valid muon event can be easily

discriminated from background gamma ray and neutron events since we require a hit in at least

four fibers.

Figure 1.1. Crossed-helical design of SDR cosmic ray imaging (CRI) system. No fibers cross more than
once in the 1-meter length of the system. Coincident muon hits in adjacent rings determine the muon
path. Reproduced with the permission of Schlumberger.
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d
Figure 1.2. The muon interaction position is localized at the crossing point of adjacent fibers that
experience a coincident event. The blue parallelogram determines the uncertainty in the position
determination. The active length of the tool is L, the diameter of a ring of fibers is D, the individual
fiber diameter is d, and the angle between fibers in adjacent rings is a. Reproduced with the permission
of Schlumberger.

The initial CRI design used a fluoropolymer tubing, PTFE (polytetrafluoroethylene),

filled with organic liquid scintillator (OLS) with the concept that the design would provide a

large optical signal with flexible dimensions. However, the OLS filled PTFE tubes

demonstrated a very poor attenuation length making them impossible to use. With the pressing

need for an operational prototype, a system with an outer diameter of 3.5 inches was

constructed using 5-millimeter diameter by 1-meter long plastic scintillating fibers. This

system was suitable for initial testing but future designs require the muon count rate to be

maximized to reduce statistical uncertainties of the density mapping. Although plastic

scintillators provide a large signal and good attenuation, they do not readily provide the

flexibility to increase the length of the system since as the length of the plastic fiber increase,

they are more susceptible to damage and the cost of manufacturing increases. In turn, the use

of multiple one-meter systems requires each system to have its own light collection and

electronics, which is cost prohibitive. Therefore, a practical system for SDR required an

efficient muon detection module that provided a measurable signal at lengths of 2-meters or

greater.
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1.1.2. Fast Neutron Detection for Nuclear Security

While developing the detection module for the cosmic ray imager, its potential as a fast

neutron detector for nuclear security also became apparent. With so many diverse commercial

applications using radioactive sources and a complex and varying background radiation, it is

difficult to distinguish between benign sources of radiation and a nuclear device that could

produce an explosive yield of 10 kilotons (kt) or greater. The number of specialist trained to

handle nuclear devices is limited, making the characterization of a neutron source as special

nuclear material (SNM) as early as possible a critical step in properly responding to the

incident. As one would expect, this is not a trivial matter considering the vast configurations

of nuclear weapons and radioactive materials.

In general, the primary fissile isotopes of concern are uranium-235 (2 11U) and

plutonium-239 ( 2 39 Pu). In practical scenarios, the neutron signature from a 23 5U-based weapon

is undetectable.8 Therefore, we focus on the detection of neutrons from 239Pu-based weapon.

Weapons grade plutonium (WgPu) is produced by irradiating uranium-238 (238U) in a nuclear

reactor and consists primarily of 2 3 9Pu. WgPu will also have small amounts of other isotopes

including plutonium-240 (2 4 0Pu). Given the typical amount of 2 40 Pu present and its relatively

high spontaneous fission rate, this is the primary source of neutrons from WgPu. Although the

fission neutrons will have a unique energy spectrum, this will be difficult to measure since

portable neutron spectrometers are difficult to make.

Current systems primarily rely on multiplicity counting, a technique that relies on the

unique coincidence signature that arises from multiple neutrons being produced in each

spontaneous or induced fission. These systems, notably the NPOD 9' 10 developed at Los

Alamos National Laboratory (LANL) and the Fission Meter" developed by Livermore

National Laboratory (LLNL) and commercialized by ORTEC, use large quantities of helium-
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3 (3He) detectors and rely on moderation to thermalize the fast fission neutrons before capturing

them. The time required to moderate the neutrons significantly degrades the coincidence

timing capabilities requiring longer collection times. In addition, the existing 3He shortage

makes wide deployment of the NPOD or Fission Meter impossible. Developing a fast neutron

detector, such as the one shown in Figure 1.3, that is low cost non- 3He based and that can

deploy with local first responders, has the potential to provide new rapid characterization

capabilities that will guide the intelligent deployment of our limited personnel trained to

respond to and render-safe nuclear weapons.

Figure 1.3. When an unknown neutron source has been identified, it is necessary to determine
rapidly if special nuclear material is present and if it is in a configuration to produce a nuclear yield.
A flexible OLS based detection system could provide a low cost alternative to expensive systems
based on scarce 3He.
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1.2. Problem Statement

The primary goals of this work are to develop an alternative detection module for

cosmic ray imaging with the following characteristics:

o Operate at a continuous length of at least two meters with comparable muon

detection efficiency to conventional plastic fibers,

o Have enough flexibility to conform to the helical CRI geometry,

o Have the potential to survive multi-year deployment without maintenance, and

o The ability to provide interaction position along module would be an additional

(but not required) benefit.

Additional requirements for fast neutron detection are secondary to the CRI

requirements. This portion of my research will evaluate the CRI detection module for use in a

fast neutron detector with the following criteria:

o Maximize fast neutron detection efficiency to minimize data collection times,

o Have the potential to discriminate between neutron and gamma ray events, and

o Have a scalable form factor able to conform to operational scenarios.

1.3. Importance of this Work

Scintillation light collection in long-thin geometries has always been a challenge. In

the development of a detection module for cosmic ray imaging, a simple, cost effective, and

scalable solution was built and tested. This not only provides the building blocks for a scalable

cosmic ray imager, it also opens a wide range of detection designs that may not have been

considered without this capability. The potential to discriminate neutron and gamma ray events

based on the WLS fiber read-out further expands its possibilities. Current nuclear security
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multiplicity counters rely on large quantities of scarce 3He. The ability to detect fast neutrons

and discriminate gamma ray background makes these organic liquid scintillator filled

fluoropolymer tubes a viable alternative to the current 3He systems.

1.4. Organization of this Thesis

This thesis is organized into seven chapters. The first chapter discusses the motivation

to seek a detection module that meets requirements for a cosmic ray imaging system and a fast

neutron detector. The second chapter provides the technical background of detecting muons,

neutrons, and gamma rays with an organic liquid scintillator. An estimate of the scintillation

light from each source is also calculated. In Chapter 3, a model of light propagation in

fluoropolymer tubes and of light collection in wavelength shifting fibers is used to estimate

expected signals. Chapter 4 outlines the construction and initial testing of the detection

modules. Chapter 5 analyzes the detection modules performance detecting muons for the CRI

application. Chapter 6 analyzes the detection modules performance detecting neutrons for the

fast neutron detector application. Finally, the conclusions from this work and

recommendations for future research are provided in Chapter 7.
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2. Radiation Detection Using Organic Liquid Scintillators

The advantages of organic liquid scintillators (OLS) over other options, such as plastics

or high-pressure gases, are many. First, viable OLS options produce more scintillation light

(characteristic visible and ultraviolet light) than the plastic fibers while having a faster decay

time resulting in more accurate timing measurements. Second, the liquid scintillator can also

be held in almost any size or shape container that allows the scintillation light to be collected

directly or through a wavelength shifter. Next, the bulk costs of OLS makes it the most

inexpensive option available. Finally, OLS have the added benefit of being an efficient fast

neutron detector and some OLS have neutron-gamma ray discrimination capabilities.

There are, of course, some disadvantages of using liquid scintillators that need to be

considered and compensated for. First, creating a leak-proof system can present some

challenges and some liquid scintillators have flashpoints as low as 26*C/790 F. For long-term

applications, airtight systems are required to prevent dissolved oxygen from degrading the light

output over time. Some liquid scintillators are also toxic, which may limit their application

where the potential for human contact is more likely. With the wide range of commercially

available OLS and the many systems currently employing them, these disadvantages can be

mitigated.

Generally, OLS are benzene-based compounds with valence electrons occupying a-

and a-molecular orbitals. The a-orbitals are strongly centered with the molecule but the n-

orbitals can be delocalized. When the i-electron spins are fully paired the molecule is in a

singlet state and when they are unpaired it is in a triplet state. Energy deposited by incident

radiation results in electrons jumping to higher energy singlet and triplet states through

different processes that will be described later. Transitions between these i-electronic states

produce the scintillation light that is converted through a photomultiplier to the electrical
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signals measured.12 There are two principle types of liquid scintillators, binary and ternary

systems. In both systems, there is a solvent, such as toluene or p-xylene, which is the primary

constituent of the system and where the incident radiation deposits its energy. In a binary

system, the solvent dissolves a small concentration of solute, such as p-terphenyl. This primary

solute produces the fluorescence after the deposited energy is transferred from the solvent. In

a ternary system, a secondary solute, such as POPOP (1,4-Bis-(2-(5-phenyloxazoly))-

benzene), acts as a wavelength shifter absorbing the primary solute's fluorescence and re-

emitting at longer wavelengths.12

In this chapter, we review the scintillation light from the interactions of muons,

neutrons, and gamma rays inside an OLS. First, we describe the population of various singlet

and triplet ir-electronic states of a ternary system and the associated radiative and non-radiative

processes. Next, the effect of excitation density, i.e., the spatial distribution of excitation and

ionization, on the population of excited singlet and triplet states and their subsequent de-

excitation is discussed. Then, we present descriptions of the muon, neutron, and gamma ray

sources of importance to this work and finally the expected scintillation light from each.

2.1. The Scintillation Process in Organic Liquid Scintillators

As described earlier, a ternary system consists primarily of solvent molecules [X], with small

quantities of primary solute molecules [Y], and secondary solute molecules [Z]. The

scintillation process starts with a charged particle exciting and ionizing X. Figure 2.1 shows a

general energy level diagram for X, Y, and Z and the main transitions that can occur.

Transitions from higher states to lower states are radiative if they emit light, shown as solid

blue arrows, or non-radiative if they do not emit light, shown as dashed red arrows. Excitations,

shown as solid green arrows, result in the population of excited singlet states of Six, S2X, and

S3X. The fine structure of the levels are due to molecular vibrations. The time scale of these
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molecular vibrations is on the order of picoseconds resulting in the rapid non-radiative

transitions from higher energy states, called internal degradation, to Six. The X and Y

combination is chosen to maximize non-radiative transitions from Six to excited states of Y,

shown with a horizontal red arrow. Similarly, the internal degradation to Siy from higher states

happens rapidly. Unlike the X and Y combination, the Y and Z combination is chosen to

maximize radiative transitions from Siy to the excited states of Z, shown with a solid blue

arrow connecting Soy and Soz. After the rapid internal degradation from higher states to Siz,

the secondary solute produces prompt fluorescence, which is the largest contribution to the

total scintillation light. The fluorescence is at longer wavelengths reducing re-absorption in X

or Y. These radiative transitions also decay to higher energy vibrational states Sonz emitting

longer wavelength photons and further reducing the potential for self-absorption in Z. Figure

2.2 shows the absorption and emission spectra of the common secondary solute bis-MSB.

S3 x

S2 1X - -.-----.

S2
S13 ----- -4 ------- -12X - -. Aj

S -- --------- 2

S12Y ---------

Siy Sz

I12Z

S11Z -- - - .

503X 3.. 01Y S :- IF

sox SOY I OZ

Figure 2.1. Energy diagram for an organic liquid scintillator. A ternary system consists primarily
of solvent molecules [XI, with small quantities of primary solute molecules lY], and secondary solute
molecules IZI. Solid green lines are excitations to higher states. Solid blue arrows are radiative
transitions, fluorescence. Red dashed arrows are non-radiative transitions.
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Figure 2.2. Absorption and emission spectra for bis-MSB, a common secondary solute. The small
region of overlap are the wavelengths where self-absorption can occur. Image is taken from Viren."

In addition to excited singlet states, inter-system crossing and ion recombination

populate excited triplet states, which are not shown. The inter-system crossing is a low

probability process in which Six relaxes to lower energy excited triplet state. Ion

recombination preferentially populates excited triplet states over excited singlet states three to

one. Higher excited triplet states also undergo internal degradation rapidly transitioning to Tix.

Radiative transitions from Tix to Sox, called phosphorescence, are forbidden with lifetimes

from microsecond to seconds and its contributions are considered insignificant relative to

fluorescence. Another possible transition is the annihilation of two triplet states,

Tix+Tix - Sox+ Six (2.1)

producing additional excited singlet states. These Six states decay with the same rate and

spectrum as the prompt fluorescence but is delayed by the migration time of the triplet states

and considered the main contributor to delayed fluorescence. The density of ionization and

excitation affects the internal degradation and triplet annihilation processes.
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2.2. The Effects of Excitation Density - Pulse Shape Discrimination

In 1968, Laustriat described the spatial distribution of the energy deposition as shown

in Figure 2.3. Particles with high specific energy loss, dE/dx, in the solvent will produce

regions of high activation along its track and in "spurs" and "blobs" outside the track. Particles

with low dE/dx in the solvent will not create a region of high activation along its track. The

extent of these high activation regions produce two effects, ionization quenching and increased

triplet annihilation, that change the scintillation light profile and can be used to discriminate

incident radiation based on its specific energy loss. The specific energy loss for muons,

protons, and electrons are shown in Figure 2.4. Although the exact mechanism that suppresses

the prompt fluorescence is still disputed, the quenching appears to occur before the lowest

excited state Siz is populated.12 The high density of ionization appears to provide alternate

paths for the higher singlet states that do not lead to the lowest excited state Siz.

0 0 Excitat

0 G G lonizat

Spur- - _ 0 '/ High a
0 ' densit3

-ray 0 0
0 00

Track + /particle - path

ion

ion

ctivation

yregions

Figure 2.3. Spatial distribution of excitations and ionizations in organic scintillator. Particles with
high specific energy loss create a track of high activation density along its path and secondary regions
called blobs and spurs. Particles with low specific energy loss only create the blobs and spurs. Image
is taken from Laustriat.1 4
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Specific Energy Loss (dE/dx) in Toulene

500 e Proton (E x 10 MeV)

m Electron (E x I MeV)

+ Muon (E x 100 GeV)
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5

0.0 0.2 0.4 0.6 0.8 1.0

Ehergy (E)
Figure 2.4. Specific energy loss for protons (0-10 MeV)'5 , electrons (0-1 MeV)15, and muon (1-100
GeV) in toluene (C7H8). Ionization quenching of luminescence increases with increased specific
energy loss.

Birks' semi-empirical formula is commonly used to describe the reduced scintillation

response per unit path length dL/dx as a function of dE/dx:

d E
d L SdE
dx =(2.1)
dx (1+kBdk dx)

where S is the scintillation efficiency and kB describes the fraction of the excitations that are

quenched.' 7 Craun and Smith added a second order quenching term improving the fit for

particle with larger specific energy loss.'8 Increased ionization quenching due to higher

specific energy loss leads to a lower scintillation yield as shown in Figure 2.5. The term MeV

electron equivalent (MeVee) has been introduced to quantify the light yield of heavy charged

particles. A one MeVee proton would have an incident energy of several MeV.
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Figure 2.5. Comparison of scintillation light from electrons and protons in a xylene based organic
scintillator. Ionization quenching provides alternate paths to internal degradation resulting in reduced
prompt fluorescence for higher specific energy loss particles like protons. A 1 MeVee proton has the
same light production as a I MeV electron but has an incident energy of 3 MeV. Image taken from
Craun and Smith."

The second effect introduced in regions of high activation is increased triplet

annihilation. As described in Section 2.1, excited triplet states are primarily populated by ion

recombination. Regions of high ionization lead to higher densities of triplet states increasing

the delayed fluorescence contribution to the total scintillation light. Figure 2.6 shows the

differential and integral pulses in a xylene based liquid scintillator (NE213) from a gamma ray

and a neutron interaction. The scattered proton from the neutron interaction has a larger

specific energy loss than the scattered electron from the gamma ray interaction. The resulting

delayed fluorescence remains a small fraction of the total scintillation light but this difference

in pulse shape can be detected with common pulse shape discrimination techniques and provide
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the means to discriminate incident radiation based on its specific energy loss. It is generally

accepted that the population of the long-lived triplet states is the source of the delayed

fluorescence and any processes that inhibit (quench) this population will degrade the pulse

shape discrimination capability. Many organic scintillators have inherent processes that

quench the population of triplet states and therefore do not exhibit the pulse shape

discrimination capability. Oxygen dissolved in the scintillator reduces the overall scintillation

light and can quench the delayed fluorescence resulting in degraded or destroyed pulse shape

discrimination capability.12 ,14,17 Oxygen degassing in liquid scintillators can be achieved by

nitrogen bubbling.

-- 10
2NE213 WE213z

0
U 06

04
~I0

TIME 4lsec)
Figure 2.6. Differential and integrated curves showing the time dependence of gamma ray versus
neutron response in a xylene based liquid scintillator. The time dependence can be used to differentiate
incident radiation based upon its specific energy loss (dE/dx). Images taken from Kuchnir et al.1 '

2.3. Scintillation Light from Muons, Neutrons, and Gamma Rays

The final scintillation light from muon, neutron, and gamma ray interactions will vary

significantly based upon their energy and the path length in the scintillator including the effects

due to the incident angle. In this section, we will describe the expected angular and energy

distributions for each type of incident radiation, the types and probabilities of interactions

inside the scintillator, and estimate the expected scintillation light. The muon angular and
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Figure 6.7. The pulse gradient analysis (PGA) method applied to light escaping the side of the EJ-309
filled tube for an AmBe source compared to a 6 0Co source using the V1751 digitizer. The
discrimination line was graphically identified and resulted in a FOM=0.40.
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PGA Method using 12 Bit - 250 MSa/s Digitizer
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Figure 6.8. The pulse gradient analysis (PGA) method applied to light escaping the side of the EJ-309
filled tube for an AmBe source compared to a 6 0Co source using the DT5720 digitizer. The
discrimination line was graphically identified and resulted in a FOM=0.40.

115

OL









identified as neutrons. The WLS fiber signal also demonstrated a PSD capability with similar

results in both the V1751 and DT5720 digitizers. Based on the discrimination lines chosen,

65% of the AmBe neutrons were identified as neutrons and 8% of the 60Co gamma rays

incorrectly identified as neutrons. Additional optimization of the discriminator lines would

improve the PSD performance. The rise time method, unlike charge ratio and PGA, does not

evaluate each pulse at a predetermined times but evaluates the timing characteristics from pulse

to pulse. This allows the degraded, but still present, timing characteristics to be extracted.

Rise Time Method using 10 Bit - I GSa/s Digitizer
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Figure 6.12. The rise time method applied to light escaping the side of the EJ-309 filled tube for an
AmBe source compared to a 60Co source using the V1751 digitizer. The discrimination line was
graphically identified and resulted in a FOM=0.56.
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Rise Time Method using 12 Bit - 250 MSa /s Digitizer
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Figure 6.13. Rise time method applied to light escaping the side of the EJ-309 filled tube for an AmBe
source compared to a 60Co source using the DT5720 digitizer. The discrimination line was graphically
identified and resulted in a FOM=0.58.
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Rise Time Method using 10 Bit - I GSa/s Digitizer
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Figure 6.14. The rise time method applied to the WLS fiber signal for an AmBe source compared to
a 60Co source using the V1751 digitizer. The discrimination line was graphically identified and resulted
in a FOM=0.45.
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Rise Time Method using 12 Bit - 250 MSa/s Digitizer
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Figure 6.15. The rise time method applied to the WLS fiber signal for an AmBe source compared to a
6 0Co source using the DT5720 digitizer. The discrimination line was graphically identified and resulted
in a FOM=0.43.
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6.2.4. Pulse Shape Discrimination Summary

EJ-309's pulse shape discrimination capability and its lower toxicity and flammability has

made the relatively new organic scintillator a popular topic of recent research. Many

institutions and organizations continue to characterize its light production for a wide range of

applications. The intent of this research was to determine if the re-emitted WLS fiber light

pulses retain the characteristics of the original EJ-309 pulses. The measurement of the EJ-309

light escaping the side of the tube was not optimized and only a fraction of the light was

collected. As expected, poorer PSD capability from the EJ-309 was observed as summarized

in Table 6.1.

Table 6.1. Summary of Pulse Shape Discrimination Methods

Correctly ID Incorrectly ID FOMMethod Digitizer Signal Neutron (%) 60Co (%)
WLS NA NA 0

. V1751 OLS * 1 0.53
Charge Ratio WLS NA NA 0

DT5720 OLS * 1 0.52

WLS NA NA 0
Pulse Gradient OLS 82 6 0.40

Analysis DT720 WLS NA NA 0
DT572 OLS 86 3 0.40

WLS 64 8 0.45
Rise Time OLS 88 6 0.56

Method WLS 66 5 0.43
DT5720 OLS 95 4 0.58

*Charge ratio method is used as basis for identifying AmBe neutrons since a purely
neutron source was not used.

No PSD capability was observed using the charge ratio and pulse gradient analysis

methods on the WLS fiber signals. Both of these techniques are sensitive to variations in the

pulse timing. Pulses not consistent with the neutron or gamma ray timing profile will not be

properly discriminated. With BCF-91A's 12 ns decay time, the added absorption and re-

emission in the WLS fiber blurs a pulse's timing profile. The long integration window of the
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rise time method evaluates each pulse's timing profile separately making it more tolerant to

the loss in precise timing. As a result, discriminating gamma ray events, currently at a cost of

neutron efficiency, is possible through the WLS fiber signal. There are many aspects of the

system that can be optimized to improve its PSD capability.

6.3. Fast Neutron Detection Efficiency

Without achieving a purely neutron source it is difficult to determine the fast neutron

detection efficiency without large uncertainties. In a separate test, the shielded AmBe source

used in the pulse shape discrimination analysis was placed 6 inches from two 6" EJ-309 filled

modules. Each was read-out using two 2mm diameter WLS fibers and the H8500 PMT. The

count rate measured after subtracting the background was 7.9 Hz. Based on the charge ratio

method, two fifths of the detected events were determined to be neutrons giving a neutron

detection rate of 3.2 Hz. The 10 mCi AmBe source emits approximately 22,000 neutron per

second isotropically giving 86 neutrons per second incident on the two detections modules.

This provides an estimated 3.7% intrinsic fast neutron detection efficiency in a single layer of

the detection modules with an estimated 14% for a four-layer system. The plutonium based

nuclear weapon discussed in section 2.3.2 emits 1430,000 neutrons per second. A one square

meter panel of single layer modules at -2 meters from the weapon would count 1 million

neutrons in 65 minutes and a four-layer system would take less than 15 minutes. At a distance

of ~4 meters these times increase to 260 minutes and 60 minutes, respectively. Operational

measurements of 15-60 minutes are reasonable and suggests further research is warranted.
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7. Conclusions and Future Work

Industrial and nuclear security applications continue to demand innovative radiation

detection solutions for complex scenarios. In this work, we explore a common solution to the

vastly different applications of oil reservoir saturation monitoring with cosmic ray imaging and

the identification of illicit special nuclear material with fast neutron detection. The use of

organic liquid scintillators can provide excellent detection efficiencies, flexibility in system

designs, and significant cost reductions. However, the efficient light collection in long-thin

geometries has always been a challenge and is the common issue when searching for an organic

liquid scintillator design for these applications. A solution utilizing wavelength shifting fibers

to read-out the optical signals created in transparent fluoropolymer tubes filled with liquid

scintillator has been designed and characterized.

7.1. Status of Work Priorities

7.1.1. Cosmic Ray Imager

The selected OLS module design used two 2 mm diameter WLS fibers and a 5.28 mm

inside diameter FEP tube filled with EJ-309. In a side-by-side comparison with a standard

plastic scintillating fiber, the OLS module detected 1.17 + 0.1 muons-min--cm-2 while the

plastic fiber detected 0.96 + 0.07 muons-min-1-cm-2. This demonstrated that no muon events

were being lost due to the absorption and re-emission efficiencies of the WLS fibers. In a full

2-meter long test, the module showed a constant detection rate along the module demonstrating

event losses of less than 5% along the length of the module due to signal attenuation in the

WLS fibers. The data showed a (95.4 0.1)% detection rate of triggered events that increased

to (98.4 0.5)% when lower light yield background events were subtracted. Measurements

with additional external WLS fibers demonstrate an increased signal that provides the potential
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to increase the module's length with minimal increase in complexity or costs. The timing

information extracted from the WLS fiber signal provided only coarse determination of the

interaction location with uncertainties of +40 cm. This could be considerably reduced to less

than 10 cm or more when using a faster PMT (H8500) and WLS (BCF-92). The potential for

this measurement to resolve ambiguities in module crossing points could make a number of

cost effective detector designs possible in future development. The ability to couple the WLS

fibers to the outside of the fluoropolymer tube not only reduces the complexity of the system

and provides more design options; it also eliminates the concern of long-term degradation of

the WLS fiber while submerged in the OLS.

7.1.2. Fast Neutron Detector

Initial experiments were conducted to characterize the capability of the detection

module to discriminate between neutrons and gamma rays and estimate its fast neutron

detection efficiency. A light pulse from a neutron interaction in the EJ-309 has a longer tail

than a light pulse from a gamma ray event due to higher proportion of delayed fluorescence.

The experiments verified that the EJ-309 scintillation light escaping the sides of the FEP tube

showed varied pulse timing profiles for neutron and gamma ray events. The fraction of the

original light captured was not optimized and the figures of merit for charge ratio, pulse

gradient analysis, and rise time pulse shape discrimination methods were 0.53, 0.40, and 0.58,

respectively. The V 1751 and DT5 720 digitizers showed small variations in performance based

on the pulse shape discrimination method used. As expected, the additional processes of

absorption and re-emission in the WLS fibers alter the timing profiles of the original EJ-309

pulses. The degradation in the timing profile resulted in no pulse shape discrimination when

using the charge ratio and pulse gradient analysis methods. However, the rise time method

clearly demonstrated pulse shape discrimination capability with a FOM of 0.45. We expect
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the performance to improve with additional WLS fiber characterization and optimization of

the algorithm's parameters. Even with degraded performance, the ability to use wavelength

shifting materials for pulse shape discrimination has the potential to expand the use of organic

liquid scintillators for fast neutron detection. The fast neutron detection intrinsic efficiency

was measured with an AmBe source and estimated to be 3.7% for a single layer of the modules

and 14% for four-layers. Since a pure neutron source measurement was not taken, these values

are rough estimates and require additional testing to ensure their validity. Based on these rough

estimates, a one square meter panel with four-layers of modules positioned 2 meters away from

the hypothetical nuclear weapon would have enough counts to identify the presence of special

nuclear material in less than 15 minutes.

7.2. Future Work

Now that a viable alternative to plastic scintillating fibers has been identified,

additional characterization and optimization of the detection modules are required.

o Test a full 2-meter long, three 1mm diameter WLS fiber module. In small-

scale tests, this module had similar light collection efficiency as the two 2 mm diameter WLS

module, but attenuation in smaller diameter fibers are generally poorer. The advantage of using

1 mm diameter over 2 mm diameter WLS fiber is an improved packing efficiency, i.e.,

preventing the loss of active detection area.

o Fluoropolymer tubes can be extruded in a wide range of forms, as shown in

Figure 7.1, with many advantages to include improved packing efficiency, increased active

area, potential for improve light collection efficiency, and simplification of the manufacturing

process. For example, the ability to slide the WLS fiber into pre-made channels after the tube

was filled and sealed would greatly simplify the construction of each module with the potential
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to minimize intervening wall thickness. Extramural material can also be included during the

extrusion process to increase light collection and prevent cross talk between the modules. The

only disadvantage would be increased cost mostly associated with the initial design and

construction of the extrusion mandrel die.

0 0
OLS OLS OLS

00
, I

Figure 7.1. Fluoropolymer tubes can be extruded in many forms opening up many configurations to
be considered (not to scale). The WLS fibers are placed in pre-made grooves or channels simplifying
the manufacturing of the modules.

o Optimization of light collection at the PMT. The WLS fiber shifts the OLS

blue light to longer green light. For bialkali photocathode based PMTs like the H8500 and

R6095 this reduces the quantum efficiency by 5-10%. This is compensated for by increasing

the number of WLS, but an analysis of alternative PMT-WLS fiber combinations may yield an

improved solution.

The following characterization and optimization for the nuclear security application of

the detection module are also required.

o The optimal dimensions of the OLS filled module for fast neutron detection

will be different than those for the CRI system. The tradeoff of neutron detection efficiency

with light collection in the WLS fiber should be analyzed.

o The effects of attenuation on the PSD capability should be characterized.

Attenuation effects may further degrade the pulse information in the WLS fiber signal although

a portable fast neutron detector will most likely be less than 1-meter. An optimal combination

of OLS, WLS fiber, and PMT should be investigated.
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