
ABSTRACT

WELDON JR., ROBERT ALLEN. Characterization of the Anisotropic Scintillation Response of Stilbene
and an Application for Neutron Source Localization. (Under the direction of John Mattingly.)

Trans-stilbene is an organic single-crystal scintillator that has re-emerged as an attractive option for

radiation detection applications due to its excellent pulse shape discrimination, nontoxic composition,

and recent commercial availability in sizes greater than 10 cm in length. The scintillator is particularly

suited to the detection of mixed gamma/neutron sources such as special nuclear material, but it has a

deficiency for spectroscopic applications that is not shared by non-crystal organic scintillators — an

anisotropic scintillation response to heavy charged particles. Measurements of the scintillation anisotropy

of trans-stilbene in the literature are limited. In this dissertation, the scintillation anisotropy of stilbene

was characterized for recoil protons using the tandem Van de Graaff accelerator at Triangle University

Nuclear Laboratory. Measurements of over 168 recoil proton trajectories relative to the crystal axes for 11

distinct energies between 0.56 and 10 MeV were performed using a coincident neutron scatter kinematic

measurement technique.

Several unique results were obtained during the course of characterizing the scintillation anisotropy.

First, the trajectory of the maximum light output for recoil protons was proven to be along the a-axis

— in disagreement with several reports in the literature which claimed the b-axis as the trajectory of

maximum light output. This finding was supported by a set of measurements performed with four different

trans-stilbene crystals. The measurements included: (1) measurements of recoil protons between 1.32

and 10.0 MeV along the a, b, and c’ crystal axes using scatter kinematics with an 11.33 MeV neutron

beam; (2) measurements of recoil proton trajectories along the a and b axes at 2.0 and 2.83 MeV using

scatter kinematics with a 4.83 MeV neutron beam; (3) measurements of full energy deposition events

with trajectories along the a and b axes using a 4.83 MeV neutron beam, analyzed by fitting the light

output spectrum; and (4) measurements of the change in the count rate for 252Cf neutrons with trajectories

near the a and b axes. Second, coincident neutron scatter kinematic measurement and analysis techniques

were shown to be superior to measurements employing light output spectrum analysis techniques, both in

precision and accuracy. This finding was supported with light output measurements of stilbene crystals

with different volumes and with reports from the literature. The measurements support the conclusion that

one high-precision scatter kinematic light output measurement of an organic scintillator is characteristic

of other scintillators of the same material, assuming the use of a relative light output scale (i.e. electron-

equivalent units). Finally, a novel method was developed to perform neutron source localization by

exploiting the scintillation anisotropy of multiple stilbene detectors. Two localization measurements were

performed using 3 stilbene detectors and a 252Cf neutron source. Source-detector offset distances on the

order of a meter were used to demonstrate the efficacy of the technique. The neutron source was localized

in both cases with errors ranging from 2%−11% of the source-detector distances.
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CHAPTER

1

SCINTILLATION ANISOTROPY IN

SINGLE-CRYSTAL ORGANICS

Organic scintillators have been widely used for radiation detection since the introduction of photo-

multipliers (circa 1940). Today they are the primary materials for applications requiring fast neutron

detection due to their fast response time (� nanoseconds), reliability, relatively low cost, and sensitivity

to deposited energy. Many organic scintillators are also capable of particle identi�cation, i.e., the ability

to discriminate between gammas and other heavy charged particles via pulse shaped discrimination

(PSD). These attributes combine to make organic scintillators particularly suited for the detection of

mixed gamma/neutron sources such as special nuclear material (SNM).

Organic scintillators come in three types: plastic, liquid, and crystal. Most organic scintillators in use

today are plastic and liquid. Plastics are commonly used in applications that require fast timing or large

volume detectors, while liquids are often used for mixed �eld measurements due to their PSD capability.

Crystalline scintillators were some of the �rst organic materials used in early detectors [1, 2]. Some

crystals have characteristics that are superior to plastics or liquids such as high scintillation ef�ciency

(anthracene) or excellent PSD (trans-stilbene, hereafter referred to as stilbene). Despite their attractive

characteristics for radiation detection, crystalline scintillators have been sparsely used in the past due to

their limited size (< 3 cm lengths) and anisotropic response to heavy charged particles.
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1.1 The discovery of scintillation anisotropy in crystalline organics

Crystalline organic scintillators were in use for several years before the discovery of an anisotropic

response in anthracene by Heckmann in 1959 [3]. Following his initial �nding, Heckmann performed

higher precision light output measurements of both anthracene and stilbene which revealed the light

outputs of both crystals were highly dependent on the trajectory of the charged particle relative to the

crystal axes [4]. Heckmann identi�ed the crystal axes using a polarization microscope. The light output

measurements were performed using 6.93 MeVa particles. The anisotropy in the light output relative

to the crystal axes was measured by rotating the crystals about thea, b, andc' axes through360� and

measuring the light output in10� increments. Heckmann reported the light output for stilbene was at

a maximum when thea trajectory was along theb-axis, a minimum when thea trajectory was along

thec'-axis, and a value between the two extrema when thea trajectory was along thea-axis. The light

output for anthracene was at a maximum when thea trajectory was along thec'-axis, a minimum when

it was along theb-axis, and a value between the two extrema when it was along thea-axis. Subsequent

to the measurements of anthracene and stilbene, the light outputs of 11 other scintillators were also

measured [5]. These measurements con�rmed (1) that the scintillation anisotropy was a common feature

of monoclinic crystal organic scintillators and (2) that the directions of maximum and minimum response

were dependent on the crystal type.

The discovery of scintillation anisotropy in crystalline organic scintillators led to several additional

measurements of various crystals by other authors [6–9]. These measurements were performed in an

attempt to understand the mechanism behind the scintillation anisotropy. Some important results from

these reports include:

1. The pulse shape is also anisotropic [6].

2. The magnitude of change in the light output decreases as proton recoil energy increases [9].

3. The magnitude of change in the pulse shape increases as proton recoil energy increases [9].

4. Scintillation anisotropy is only observed for heavy charged particles; it is not present in gamma or

electron interactions [3,9].

While these early measurements of scintillation anisotropy in crystalline organics provided valuable

insight into the scintillation response of several crystals, attempts to fully describe and model the

phenomenon were unsuccessful. A qualitative description was provided by Brooks and Jones [9] who

proposed that the anisotropy was due to “preferred” directions of exciton transport in the crystals. This

explanation will be explored in the following sections beginning with a description of the scintillation

process and exciton transport in organics.
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1.2 Scintillation mechanisms and pulse shape discrimination

Organic scintillators such as stilbene and anthracene are conjugated hydrocarbon compounds composed

of benzene ring structures. Conjugation refers to a system of connected p-orbitals with delocalized

molecular electrons. The localized electrons creates bonds via head-on overlapping between atomic

orbitals. The delocalized electrons createp-molecularbonds which extend across all adjacent aligned

p-orbitals and are therefore not associated with one particular atom, but with a molecule. A visualization

of s andp bonds in benzene is shown in Figure 1.1. Transitions between states of thep-molecular

orbitals lead to the luminescence observed in scintillating organic materials.

Figure 1.1s andp-molecular bonds in benzene. From [10].

When radiation interacts with an organic scintillator energy can be imparted to molecules resulting in

the excitation of molecularp-electrons to one of a number of excited states. Figure 1.2 illustrates the

p-electronic energy levels of an organic molecule. Note that the information and values reported in this

and the following section are from [11] unless otherwise referenced. Valence electrons in the singlet state

have a net electronic spin of zero and are labeledS0;S1; etc. The energy spacing betweenS0 andS1 is

approximately 3 or 4 eV while the spacing between the higher energy singlet states is generally smaller.

The triplet states have valence electrons with a net electronic spin of one and are labeledT1;T2; etc. The

singlet and triplet states are further divided into vibrational states of the molecule (S00;S01; etc.). The

energy spacing for these levels is typically on the order of 0.15 eV.

Energy can be imparted to molecularp-electrons by the direct promotion of valence electrons to

excited states or by the recombination of ions with ionized molecules. Excitons, i.e, excited electron-hole

pairs, can be considered as a particle capable of energy transfer. Excitons can undergo a number of kinetic

processes including de-excitation, interactions with other excitons, and transport.
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Figure 1.2p-electronic energy levels of an organic molecule.S0 is the ground state.S1;S2; andS3 are the
excited singlet states.T1;T2; andT3 are the excited triplet states.S00;S01, etc. are the vibrational sub-levels.
From [11].

1.2.1 De-excitation and exciton interactions

Fluorescence is the emission of a photon following a radiative transition of an excited state fromS1 to

S0. A valence electron can be directly excited into any of thep-electron singlet excited states but are

generally excited to the second or third singlet states (S2x, S3x). Singlet excited states aboveS1 de-excite

on the order of picoseconds to theS1 electron state through radiationless internal conversion (vibrations

with energy loss through heat). The radiative lifetime ofS1 is on the order of nanoseconds for most

organic scintillators, so any excitation above theS1 state will quickly transition to theS10 state from

which �uorescence can then occur. This is called prompt �uorescence.

Phosphorescence is photon emission from the decay of aT1 triplet state toS0. These emissions are at

much longer wavelengths and decay times (100 microseconds to seconds) than �uorescence. Triplet states

are not directly excited from the ground state because it is spin forbidden. Instead they are populated

through other processes such as ion recombination and through inter-system crossing. Ion recombination

is common in heavy charged particle interactions due to the high stopping power which can damage

molecules and resulting in displaced ions. It can be shown on the basis of spin statistics that 25% of

excited states formed through ion recombination are singlet states and 75% are triplet states. Inter-system
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crossing (spin reversal through spin-orbital coupling) is a process that permits anS1 state to transition to

aT1 state.

Another process of de-excitation from theT1 state is triplet-triplet annihilation. In this process two

T1 states interact and annihilate forming oneS1 state and oneS0 state. TheS1 state can then de-excite

through normal �uorescence but at a signi�cantly later time than prompt �uorescence. This process is

called delayed �uorescence. It occurs on a time scale up to microseconds and is dependent on the time it

takes for two triplet states to interact with each other in the material. The amount of delayed �uorescence

of a material is dependent on the density of triplet excitations in the material and on the mobility of the

triplet states.

While de-excitations often occur through the emission of light, it is also possible for radiationless

de-excitations to occur. One such process in internal conversion. As mentioned previously, singlet excited

states aboveS1 can de-excite on the order of picoseconds to theS1 electron state through radiationless

internal conversion. Once at theS1 state they can �uoresce or continue to de-excite through vibrations

where the energy is lost as heat.

A second group of processes that can lead to radiationless de-excitation is singlet quenching. These

processes occur when two singlet states interact and one exited singlet state transfers its energy to another

(e.g.S1 + S1 ! S0 + S2) or two singlet states fuse forming a super-excited singlet (e.g.S1 + S1 ! S2) [12].

The singlet can de-excite from the super-excited state through a number of processes. Two of these

processes are (1) �ssioning into twoT1 triplet states [13] and (2) relaxation to theS1 state through internal

conversion followed by the emission of a photon. In any case the fusion of the singlet states results in the

loss of a singlet state that could have �uoresced, and therefore, a reduction in total prompt �uorescence.

1.2.2 Pulse shape discrimination

Light pulses emitted by organic detectors are composed of scintillation photons from both prompt and

delayed �uorescence. The characteristic decay of delayed �uorescence is generally on the order of several

hundred nanoseconds, much longer than the characteristic decay of the prompt component which is

generally a few nanoseconds. This results in a long-lived tail in light intensity versus time. The relative

magnitude of the tail, or slow component, is known to have a dependence on the type of the exciting

particle for some organic scintillators [14]. The original measurements reported by Bollinger and Thomas

of the time dependence of scintillation pulses in stilbene for alphas, neutrons, and gammas is shown in

Figure 1.3. The change in magnitude of the slow component permits discrimination of different types of

incident radiation. This technique is called pulse shape discrimination (PSD). It is used to discriminate

between gammas and other heavy charged particle interactions in organic scintillators.

A common method of implementing PSD is the charge integration method. Particle interactions are

identi�ed by the ratio of the integral of a truncated region of the pulse (short gate) to the integral of the

total pulse (long gate). This ratio is called the pulse shape parameter. The short gate can be either at
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Figure 1.3The time dependence of scintillation pulses in stilbene for alphas, neutrons, and gammas. From [14].

the beginning of the pulse (prompt �uorescence-dominated region) or at the tail of the pulse (delayed

�uorescence-dominated region). With the short gate at the beginning of the pulse as shown in Figure

1.4a, the pulse shape parameter is de�ned as

PSP=
QS

QL
=

t1R

t0
Q(t)

t2R

t0
Q(t)

(1.1)

wheret0 is the time at the beginning of the pulse,t1 is the time at the end of the short gate, andt2 is the

time at the end of the recorded pulse. An example of the charge integration method applied to a mixed

�eld of gamma and neutrons recorded by a stilbene detector is shown in Figure 1.4b. The ratio shown is

the integral of the prompt region of the pulse (QS) to the total integral (QL).

1.2.3 Exciton transport

The movement of excitons between molecules makes triplet-triplet annihilation and singlet quenching

possible. Exciton transport occurs via the transfer of a localized excitation from a donor molecule to an

acceptor molecule. The propagation can be described by random walk diffusion [15]. Singlet and triplet

excited states both undergo transport, but each through unique mechanisms.

Singlet states can undergo hopping transport from one molecule to another through dipole-dipole

interactions, a process called Förster resonance energy transfer (FRET). It is important to note that

energy, not an electron, is transferred between molecules through dipole-dipole interactions. FRET is

a near-�eld transfer process with an energy transfer distance generally between 0.5 and 10 nm [16].

The energy transfer is induced by Coulombic perturbation between an excited donor molecule and an
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(a)
(b)

Figure 1.4(a) Charge collected plotted against time with the short-gate region shaded in green. (b) Pulse shape
discrimination plot with the short-gate integrals (QS) divided by the long-gate integrals (QL) plotted against the
long-gate integral.

acceptor molecule. The energy of the excited donor is transferred to the acceptor through the emission and

absorption of a virtual photon (note that FRET is a nonradiative process and that the energy transfer takes

place without the emission or absorption of an actual photon). Several conditions must be met for FRET

to occur including (1) a spectral overlap between donor and acceptor molecules, (2) a distance between

donor and acceptor molecules of� 0:5� 10 nm, and (3) an appropriate orientation of the molecular

dipoles. Each of these conditions are factors in the FRET ef�ciency.

FRET ef�ciency (eFRET) is the quantum yield of a given energy transfer. It is dependent on the distance

between donor and acceptor molecules (r) and is described by

eFRET =
1

1+ ( r=R0)6 (1.2)

whereR0, called the Förster distance, is the distance at which the energy transfer ef�ciency is 50% [17].

The dependence on distance is to the sixth power because it is determined by the square of the donor

electric �eld, which decays as the inverse of the third power of distance. The Förster distance is dependent

on the spectral overlap between the donor and acceptor molecules (i.e. an overlap between the emission

and absorption wavelengths)J, the orientation of the donor and acceptor which effects the ef�ciency of

the dipole-dipole interactionk , and the index of refractionn. These terms are related by

R6
0 =

2:07
128p5NA

k 2QD

n4 J(n̄) (1.3)

wheren̄ is the wave number,NA is Avogadro's number, andQD is the quantum yield of the donor.
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In addition to FRET, singlet states can also undergo transport through photon emission and reabsorp-

tion (ERA). Like FRET, this transport process also occurs through dipole-dipole interactions. Unlike

FRET, ERA occurs through the emission and reabsorption of a real photon. Consequently, the distance

through which energy is transported by ERA is generally over an order of magnitude farther than by

FRET [15].

Triplet states are spin-forbidden from the emission of a photon (including virtual) and therefore

usually cannot undergo transport via dipole-dipole interactions like singlets (refer to [18] for an in-depth

review of triplet transport mechanisms in organics). Instead, the exchange of an excited electron from a

donor molecule and a ground state electron from an acceptor molecule can occur if the charge distributions

(wavefunctions) of the donor and acceptor overlap. This process is an extension of FRET called Dexter

transfer. Dexter transfer only occurs at very short distances (usually< 0:5 nm) due to the necessity

of the wavefunction overlap and a roughly exponential probability dependent on the donor-acceptor

distance [16].

1.3 Theory of Scintillation anisotropy in single-crystal organics

Returning to the report by Brooks and Jones [9], their qualitative description of a preferred direction of

exciton propagation in crystalline organic scintillators was based solely on measurements of scintillation

anisotropy. The hypothesis they proposed for the anisotropy was simple: the rate of exciton propagation

in a crystal is related to the crystal structure. The theory behind the scintillation mechanisms and exciton

transport discussed in the previous section was, mostly, well established by the 1960s, but it appears from

the discussion in [9], which was reported in 1974, that Brooks and Jones were not familiar with FRET or

Dexter transfer which are necessary for an adequate description of scintillation anisotropy.

Brooks and Jones had an interesting hypothesis, but it was qualitative and not supported by theory.

Nearly 40 years later, several reports by Patricia Schuster [19–22] continued the study of scintillation

anisotropy in single-crystal organics. Schuster measured the scintillation anisotropy of anthracene,

stilbene, p-terphenyl, bibenzyl, and diphenylacetylene for over 70 directions at two neutron energies.

The results of these measurements and a discussion of the relationship between crystal structure and

scintillation anisotropy are reported in [22]. Schuster, following the hypothesis of preferred directions

of exciton propagation, proposed that the kinetic processes of exciton transport, singlet quenching, and

triplet-triplet annihilation in combination with crystal structure lead to scintillation anisotropy in organic

crystals. We will discuss this hypothesis and the reported scintillation measurements in detail.

1.3.1 Summary of Schuster's hypothesis for scintillation anisotropy

There are many competitive kinetic processes of de-excitation for an exciton, as discussed in Section

1.2. Singlet quenching and triplet-triplet annihilation, for example, are heavily dependent on the distance
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between molecules. The rates of these processes also vary with the density of excitons which is affected

by the type of exciting interaction, e.g., heavy charged particles will produce a higher density of excitons

than electrons of a similar energy due to the higher stopping power. The exciton density is also affected

by transport. If excitons diffuse from high to low density states with time, the rates of singlet quenching

and triplet-triplet annihilation will also decrease.

Crystals, unlike plastic or liquid organics, have a �xed, repeating lattice that determines the molecular

orientation and distance between neighbors. Due to this structure it is possible that certain kinetic

processes will have preferred directions of interaction within a crystal. Schuster presents two cases of

2D transport for singlet and triplet states as examples of this concept: (1) transport where singlets and

triplets share the same preferred directions of interaction and (2) transport where singlets and triplets

have opposite preferred directions of interaction.

In the �rst case both singlets and triplets undergo “easy” transport along the same preferred direction,

say along thex-axis, and “dif�cult” transport perpendicular to the direction of easy transport (along

they-axis). When a heavy charged particle interacts with the material in the direction of easy transport

it results in low diffusion of the excitons away from thex-axis and high diffusion along thex-axis.

The exciton density distribution remains high over time, resulting in a high interaction rate as show in

Figure 1.5a. This maximizes the probability of singlet-singlet and triplet-triplet interactions resulting

in the quenching of the prompt �uorescence signal due to singlet quenching and an increase in delayed

�uorescence due to triplet-triplet annihilation. Heavy charged particles interacting in the direction of

dif�cult transport (along they-axis) result in a high diffusion of excitons away from they-axis. The

exciton density distribution decreases quickly with time, resulting in a lower interaction rate as shown in

Figure 1.5b. This minimizes the probability of singlet-singlet and triplet-triplet interactions resulting in

an increase in prompt �uorescence (reduced singlet quenching) and a decrease in delayed �uorescence

(reduced triplet-triplet annihilation). Schuster refers to this case to as “out-of-sync” because the prompt

and delayed �uorescence components are negatively correlated.

In the second case singlets and triplets have opposite directions of easy transport. When singlet and

triplet states are created by a particle travelling in the direction of easy transport for the triplet states, the

triplet state density will remain high with time while the singlet state density will quickly decrease. The

result is a high number of triplet interactions and a low number of singlet interactions as shown in Figure

1.6. This corresponds to a maximum in the delayed �uorescence signal from triplet-triplet annihilation

and a maximum in the prompt �uorescence due to reduced singlet quenching. When a charged particle

interacts in the material perpendicular to the direction shown in 1.6, the delayed and prompt �uorescence

are both at a minimum due to a decrease in triplet interactions and an increase in singlet interactions.

This is referred to as “in-sync” because the prompt and delayed �uorescence components are positively

correlated.

Schuster supported this hypothesis with measurements of the anisotropy in the (1) light output, (2)

pulse shape, (3) prompt light output component, and (4) delayed light output component. The prompt
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Figure 1.5Illustration of exciton transport with the preferred direction of propagation for singlets and triplets in
the same direction, wherep is the direction of a heavy charged particle interacting in the 2D lattice. Reprinted
with permission from [22].

and delayed light output components were de�ned as the integral of the charge collected to the left

and the right of the time selected for the short gate of the pulse shape parameter (refer to Figure 1.4a).

The prompt light output component is indicative of singlet prompt �uorescence, and the delayed light

output component is indicative of triplet delayed �uorescence. The analysis of these four components

revealed (1) the prompt component and the total light output were in-sync or positively correlated for

each individual crystal (i.e. the light output signal is dominated by the prompt component), (2) the pulse

shape did not exhibit correlation to the prompt or delayed component for each crystal, and (3) there was

a relationship between the crystal structure and the anisotropy.

The relationship between the crystal structure and the scintillation anisotropy is only evident from the

analysis of the prompt and delayed light output components. It is not evident from simply studying the

light output and pulse shape as done by Brooks and Jones, due to the lack of a correlation between the

delayed light output and the pulse shape. The crystal structure of the scintillators measured by Schuster

are shown in Figure 1.7. Anthracene and p-terphenyl both have ap-stacked, herringbone crystal structure.

Schuster's analysis shows that the prompt and delayed light output components for these crystals are

out-of-sync as in case 1 of the 2D transport example. Out-of-sync in the case of these crystals does not

imply a negative correlation between the prompt and delayed signal over 3D space, rather the directions

of maximum and minimum light output for the prompt and delayed components will be along different
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Figure 1.6Illustration of exciton transport with the preferred direction of propagation for singlets and triplets in
the opposite direction, wherep is the direction of a charged particle interacting in the 2D lattice. Reprinted with
permission from [22].

axes. Stilbene, bibenzyl, and diphenylacetylene have a different type of herringbone crystal structure

from anthracene and p-terphenyl. The prompt and delayed components of these crystals are in-sync as in

case 2 of the 2D transport example. For these crystals the the prompt and delayed components of the

light output were positively correlated.

1.3.2 The relationship between crystal structure and scintillation anisotropy

Schuster's measurements and hypothesis for scintillation anisotropy provide the most comprehensive

description to date of scintillation anisotropy as it applies to the �eld of radiation detection. While this

is the extent of the research on scintillation anisotropy in this �eld, research from the �elds of organic

electronics and photonics provides valuable insight into exciton transport anisotropy in single-crystal

organics. The development of organic semiconductors has been a burgeoning �eld of research over the

past 20 years following the development of organic light emitting diodes, organic transistors, and solar

cells [18,23]. Research into the governing mechanisms of exciton transport in organics is an open area of

research with far reaching applications including the precise manipulation of exciton �ow to enhance

device performance [24] and a fundamental understanding of photosynthesis [25]. The study of organic

single crystals is an important area of ongoing research in this �eld. Single crystals have proven valuable

to the �eld due to their high structural order, chemical purity, and ease of high quality fabrication [26].

These qualities combine to make single-crystal organics effective materials for fundamental research of

electron mobility and exciton diffusion, which, once experimentally and theoretically understood, can be

effectively controlled and studied in more complex organic materials.
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Figure 1.7Crystal structures: (a) Stilbene, bibenzyl, and diphenylacetylene; (b) anthracene and p-terphenyl.D̂
andP̂ refer to the delayed and prompt light output components.D̂ andP̂ are in-sync for the crystals in (a) and
out-of-sync for the crystals in (b). Reprinted with permission from [22].

1.3.2.1 Measurements of electron mobility and diffusion anisotropy in single-crystal organics

The volume of reports on electron mobility anisotropy in single crystals is extensive (refer to [26] for

a review with additional details and references; [27–31] are reports with excellent explanations and

discussions on the topic). Mobility anisotropy in organic semiconductors has been shown to be tied

to crystal structure both experimentally and theoretically [27, 28, 30, 31]. This lends further support

to Schuster's hypothesis of the relationship between crystal structure and scintillation anisotropy. The

focus of this section will be on experimental reports of electron mobility in anthracene [32] and exciton

diffusion in tetracene [30]. Anthracene and tetracene share very similar unit cell and crystal structures [33],

making the results reported in [30] and [31] valuable to understanding exciton transport in anthracene

and, by extension, other single-crystal organics. While a comparison between charge carrier mobility

and scintillation light production is not one-to-one (largely due to the different mechanism causing

the excitations), the theory behind charge carrier mobility anisotropy can be used to understand the

scintillation anisotropy induced by heavy charged particle interactions.

The anisotropic electron mobility in anthracene was measured in [32] via the time-of-�ight (TOF)

method along �ve directions relative to the crystallographic axes. The TOF method measures the velocity

of charge carrier pairs created in a photoconductor following the absorption of a photon. Two planar
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electrodes with a known distance between them are positioned at the ends of a crystal and used to generate

an electric �eld. The velocity is determined by measuring the time between the creation of the charge

carrier pairs and their arrival at the collector electrode. The mobility (m) has units of cm2=V�s and is

de�ned asm= v=E, wherev is the velocity (cm=s) andE is the electric �eld strength (V=cm). Note that

this explanation is a simpli�ed summary and additional information on the TOF method can be found

in [32].

TOF measurements were conducted over a wide range of temperatures (� 20� 300 K). The mobilities

at room temperature (300 K) are of the most interest for comparison with the scintillation anisotropy

measurements which were also performed at room temperature. The electron and hole mobilities at 300 K

are list in Table 1.1.

Table 1.1Charge carrier mobilities in anthracene.me is the charge carrier mobility for electrons, andmh is the
charge carrier mobility for holes. Values are from [32].

Axis me (cm2=V � s) mh (cm2=V � s)

a 1.683 1.140
b 1.156 2.930
c0 0.384 0.846

The mobilities in Table 1.1 can be compared with the light output anisotropy of anthracene reported

by Schuster in [19] and [22]. The light output for 14.1 MeV recoiling protons reported [19] and [22] was

at a maximum along thec'-axis and at a minimum along theb-axis. Transport along thec'-axis has the

lowest mobility and the highest light output. This is expected due to the reduction in singlet quenching

for low mobility pathways. The direction of minimum light output (b-axis) has a large spread in the

mobility between electrons and holes with the hole mobility being signi�cantly higher than in the other

directions. The high mobility of the charge carriers corresponds to an increase in singlet quenching and a

decrease in the light output. This comparison between the experimental results of exciton mobility and

light output in anthracene lends additional experimental support to Schuster's hypothesis. It is also worth

noting that the exciton mobility is reported in [32] to increase with decreasing temperature. This result

supports the decrease in the anisotropy for low temperature measurements between 1.9� 80 K reported

by Heckmann's group in [34] and [35].

Schuster's hypothesis is further supported by the measurements and theoretical descriptions of exciton

transport in tetracene reported in [30] and [31]. Measurements of triplet diffusion along thea, b, andc

axes are reported in [30] and show qualitative agreement with theoretical predictions reported in [36].

The explanation of the diffusion anisotropy provided in [30] is summarized as follows.
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Singlet transport relies on either near-�eld hopping or the emission and reabsorption of a photon.

Both of these mechanisms occur along the same direction because they both rely on the interaction of two

dipoles. Triplet transport does not rely on dipole interactions, but instead, on wavefunction overlap. Due

to the different transport mechanisms dipole interactions and wavefunction overlap do not necessarily

occur most ef�ciently along the same directions. This is the case with tetracene. The ef�ciencies are

dependent on the crystal structure, shown in Figure 1.8. The strongest dipole alignment occurs in the

bc-plane, and therefore singlet transport occurs preferentially in that plane. In contrast, triplet transport

occurs preferentially along the direction of the most ef�cient wavefunction overlap which is in the

ab-plane.

Figure 1.8Direction of diffusion anisotropy in tetracene. (a) Structure of monomer and the orientation of the
transition dipole moment. (b) Crystal structure. The red arrows represent the optical transition dipole moment.
Note that tetracene is triclinic, i.e., thea, b, andc axes are not perpendicular. From [30].

The effect of the crystal structure is further explained in [31]. Wavefunction overlap is dependent on

close, face-to-face orientation of benzene rings as in theab-plane of tetracene. Mobility along thec-axis

is expected to be substantially lower because of the layered crystal structure in which the faces of the

benzene rings are oriented end-to-end along thec-axis.

1.3.2.2 Relating scintillation anisotropy and crystal structure for anthracene

The well established experimental and theoretical descriptions of exciton transport in single crystals and

Schuster's hypothesis of preferred directions of exciton transport can be combined to provide a theoretical
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description of scintillation anisotropy in single-crystal organics based on crystal structure and transport

mechanisms. Figure 1.9 shows the crystal structure of anthracene. The herringbone,p-orbital stacked

structure of anthracene makes it a particularly good example for describing the relationship between

the results of Schuster's scintillation anisotropy measurements and the theory behind exciton transport

anisotropy due to its nicely stacked and easy to visualize structure.

Triplet transport, which is dependent on the face-to-face orientation of the benzene rings, will occur

preferentially along thea andb axes. The benzene rings are end-to-end along thec-axis (Figure1.9a)

resulting in poor wavefunction overlap between the molecules, and therefore, poor triplet transport. Figure

1.9b shows that the wavefunction overlap is at a minimum along thec'-axis due to the increase in the

distance between molecules. This argument based on crystal structure is supported by calculations of the

diffusion lengths of triplet states along the major axes of anthracene using constrained density functional

theory (CDFT) [36]. The diffusion length is de�ned asLD =
p

Dt whereD is the triplet diffusion with

units of cm2 s� 1 andt is the experimental lifetime. The reported diffusion lengths are 6.78 nm (a-axis),

8.28 nm (b-axis), and 0.05 nm (c-axis). The diffusion of triplet states is large along theb-axis and small

along thec-axis — in agreement with Schuster's measurements of the delayed light output component.

Schuster reported the minimum in the delayed light output component for recoiling protons along the

c'-axis and the maximum along theb-axis. In addition the delayed light output component measured

along thea-axis was reported to be slightly less than the maximum, which is also in agreement with the

theoretical calculation. This observation is also expected from the crystal structure because, while the

wavefunction overlap for molecules along thea andb axes are oriented similarly, the distance between

molecules along theb-axis is shorter than along thea-axis resulting in better overlap.

The preferred directions of singlet transport are not as simple to visualize as triplet transport due to

the dependence on dipole-dipole orientations and the distance between donor and acceptor molecules.

Referring to Equations 1.2 and 1.3, the FRET ef�ciency is dependent on the orientation of the dipoles,

described in Equation 1.3 with the orientation factork . The orientation factor is

k 2 = ( cosqT � 3cosqD cosqA)2 (1.4)

whereqD is the angle between the donor molecular transition dipole and the line connecting the donor

and acceptor,qA is the angle between the acceptor molecular transition dipole and the line connecting the

donor and acceptor, andqT is the angle between the donor and acceptor transition dipoles. The value of

k 2 varies between 0 and 4 dependent on the donor-acceptor orientation (0 when they are perpendicular, 4

when they are in-line parallel). Refer to [16] for additional details onk .

Theoretically calculated singlet diffusion lengths along the major axes andc' are reported in [38] with

values of 58 nm (a), 132 nm (b), 58 nm (c), and 57 nm (c'). The theoretical diffusion lengths are reported

to be in general agreement with several measured values along speci�c axes [38]. Schuster reported the

maximum light output of the prompt component for recoiling protons along thec'-axis and the minimum
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(a) (b)

Figure 1.9(a) 2x2 packing structure of anthracene viewed parallel to thec-axis. The unit cell is shown by the
labeled axes. The red arrows represent the transition dipole moments. Note that the rows of the herringbone
structure are offset in thec' direction and are not stacked directly on top of each other. (b) 2x2 packing structure
of anthracene viewed parallel to the arti�cialc'-axis shown in green. The images were made with the Mercury
CSD software package [37].

along theb-axis. Schuster's observations show good agreement with the theoretical diffusion lengths

because higher diffusion lengths correspond to more singlet quenching and a reduction in light output.

1.3.3 Summary and relating scintillation anisotropy and crystal structure for stilbene

In this section we summarized the current understanding of scintillation anisotropy in the �eld of

radiation detection and expanded it with the inclusion of research from the �elds of organic electronics

and photonics. The hypothesis on the relationship between the scintillation anisotropy and crystal structure

which was proposed by Brooks and Jones [9] and greatly expanded by Schuster, Feng, and Brubaker [22]

was shown to be supported by experimental and theoretical measurements of charge carrier mobility and

exciton diffusion in single-crystal organics. Anthracene was used as a proxy to show the relationship

between reports from the two �elds and to display the relationship between scintillation anisotropy

and crystal structure. Anthracene is particularly suited to discussions of these relationships due to (1)

the existence of several measurements and theoretical calculations in the literature and (2) its structure

which makes triplet and singlet transport manageable to visualize. Other single-crystal organics used for

radiation detection do not have the same volume of reports due to their lower value to the study of organic

electronics. Many also have crystal structures that make the discussion of exciton transport signi�cantly
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(a) (b)

Figure 1.10(a) Packing structure of stilbene viewed parallel to theb-axis. The unit cell is shown by the labeled
axes. (b) Alternative view. The images were made with Mercury CSD [37].

more complex and dif�cult to visualize.

Stilbene is one such material. The crystal structure is shown in Figure 1.10. Unlike anthracene the

wavefunction overlap is not simply visualized in stilbene, and reports of measurements and theoretical

calculations of singlet and triplet diffusion are limited. The theoretical calculations of the triplet diffusion

lengths reported in [36] (referenced earlier for tetracene and anthracene) include calculations of the

diffusion length of stilbene along the major axes. The reported values are 1.22 nm (a-axis), 0.57 nm

(b-axis), and 0.25 nm (c-axis). This is in general agreement with light output measurements reported

in [39] where the measured maximum for recoiling protons along thea-axis, and the minimum along

thec'-axis. Note that the measured light output can be compared with the triplet diffusion length for

stilbene because the prompt and delayed light output components, as reported by Schuster, are positively

correlated.

1.4 Stilbene

Stilbene has attracted renewed interest for radiation detection applications [40–44] due to the development

of a solution-based growth method that enables the fabrication of large monocrystals> 10 cm in length

with excellent neutron-gamma PSD and high light output [45–47]. With its excellent PSD, stilbene is

particularly suited for measurements of SNM, and it is an attractive option for replacing commonly used

liquid scintillators which are generally toxic. However, the use of stilbene in spectroscopic applications

has been limited due to the existence of the scintillation anisotropy and the limited scope of reported

light output measurements.
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Several measurements of stilbene's response to neutrons and charged particles have been reported

[4, 6, 9, 20, 48–53]. The results reported in [6, 48–50] are referenced for completeness but will not be

addressed further due to errors in the measurements [6], a lack of accounting for the scintillation anisotropy

[48] and [49], and poor reporting of the measurements and uncertainties [50]. The measurements of

interest can be divided into measurements of the scintillation anisotropy [9, 20] and measurements in

support of applications for neutron directional sensitivity [51–53].

1.4.1 Scintillation anisotropy measurements of stilbene

Brooks and Jones [9] measured the scintillation anisotropy of stilbene to neutrons at 8 and 22 MeV and

reported ratios of the maximum to minimum light output measured for each energy. The light output was

determined by analyzing the full energy deposition edge of a light output spectrum. The authors did not

report any knowledge of the orientation of the crystalline axes or how the directions of the maximum

and minimum light output were determined. They did, however, restate the �ndings in [4] claiming that

the direction of the maximum light output was for recoiling charged particles along theb-axis while the

minimum was along thec'-axis. The light output anisotropy was reported to increase with decreasing

proton energy. The effect of the anisotropy on the pulse shape was also analyzed, and the authors reported

an increase in the pulse shape anisotropy with increasing recoiling proton energy.

Schuster and Brubaker [20] reported measurements of the scintillation anisotropy to neutrons over a

hemisphere for four stilbene crystals. Note that measurements over a full hemisphere fully characterize

single-crystal organics because the scintillation response in the forward and backward directions is the

same. The four stilbene samples included two solution-grown cubic samples with 1.5 cm edge lengths

and known crystal axes orientation, a solution-grown rectangular prism with the dimensions 4.3 cm x 2.5

cm x 0.9 cm and unknown crystal axes orientation, and a melt-grown cylinder with 1 cm height and 1

cm diameter and unknown crystalline axes orientation. A DD and DT generator were used to produce

neutrons with energies of 2.5 MeV and 14.1 MeV. Full energy deposition n-p scatter events were selected

using a �t to the light output spectrum edge. The analysis included both the light output and pulse shape

parameter anisotropy. Measurements were performed for over 70 recoil proton trajectories to characterize

a full hemisphere at each energy. The authors reported the direction of maximum light output for proton

recoils along the crystallineb-axis and the direction of minimum light output for recoils along thec'-axis

— in agreement with [4] and [9]. The pulse shape anisotropy was reported as positively correlated with

the light output anisotropy. The magnitude of the light output anisotropy was reported to decrease with

increasing recoil proton energy, and the magnitude of the pulse shape anisotropy was reported to increase

with increasing recoil proton energy — both in agreement with [9]. The responses of the four crystals

were also reported to be consistent, which veri�ed that the scintillation anisotropy is not dependent on

the crystal quality or geometry.
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1.4.2 Applications for directional sensitivity

Applications for stilbene as a directionally sensitive neutron detector are reported in [51–53]. Measure-

ments of the quenching factor (ratio of measured electron-equivalent energy to the recoil particle energy)

for protons in two directions relative to thec'-axis are reported in [51] for recoil energies between

300 keV and 3 MeV. The results in [51] were expanded in [52] with measurements of carbon recoils with

energy between 30 keV and 1 MeV. The quenching factor for recoil protons was measured using a double

TOF technique, and the quenching factor for recoil carbons was measured using both coincident scatter

and double TOF techniques. The goal of the measurements reported in [51] and [52] was to exploit the

scintillation anisotropy of stilbene to detect weakly interacting massive particles (WIMPs), which can

be directly detected through elastic scattering similar to neutrons. While the application proved to be

unsuccessful, the measurements reported do provide useful benchmarks, particularly for low energy

(< 1 MeV) recoils.

Measurements of the scintillation anisotropy of organic scintillators including stilbene were reported

in [53] in support of investigations to exploit the anisotropy for neutron imaging and SNM detection.

Monte Carlo simulations and maximum likelihood expectation maximization were used to assess the

feasibility of neutron source directional image reconstruction using the scintillation anisotropy of a

single detector. Measurements of the scintillation response of stilbene to 14.1 MeV neutrons were also

reported. Several issues with exploiting the anisotropic response of a single organic scintillator for

source directional information were identi�ed including (1) the symmetry of the anisotropic response,

(2) ambiguity due to n-p scatter kinematics (e.g. a n-p scatter with a high energy neutron and a shallow

neutron scatter angle can produce the same light output as n-p scatter with a low energy neutron that

deposits all of its energy), and (3) the small magnitude of change in the pulse shape of some organic

scintillators such as stilbene. The authors concluded that while the measurements and simulations indicate

that the scintillation anisotropy could potentially be used for neutron imaging, the results are purely proof

of concept, and they stressed the need for measurements of proton recoil energies near 1 MeV to evaluate

the feasibility of SNM detection.

1.5 Objectives of this work

The work presented in this dissertation was undertaken with two goals: (1) to provide a high-precision

characterization of stilbene's light output and pulse shape to neutrons over a full hemisphere with energies

covering the range of SNM neutron emissions (500 keV� 10 MeV) and (2) to exploit the scintillation

anisotropy of stilbene to determine the direction of a neutron source using a single detector and perform

localization with multiple detectors. In the following chapters we will discuss the coincident neutron

scatter kinematic measurement system designed to perform the characterization, measurements to verify

the direction of the maximum light output (and pulse shape parameter) for recoil protons in stilbene, the
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measurement and results of the stilbene scintillation anisotropy characterization, and the development of

a neutron source localization technique that exploits the light output anisotropy of stilbene.
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CHAPTER

2

COINCIDENT NEUTRON SCATTER

KINEMATIC MEASUREMENT SYSTEM

The characterization of the scintillation anisotropy of stilbene was performed using a coincident neutron

scatter kinematic measurement technique. Similar measurement methods were employed in [54–57].

Section 3.8 details the bene�ts of such techniques over commonly employed light output spectrum

analysis techniques. In this chapter the design, analysis techniques, calibration methods, uncertainties of

the coincident scatter measurement system, and considerations made for the characterization of stilbene

are described.

2.1 Neutron production with the tandem Van de Graaff accelerator at

TUNL

Neutron beams for measurements with the coincident scatter measurement system were produced at the

tandem Van de Graaff accelerator facility of TUNL (hereafter referred to as the tandem). The following

paragraphs provide a brief description of neutron beam production with the tandem.

The production of neutrons begins with a beam of 50 keV D� ions produced by a duoplasmatron

source [58]. The ion beam is directed to the van de Graaff accelerator [59] which has been converted to

a pelletron charging system with a maximum terminal voltage of 10 MV [60]. In the tandem, the ion

beam is accelerated to higher energies as it approaches a centralized metal electrode (called the terminal)
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that is charged to a large positive potential. The ion beam passes through a thin carbon foil located at

the center of the terminal that strips the electrons, leaving positively charged ions. The positive ions are

then accelerated away from the terminal and exit the tandem. The energy of the ions is the sum of the

injection energy and double the potential energy of the ions at the terminal. Note that "tandem" refers to

the two accelerations of the ions: the acceleration of the negatively charges ions before the stripping foil

and the acceleration of the positively charge ions after the stripping foil.

The energy of the accelerated beam is controlled by an analyzing magnet spectrometer. The magnet

can bend the ion beam down any of a series of beam lines available at TUNL with de�ection angles

between20� and70� . The magnetic �eld strength is set so that charged particles of a given mass (in this

case D+ ions) are de�ected down the center of the beam line in use. After passing through the magnet

the ion beam passes through a pair of “slits” which are positioned on opposite sides of the beam line.

When the beam is centered it makes limited contact with the slits, but if the terminal voltage drifts an

imbalance in the beam current measured by the two slits is detected. This generates a feedback signal

that is used to maintain a stable terminal voltage. The combination of the magnet and the control slits

provides high precision in the control of the ion beam energy directed to the neutron production area.

The measurements in this work were performed using the20� beam line at TUNL which directs the

ion beam toward the Shielded Source Area (SSA). This measurement area was designed with a large

shielding structure between the neutron production area and the target area. The shielding con�nes the

neutron beam to a narrow angle about0� (same trajectory as the ion beam) and provides a measurement

area with extremely low accidental backgrounds. The neutron beams were produced via the D(d;n)3He

reaction with the D+ ion beam incident on a deuterium gas cell. The deuterium cell was� 2.8 cm in

length and was kept at a pressure of� 2.0 atm. Measurements were performed with two neutron beam

energies: 4.83 MeV and 11.33 MeV (corresponding to deuteron beam energies of 1.61 MeV and 8.21

MeV respectively). The neutron beam energies were veri�ed using a time-of-�ight technique detailed in

Appendix A.

2.2 Experiment setup

A sketch of the experiment setup is shown in Figure 2.1. The system is designed to record neutron scatter

events in the target detector followed by the subsequent detection of the scattered neutron by a backing

detector. Twelve 5.08 cm (? ) x 5.08 cm EJ-309 backing detectors were used. The backing detectors were

placed at speci�c angles with respect to the target detector. The proton recoil energy was calculated using

Ep = Ensin2qn (2.1)

whereEp is the recoil proton energy,En is the incident neutron energy, andqn is the scatter angle of the

neutron as determined by the angle of the backing detector with respect to the beam direction. The recoil
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Figure 2.1Coincident neutron scatter measurement system sketch.

proton trajectory can also be determined kinematically because

qn + qp = 90� (2.2)

whereqp is the proton scatter angle.

The setup at TUNL is shown in Figure 2.2. Six of the backing detectors were positioned to the left of

the �ight path of the neutron beam (beam left) and six were positioned to the right (beam right). Beam

left and right backing detectors were positioned at20� , 30� , 40� , 50� , 60� , and70� relative to the target

detector's location in the neutron beam. The backing detectors were placed at a nominal distance of 60

cm from the target detector resulting in an angular spread of� 5� over the face of each backing detector.

Table 2.1 lists the neutron scatter angle, the standoff distance to the target detector, and the proton recoil

energy measured for each individual backing detector. Note that the distances between the target and

backing detectors listed in Table 2.1 were used for the scintillation anisotropy characterization discussed

in Chapter 4 and not the light output ratios reported in Section 3.3.1. The nominal distance between each

backing detector and the target detector for the measurements in Section 3.3.1 was also� 60 cm.

Two neutron beam energies were used to span recoil proton energies between0:56 and10 MeV. The

backing detectors were placed at the same scatter angles beam left and beam right to estimate systematic

uncertainty in the measurement (discussed in Section 2.5). Recoiling protons withEp = 2:83MeV were

measured using both beam energies to verify agreement in the light output measured by the 4.83 MeV and

11.33 MeV beam. Pulse shape discrimination (PSD) was applied to the EJ-309 detectors using the charge

integration method to reduce accidental coincidences from gamma-ray events. The energy thresholds of

the backing detectors were set to� 100 keVee (keV electron-equivalent).
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Figure 2.2Coincident neutron scatter measurement system at TUNL.

2.3 Calibration procedure for the target detector

Energy calibrations were performed at the beginning and end of the light output measurements for each

neutron beam energy (note that the PMT gain setting was adjusted to accommodate the different dynamic

ranges of the two beam energies).137Cs,22Na, and60Co sources were used for the 11.33 MeV beam

measurement calibrations.137Cs and22Na sources were used for the 4.83 MeV beam measurement

calibrations. Traditionally the response of organic scintillators to electrons has been considered to be

generally linear above 125 keV [11,54,61,62]. A recent report on the nonproportionality of the electron

light yield for several scintillators, including EJ-200 and stilbene, provides evidence the electron light

yield is nonproportional in these scintillators for electron energies up to and likely above 476 keV [63].

While nonproportionality and nonlinearity are not the same [64], the measurement does raise questions

regarding the assumption of a linear response above electron energies of 125 keV. For the purposes of

this work we will use the traditional convention and assume a linear approximation in the formulation of

the energy calibration in electron-equivalent units.

The light output function of electrons above approximately 125 keV is characterized by the linear

approximation

L = c(Ee � E0) (2.3)

whereL is the integrated charge,Ee is the electron energy,E0 accounts for nonlinearity at low electron

energy due to quenching, andc is a calibration factor with units ADC-unit/MeV. Note, �rst, that the light

output is related to the effective electron energy(Ee � E0), not the electron energy directly, and, second,

the measured light output for neutrons scatters in ADC-units is converted to MeVee using the scaling
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Table 2.1Backing detector setup. Listed are (1) the backing detector number, (2) the neutron scatter angle
between the target detector and each backing detector, (3) the distance between the target detector and each
backing detector, and the proton recoil energy measured using the (4) 4.83 MeV neutron beam and (5) 11.33
MeV neutron beam.

Detector #
qn

(degree)
d (cm)

Ep (MeV)
En = 4:83 MeV

Ep (MeV)
En = 11:33 MeV

1 70 66.4 4.26 10.0
2 60 63.8 3.62 8.49
3 50 63.2 2.83 6.65
4 40 63.6 1.99 4.68
5 30 64.9 1.21 2.83
6 20 65.8 0.56 1.32
7 20 66.0 0.56 1.32
8 30 65.3 1.21 2.83
9 40 63.4 1.99 4.68
10 50 62.7 2.83 6.65
11 60 64.3 3.62 8.49
12 70 66.5 4.26 10.0

factorc. This formulation takes into account the nonlinearity in the electron response at low energies [65].

Analysis of the calibration measurements and the determination of the calibration factor were

performed using the method proposed in [66]. The calibration method has three main components: (1)

light output spectra are calculated using a Monte Carlo simulation, (2) the detector resolution function

is determined using a least-squares �t between the simulated spectra and the background-subtracted,

measured spectra, which is truncated to only include the region around the Compton edge, (3) the

Compton edge location is extracted from the �tted simulated spectra.

Monte Carlo simulations of the energy deposition spectra from each calibration source were performed

using MCNPX-PoliMi [67]. The measured, background-subtracted spectra were truncated to the vicinity

of the Compton edge for the least-squares minimization. A power law of the formL = axk, wherea and

k are �t parameters, was used as a scaling factor for the simulated spectra to account for electrons that

escape the scintillator volume. The inclusion of the power law scaling produced a signi�cantly better

�t to the Compton continuum than linear scaling (Figure 2.3a) while having a negligible effect on the

determination of the Compton edge location. Note that the �tted value ofk was approximately -1 for
137Cs and -2 for22Na and60Co resulting in nearly linear scaling around the Compton edges for each of
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the spectra. The simulated spectra were scaled and folded with the the resolution function used in [66]:

sL

L
=

r

a 2 +
b2

L
+

g2

L2 (2.4)

wherea , b , andg are independent contributions due to (1) the position dependent light transmission from

the scintillator to the photocathode (a ); (2) the statistical behavior of the light production, attenuation,

conversion of photons to electrons, and electron multiplication (b); and (3) other electronic noise (g).

The power law parameters, resolution parameters, and linear calibration parameters (E0 andc) were

determined by simultaneously �tting the Compton edges of the simulated spectra to the measured spectra

using a least-squares �t. Thea andg resolution terms went to approximately 0 when included in the �t

and were found to have no impact on the solution when removed from the �t. Neglecting these parameters

was appropriate for this measurement due to the small size of the scintillator and low electronic noise.

Examples of the measured spectra and �ts for the low gain mode (11.33 MeV beam measurements)

calibrations are shown in Figure 2.3. The linear calibration parameters for the full hemisphere scintillation

anisotropy characterization are summarized in Section 4.1.2.2.

2.4 Analysis methods

Detector pulses were recorded using a Struck SIS3316 digitizer (14-bit, 250 MS/s). A charge-integration

length of 1.2ms was used. Single n-p elastic scatter events were selected by analyzing the light output

measured in the target detector versus the TOF for a coincident detection in the target detector and one

of the backing detectors. Figure 2.4 shows coincident events between the target detector and a backing

detector that occurred within a 60 ns time window. The single n-p scatter region is identi�ed by the box

in the �gure. The cluster at low light output is the result of break up from the D(d,n+ p) reaction. It is only

observed in the 11.33 MeV neutron beam measurements because itsQ value is� 2:22 MeV (i.e. breakup

will only occur forEn � 7:7 MeV). A uniform background of accidental coincidences is also present.

Light output and TOF cuts were used to select single n-p scatter events. The light output at a

speci�c proton recoil energy was determined by summing the selected events on the light output axis

and calculating the mean. The width of this distribution is determined by the energy resolution of the

detectors, the spread in the incident neutron beam energy, and the �nite size of the backing detectors. The

light output and TOF window discriminate against multiple scatter events in the target detector providing

a true single n-p elastic scatter response that is independent of modeling or spectrum �tting.
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(a) (b)

(c)

Figure 2.3Measured and best-�t spectra for (a)137Cs, (b)22Na, and (c)60Co. (a) shows the �ts for both the
linear and power law scaling. The shaded area in (a) was the portion of the spectrum that was �t (the truncated
area around the Compton edge). The spectra in (b) and (c) were truncated at 0.7 MeV.

2.5 Sources of uncertainty

The statistical uncertainty of the recoil proton energy,sEp, for a single n-p elastic scatter is calculated by

propagating the uncertainties through Equation 2.1:

s 2
Ep

= ( sEn sin2qn)2 + ( sqnEnsin2qn)2 (2.5)

wheresEn is the uncertainty in the energy of a single incident neutron,qn is the neutron scatter angle, and

sqn is the uncertainty in the scatter angle of a single incident neutron (i.e. the uncertainty due to the �nite

size of the detectors). The uncertainty in the energy of a single neutron was dominated by the energy loss

of the ionized deuterons as they traveled through the deuterium gas cell. The energy loss was estimated

using the stopping power calculated by the Bethe formula for deuterium gas at 2 atm. Neutron energies
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Figure 2.4Light output plotted against time-of-�ight for events recorded in the stilbene detector in coincidence
with the30� EJ-309 backing detector. The cluster in the black box corresponds to single n-p scatter events with
an energy of 2.8 MeV. The cluster at lower light output is due to breakup neutrons from the D(d,n+p) reaction.

produced by the D(d,n)3He reaction were precisely calculated using kinematics. Deuteron straggling in

the gas cell resulted in a spread of� 0:22MeV for the 4.83 MeV neutron beam and� 0:05MeV for the

11.33 MeV neutron beam. The uncertainty in the scatter angle for a single coincident neutron is

sqn = tan� 1
� r

d

�
(2.6)

whered is the distance from the center of the target detector to the center of a backing detector andr is

the radius of the backing detector. CombiningsEn andsqn using Equation 2.5 yields a per-event statistical

uncertainty in the recoil proton energy ofsEp < 0:23 MeV for the 4.83 MeV beam andsEp < 0:45 MeV

for the 11.33 MeV beam. While the statistical uncertainty in the recoil proton energy for a single n-p

scatter is large, the value of interest for this measurement is the uncertainty in themeanrecoil proton

energy, which scales inversely with the square root of the number of counts (N):

s Ēp
=

sEpp
N

(2.7)

The statistical uncertainty in the mean light output also scales inversely with the number of counts.

Consequently, the statistical uncertainties can be made negligible compared to the systematic uncertainties

with the appropriate measurement time.
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The sources of systematic uncertainty in the the mean recoil proton energy are (1) uncertainty in the

alignment of the backing detector support structure (� 5 mm) and (2) uncertainty in the measurement

of the individual backing detector positions and angles relative to the target detector (� 3 mm). The

systematic uncertainty in the mean recoil proton energy is the dominant source of uncertainty in the

measurement with uncertainties between 0.05 and 0.11 MeV. This uncertainty could be signi�cantly

reduced in future measurements by increasing the distance between the target and backing detectors at

the expense of a signi�cant increase in the measurement time. The statistical and systematic uncertainties

discussed in this section and were added in quadrature and are included in the measurement results

reported for the characterization of the scintillation anisotropy of stilbene in Section 4.1.2.

2.6 Considerations for stilbene

Using this measurement system with the tandem, scintillators without scintillation anisotropy can be

characterized for recoil proton energies between 0.5 and 10 MeV in less than an hour of measurement

time. This short measurement time was necessary to characterize the scintillation anisotropy of stilbene

which requires the equivalent of hundreds of such measurements. Special considerations were taken for

the stilbene measurements due to the need to precisely measure the light output for recoiling protons

with known trajectories relative to the crystal axes.

The stilbene detectors used for the characterization were grown by Inrad Optics. The axes were

identi�ed and marked by the manufacturer as shown in Figure 2.5. Each detector was assembled with the

crystalline axes orientation known and labeled on the detector. The crystals were enclosed in light-tight

housings, and the PMTs were covered with a cylindrical piece of mu-metal. The assembled stilbene

detectors were mounted to a360� rotation stage as shown in Figure 2.5c. The crystals were rotated to

measure proton recoils along speci�c trajectories with respect to the crystalline lattice using the backing

detectors set at �xed angles.

2.7 Estimate of uncertainty due to rotation

Directional measurements of a plastic scintillator were performed to con�rm that the response anisotropy

measured by the coincident scatter measurement system is due to effects within the crystalline stilbene

detector and not effects from the measurement system. Plastic scintillators do not exhibit directional

dependence, as demonstrated in [20], and thus, the absence of light output anisotropy in a plastic sample

provides con�rmation that the measurement system is not the source of the anisotropy. A 1 cc EJ-228

plastic scintillator mounted to an Electron Tube 9134SB PMT was characterized using the coincident

scatter measurement apparatus. A similar method as in [20] was used, where the observed standard

deviation (sobs) for measurements at a given energy was compared to the average of the statistical

uncertainties (sstat) of those measurements. The measurements were performed with an 11.3 MeV
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(a) (b)

(c)

Figure 2.5(a), (b) Stilbene crystal in aluminum housing with marked axes (note that [010] is equivalent to the
b-axis direction). The 1 cc cubic stilbene samples were each enclosed in a cylindrical aluminum housing with a
fused silica window. The region between the stilbene crystal and the aluminum housing was �lled TiO2 powder
which served as a diffuse re�ector, and the crystal was coupled to the silica window with optical-grade silicone
grease. (c) Detector mounted to rotation stage.

neutron beam, and the plastic was rotated through 170� in 10� increments resulting in the measurement of

18 recoil-proton directions for 6 recoil-proton energies between 1.3 and 10 MeV. The relative uncertainties,

sobs=mL andsstat=mL (wheremL is the mean light output), were calculated for each proton recoil energy.

Details of the measurement are listed in Table 2.2.

The movement of the detector on the rotation stage does introduce a measurable variation in the light

output for coincident measurements with certain backing detectors, particularly the beam right backing

detectors. Some factors that contribute to a change in the light output as the detector is rotated include

(1) misalignment of the detector holder on the aluminum support and (2) uncertainty of the position of

the scintillator volume housed in the detector. A difference betweensobs=mL andsstat=mL of 0.3% was

measured for the beam right 2.83 MeV recoil-proton measurement. This is on the order of the statistical

uncertainty in the light output. The uncertainty due to rotation is included in light output uncertainties

reported in Chapter 4 but is not included in the results reported in Chapter 3.

Note that the uncertainty due to rotation is signi�cantly less than the 5% to 35% difference expected

for the stilbene light output. The measurement system does introduce uncertainty in the measurement of
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Table 2.2Light output measurements of EJ-228 with statistical uncertainties and uncertainty introduced by
rotation. The �rst six rows are the values for coincident measurements with the beam right detectors, and the
�nal six rows are the values with the beam left detectors.Lmax andLmin are the maximum and minimum light
outputs measured for a given recoil proton energy.

Proton
Energy
(MeV)

mL

(MeVee)
Lmax

(MeVee)
Lmin

(MeVee)
Lmin

Lmax

sobs

(MeVee)
sobs

mL

sstat

(MeVee)
sstat

mL

10.00 5.100 5.128 5.078 0.98% 0.013 0.25% 0.011 0.22%
8.49 4.093 4.107 4.074 0.81% 0.009 0.23% 0.009 0.22%
6.65 2.907 2.921 2.895 0.91% 0.007 0.26% 0.008 0.27%
4.68 1.757 1.765 1.746 1.06% 0.005 0.29% 0.007 0.39%
2.83 0.849 0.860 0.841 2.25% 0.005 0.55% 0.005 0.57%
1.32 0.275 0.279 0.272 2.61% 0.002 0.75% 0.002 0.87%
1.32 0.281 0.286 0.274 4.42% 0.003 1.10% 0.002 0.87%
2.83 0.861 0.875 0.849 3.02% 0.008 0.89% 0.005 0.56%
4.68 1.788 1.803 1.775 1.58% 0.007 0.41% 0.007 0.39%
6.65 2.930 2.948 2.908 1.37% 0.010 0.34% 0.008 0.27%
8.49 4.106 4.131 4.082 1.18% 0.013 0.32% 0.009 0.22%
10.00 5.119 5.146 5.089 1.12% 0.015 0.30% 0.012 0.23%

the light output, but this measurement supports that the light output anisotropy of stilbene is signi�cantly

larger than changes in the light output introduced by the measurement system. It can therefore be

concluded that the measured scintillation anisotropy is due to the light emission of stilbene crystal and is

not an external effect of the measurement system.
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CHAPTER

3

VERIFICATION OF THE DIRECTION OF

MAXIMUM LIGHT OUTPUT IN

STILBENE

Preliminary measurements of the scintillation anisotropy of stilbene using the coincident scatter measure-

ment system revealed a disagreement between our measurements and reports in the literature regarding

the direction of the maximum light output. As discussed in Section 1.4.1 measurements performed by

three separate authors [4,9,20] were in agreement that the direction of maximum light output for heavy

charge particles in stilbene was along theb-axis. We conducted several initial tests of the coincident

scatter measurements system with several different stilbene crystals. Each of the measurements were in

agreement that thea-axis, not theb-axis, is the direction of maximum light output for recoil protons.

In this section measurements of the light for recoil protons in stilbene with trajectories along thea,

b, andc' axes directions are presented. These measurements were performed to conclusively verify the

directions of maximum and minimum light output for stilbene. Five stilbene crystals were measured,

four grown by Inrad Optics and one grown at Lawrence Livermore National Laboratory (LLNL). The

LLNL crystal was previously measured in [20] where it was denoted as sample “Stilbene Cubic A".

The measurements conducted to verify the direction of maximum light output include the following:

(1) measurements of recoil protons between 1.3 and 10 MeV along thea, b, andc' crystal axes using

scatter kinematics with an 11.3 MeV neutron beam; (2) measurements of recoil protons along thea andb
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axes at 2.0 and 2.8 MeV using scatter kinematics with a 4.8 MeV neutron beam; (3) measurements of

full energy deposition events along thea andb axes using a 4.8 MeV neutron beam, analyzed by �tting

the light output spectrum; and (4) measurements of the count rate for252Cf neutrons traveling in the

direction of thea andb axes. Measurements (1)� (3) were performed at TUNL using the tandem Van de

Graaff accelerator, and measurement (4) was performed at North Carolina State University. All of the

measurements indicated thea-axis as the direction of the maximum light output for recoil protons — in

disagreement with previous work by other authors. Note that most of the content in Sections 3.1� 3.6

was published in [39].

3.1 Stilbene structure and axes identi�cation

The proper determination and labeling of the crystal axes was necessary for the measurements the

scintillation anisotropy of stilbene. The following describes the methods used by Inrad Optics for stilbene

growth and axes identi�cation. It is assumed that the LLNL crystal axes were identi�ed using similar

methods. The following paragraphs in this section were written by Candace Lynch, director of crystal

growth at Inrad Optics. This description can also be found in [39].

The stilbene crystals were grown from solution [68] as single crystals with no visible inclusions or

defects. Stilbene crystallizes in the monoclinic system, with a structure �rst described in [69] and re�ned

in [70–72]. The space group and lattice constants in [71] were used as they are consistent with earlier

reports of anisotropic behavior in organic scintillators [4]: space group P21/a,a = 12.382 Å,b = 5.720 Å,

c' = 15.936 Å, andb = 114:15� . Note thata in the representation reported in [70] is not equivalent to the

others due to the use of a different space group.

Solution-grown stilbene boules exhibit two sets of broad natural faces which were identi�ed as (2̄03)

and (001) by x-ray diffraction; these planes can be quickly differentiated visually due to the much larger

birefringence through (2̄03) relative to (001). (010) is orthogonal to the broad natural faces and was

con�rmed by x-ray diffraction. The stilbene cubes had faces cut parallel to (010) and (001). The third set

of cube faces is denoted as a* and the direction normal to (001) is identi�ed asc' (refer to Figure 3.1 for

an illustration of the face and axis labeling).

Additional de�ning characteristics were used to con�rm the orientation of the stilbene cubes. Stilbene

cleaves along the (001)a-b plane, normal toc'. Stilbene is optically biaxial, with three indices of

refraction and two optic axes which together de�ne an optic plane; the cube faces can be quickly veri�ed

by examination between crossed polarizers. Extinctions for (010) faces occur at a small angle from

the cube edges, since the optic plane is parallel tob and rotated away from (001) by approximately5� .

Looking downb reveals strong colors ona* faces. The �nal set of faces (001) yield extinctions symmetric

with the cube edges.
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Figure 3.1Orientation of the stilbene cubes from Inrad Optics.

3.2 Detectors

Details of the �ve stilbene crystals are given in Table 3.1. The crystals grown by Inrad Optics were

provided with the axes marked as shown in Figure 2.5. The LLNL crystal was provided with thea and

b axes marked. Crystals 1-3 were mounted to three Hamamatsu R7111 28 mm photomultiplier tubes

(PMTs), and crystals 4 and 5 were mounted to Electron Tube 9134SB 29 mm PMTs. Each crystal was

mounted to a PMT such that recoil protons in thea-b, a-c', or b-c' plane could be measured.

Table 3.1Stilbene crystal details. “Recoil plane" refers to the crystalline plane in which recoil proton trajectories
were measured for a speci�c crystal.

Make Volume (cc) Recoil plane Number

Inrad 1.00

a-c' 1
b-c' 2
a-b 3
a-b 4

LLNL 6.86 a-b 5
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(a) qrot = 0�
(b) qrot = 40�

Figure 3.2Overhead view of the stilbene rotation for measurements of recoil protons in thea-bplane illustrat-
ing the positions of the50� beam left and40� beam right EJ-309 backing detectors (not to scale).qrot is the
angle of the rotation stage relative to the direction of the neutron beam. The marking on theb-axis was aligned
to the neutron beam and was de�ned asqrot = 0� , shown in (a). (b) shows the crystal when rotated clock-wise40�

with theb-axis pointing at the40� beam right backing detector and thea-axis pointing at the50� beam left detec-
tor. Following the relationshipqp + qn = 90� , neutron scatters into the40� detector correspond to recoil protons
with trajectories along thea-axis while neutron scatters into the50� detector correspond to recoil protons with
trajectories along theb-axis.

3.3 Quasi-monoenergetic neutron beam measurements

3.3.1 11.3 MeV neutron beam

An 11.3 MeV neutron beam was used to individually characterize crystals 1-3 for recoil protons traveling

in a �xed plane (a-c' plane,b-c' plane, anda-b plane) with the measurement system in Figure 2.2. Each

crystal was mounted to the rotation stage and oriented with either thea, b, or c'-axis in line with the beam

left 70� backing detector. The crystals were rotated from the beam left70� backing detector to the beam

right 70� backing detector in10� increments so that neutron scatter events measured in complimentary

backing detectors corresponded to recoil protons with trajectories along either thea, b, or c'-axis. Recoil

protons along two of the major axes were measured at each rotation angle using beam left and beam right

backing detectors as shown in Figure 3.2. The light output was measured using the method described in

Section 2.4. Recoil proton energies of 1.3, 2.8, 4.7, 6.6, 8.5, and 10.0 MeV (corresponding to neutron

scatters into the20� , 30� , 40� , 50� , 60� , and70� backing detectors, respectively) were measured with

each of the 3 crystals for recoil protons with trajectories along thea, b, or c'-axis.

The ratios of the maximum to minimum light output in each plane were calculated and are shown in

Figure 3.3. The maximum light output was produced by recoil protons traveling along thea-axis. Note

that the ratios in thea-c' plane are greater than the ratios in theb-c' plane, and the ratios measured in the

a-bplane are all greater than 1. The measurements for all three crystals indicate that the maximum light
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output is for recoils along thea-axis. The expected trend from the literature of decreasing anisotropy with

increasing energy is also seen in the ratios for thea-c' plane and theb-c' plane, which have a maximum

at 1.3 MeV and a minimum at 10 MeV, while the ratio for thea-bplane is nearly constant.

Figure 3.3Ratios of the maximum light output to the minimum light output in thea-c', b-c', anda-bplanes
with statistical uncertainties.

3.3.2 4.8 MeV neutron beam

Two additional measurements were made at TUNL with the neutron beam energy at 4.8 MeV using

crystals 4 and 5 from Table 3.1 (hereafter referred to as the Inrad crystal and the LLNL crystal, respec-

tively) oriented for measurements in thea-b plane. The �rst measurement was performed using the same

method as the coincident scatter measurement described in section 3.3.1. The second measurement was

performed by measuring full energy deposition events along thea andb axes and analyzing the light

output spectrum edge using the same method as [20].

3.3.2.1 Coincident scatter measurement

The coincident scatter measurement setup was used to measure recoil protons in the Inrad and LLNL

crystals resulting from neutron scatters into the40� and50� backing detectors with 4.8 MeV incident
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neutrons. The40� and50� backing detectors were chosen due to the higher count rate for scatters in

those directions. Neutron scatters into the40� backing detector correspond to recoil protons at 2.0 MeV;

neutron scatters into the50� backing detectors correspond to recoil protons at 2.8 MeV. The crystals were

rotated such that recoil protons were directed down thea andb axes for neutron scatters into the beam

left and beam right40� and50� backing detectors. The results are shown in Table 3.2, and they agree

with the conclusion that recoil protons with trajectories along thea-axis produce more light than those

along theb-axis. It should also be noted that the measured light output is statistically identical between

the Inrad and LLNL crystals for the same recoil energy and recoil axis.

Table 3.2Recoil proton light output for neutron scatters at40� (2.0 MeV) and50� (2.8 MeV) with statistical
uncertainties.

Recoil Energy Crystal Recoil Axis L (MeVee) La=Lb

2.0 MeV
Inrad

a 0:551� 0:010
1:056� 0:034

b 0:522� 0:014

LLNL
a 0:560� 0:009

1:057� 0:023
b 0:530� 0:008

2.8 MeV
Inrad

a 0:930� 0:011
1:059� 0:017

b 0:878� 0:009

LLNL
a 0:923� 0:008

1:048� 0:013
b 0:881� 0:008

3.3.2.2 Full energy deposition measurements

Full energy deposition events along thea andb axes of the Inrad and LLNL crystals were measured

at TUNL using a 4.8 MeV neutron beam. The measurements were performed by placing the crystals

with thea and then theb axes in the direction of the neutron beam. A standard charge-integration PSD

technique was applied to separate neutron and gamma events. All events in the stilbene detectors were

recorded. Recoiling protons along the forward direction (full energy deposition scatter events) were

identi�ed by �tting the light output spectrum. Using the same method described in [20], the full energy

deposition edge was determined by �tting the measured spectrum to a sloped distribution with a hard

cutoff convoluted with a Gaussian resolution function, resulting in the �t function:

f (L) =
mL+ b
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wherem andb are the slope parameters,L̂ is the edge location, ands is the light output resolution.

The estimated edge positions are given in Table 3.3. Again, the results for both crystals show that the

recoil protons with trajectories along thea-axis produce more light than along theb-axis. Examples of

measured spectra and the �ts are shown in Figure 3.4. The difference in the estimated edge positions

between the Inrad and LLNL crystal is due to multiple scatter events in the much larger LLNL crystal.

Neutrons in larger volume scintillators have a higher probability for multiple scatters. Due to the nonlinear,

concave-up relationship between light output and energy, it is impossible for a multiple scatter event

to produce as much light as a full energy deposition single scatter. This results in a larger number of

lower light output events near the full energy deposition edge and a corresponding decrease in the �tted

edge position. This effect only in�uences the calculation of the full energy deposition edge; it does not

occur in the coincident scatter measurements. Multiple scatter events are mostly discriminated out in

the coincident scatter measurements due to the differences in total light output and the time-of-�ight

for multiple scatter events compared to single scatter events (refer to Section 3.8 for a more detailed

discussion on this topic).

Table 3.34.8 MeV full energy deposition estimated edge positions with the statistical uncertainties of the �ts.

Crystal Axis L̂ (MeVee) L̂a=L̂b

Inrad
a 2:024� 0:009

1:038� 0:006
b 1:950� 0:007

LLNL
a 1:933� 0:008

1:038� 0:006
b 1:862� 0:007

3.4 Cf-252 measurements

A 252Cf neutron source provided another, simple way to measure the light output anisotropy in the stilbene

crystals. The recoil trajectory resulting in the maximum light output will also have the maximum recorded

count rate if the threshold and distance from the source are �xed. Recoil protons with energies near the

threshold, traveling near the direction of the maximum light output will produce enough scintillation

photons to be recorded as an event, while recoils along other directions will not, resulting in a higher

count rate along the direction of the maximum light output. It should be noted that the protons in these

measurements do not recoil strictly along thea andb axes directions as in the other measurements in

this work. The recoil proton trajectories were constrained by setting the threshold of the detectors to
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Figure 3.44.8 MeV neutron spectra with �ts for recoil protons with trajectories along thea-axis in the Inrad and
LLNL crystals. The black dashed line is the calculated edge location (L̂).

1.0 MeVee, which corresponds to a recoil proton energy of approximately 3 MeV. A sketch of this is

shown in Figure 3.5. The 1.0 MeVee threshold restricted the detected recoil protons to a cone about the

axis that is collinear with the source-detector axis or “in-line" with the source (e.g theb-axis is in-line

with the source in Figure 3.5). The angle of the cone is dependent on the incident neutron energy and

direction, and a higher the threshold rsults in a narrower the cone.

The measurements were performed by placing a252Cf source at a �xed distance from the Inrad

and LLNL stilbene crystals with theb-axis in-line with the source such that protons would recoil in a

direction within a cone aboutb-axis. The count rate was recorded. The crystals were then rotated 90�

such that thea-axis was in-line with the source and recoil protons were directed within a cone about the

a-axis, and the count rate was again recorded. A standard charge-integration PSD technique was applied

to separate neutron and gamma events. Gamma interactions in crystalline organic scintillators do not

exhibit scintillation anisotropy [19], so the gamma count was used to normalize the neutron count to

account for minor differences in solid angle between measurements.

The ratios of the count rates when thea-axis was in-line with the source (recoils in the direction of

thea-axis) to when theb-axis was in-line with the source (recoils in the direction of theb-axis) are shown

in Table 3.4. The count rate ratios were greater than 1 for both crystals. These results con�rm that recoils

along thea-axis correspond to the direction of the maximum light output, in agreement with section 3.3
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Figure 3.5Sketch of the252Cf measurement setup. The blue shaded areas represent possible neutron scatter
directions and the red shaded area represents possible recoil proton directions. The threshold, energy of the
incident neutron, and direction of the incident neutron determine possible scatter directions (area of shaded
regions). The shaded areas of this sketch are for the speci�c case of a neutron with energy slightly greater than
threshold traveling along theb-axis. Note that the252Cf source was placed far enough from the detector such
that the emitted neutrons traveled approximately parallel to the measurement plane.

and in disagreement with reports in the literature.

Table 3.4252Cf count rate ratios.Na=Nb is the ratio of the number of events recorded when thea-axis was in-
line with the source to the number of events recorded when theb-axis was in-line with the source.

Crystal Na=Nb

Inrad 1:043� 0:014
LLNL 1:051� 0:008

3.5 Comparison of the magnitude of change in light output

With thea-axis established as the direction of the maximum light output for recoil protons, the light

output ratios for recoils in thea-c' plane (circles in Figure 3.3) can be compared with the magnitude of

change in the light output measured in [9] and [20]. The results in [20] de�ne the magnitude of change of

the light output as the ratio of the maximum to the minimum light output for a crystal:

AL =
L̂max

L̂min
(3.2)
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Figure 3.6Magnitude of change in the light output response versus energy as reported in [9], [20], and this
work. The data points from [20] were calculated by averaging the reported ratios for three solution grown stil-
bene crystals.

Figure 3.6 shows the light output ratio for recoils along thea-axis andc'-axis plotted with the ratios of

maximum to minimum light output measured in [9] and [20]. The ratios from this work are lower than

those previously reported. One cause of this effect is that these measurements were performed using the

R7111 PMTs which were partially saturating for recoil protons above 3 MeV. The saturation becomes

more pronounced as the recoil proton energy increases resulting in a decreased ratio because the effect is

larger for recoils along the direction of the maximum response than other recoil directions. Also note

that the coincident scatter technique used in this work is more accurate than the edge �tting technique,

particularly at lower energies where the full energy deposition edge has poorer resolution. As noted

in [20], changes in the binning or the �tted light output range result in signi�cant changes in the �tted

edge position.

3.6 Discussion of disagreement with previous literature

The conclusion that thea-axis is the direction of the maximum light output is in disagreement with

several authors [4,9,20], as discussed previously. Subsequent to the completion of the measurements

presented in this chapter, the results reported by Schuster and Brubaker in [20] were reviewed by the

authors. They determined that an error was made in the labeling of thea andb axes that resulted in
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the axes being swapped. It has been concluded that thea-axis is the direction of maximum light output

measured in [20], and that the measurements are in agreement with the results presented in this chapter.

The measurements reported in [9], while of some use for comparison, should not be considered

precise due to the omission of uncertainties on the measurements and the absence of an explanation of

the method used to determine the maximum and minimum directions of the light output. In addition

the maximum and minimum light output directions reported in [4] were assumed correct by the authors

of [9] without independent validation. Based on the information provided in [9], it is possible that theAL

values reported for stilbene were the ratios of the response for recoils along thea andc' axes.

The measurements reported in [4] were the �rst to show theb-axis as the direction of the maximum

light output, but were performed witha particles unlike the other measurements discussed. The crystal

axes were determined using a polarization microscope, making it unlikely that the axes were incorrectly

identi�ed. Differences in the direction of the maximum anisotropy for protons anda particles may be a

real effect. Further research into the effect of the stopping power on the anisotropic response is of interest

but is beyond the scope of this dissertation. It is also possible that the measurements were in�uenced by

the polycrystalline nature of early melt-grown stilbene samples. A polycrystalline stilbene sample was

measured in [6], and the direction of the maximum light output was reported to nearly coincide with the

c-axis. This displays the large effect poorly grown samples had on scintillation measurements.

3.7 Comparison of the light output between stilbene detectors

The measurement of the light output ratios reported in Section 3.3.1 was performed with two goals: (1)

verify the direction of the maximum light output in stilbene, and (2) compare the relative light outputs

produced by different stilbene detectors. The second objective of this measurement was necessary because

the design of the coincident neutron scatter kinematic measurement system required the measurement of

two stilbene detectors to characterize a full hemisphere of the scintillation anisotropy. The use of two

detectors for the characterization and the corresponding systematic uncertainty introduced was not ideal

but was needed due to facility and material limitations (this will be discussed in more detail in Chapter

4). The light output versus recoil proton energy along thea, b, andc' axes were measured for crystals 1,

2, and 3 from Table 3.1. The results are shown in Figure 3.7.

The data was �tted using an analytical expression for the light output as a function of the charged

particle energy (used in [73–75]):

L(Ep) = L0
E2

p

Ep + L1
(3.3)

whereL0 (MeVee=MeV) andL1 (MeV) are �tting parameters,Ep is the recoil proton energy in MeV,

andL(Ep) is in units of MeVee. The percent difference between each recoil proton energy measurement

for the three crystals is given in Table 3.5. The largest relative difference between measurements is<
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Figure 3.7Light output versus energy for protons recoiling along thea, b, andc' axes with statistical uncertain-
ties and �ts.

3% showing good agreement for measurements of different stilbene detectors. The differences can be

attributed to (1) the statistical uncertainty, (2) uncertainty in the calibration (� 1%for this data set), and

(3) uncertainty in the placement of the detectors on the rotation stage and the corresponding uncertainty

in the energy and trajectory of the recoiling protons. The uncertainty for each data point due to the

combination of (1) and (2) is> 1% and accounts for most of the uncertainty between measurements of

the same recoil energy and trajectory. Additional uncertainty due to the placement of the detectors on

the rotation stage contribute< 0.5% uncertainty to the light output and is evident in the comparison of

measurements of the b-axis performed with crystals 2 and 3.

3.8 Discussion of the effect of analysis methodology on light output mea-

surements

The results reported in Tables 3.2 and 3.3 led to an in-depth study of the effects measurement technique

and analysis methodology on light output measurements. In this section we will expand on the explanation

of the effect multiple scatters have on light output spectrum edge analysis technique from Section 3.3.2.2

and will detail �ndings that arose from a literature review which focused on measurements performed
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Table 3.5Percent difference between light output measurements with recoil proton trajectories along thea, b,
andc' axes.

Proton energy (MeV) Percent difference

a-axis b-axis c'-axis

1.3 1.09% 2.87% 0.59%
2.8 0.28% 1.95% 1.88%
4.7 0.69% 2.73% 0.94%
6.7 1.23% 2.92% 0.51%
8.5 1.46% 2.06% 0.27%
10.0 1.85% 1.83% 0.40%

with scintillators of the same material.

3.8.1 Disagreement in the literature

Disagreements between measured light output functions for organic scintillators of the same material

(e.g. EJ-309) have been reported with the differences being attributed to a number of factors including

poor detector calibration, variable pulse integration lengths [56,76], attenuation of the scintillation light

between the point of production and the photodetector [77], and differences in chemistry for scintillators

of the same material and size that were fabricated at different times [78]. Different responses for identical

organic scintillator materials have been reported as a fundamental characteristic of organic scintillators

with many authors concluding that each individual detector has a unique light output function [76–79].

Recent measurements reported in [39,56,57] called this conclusion into question. In Section 3.3.2.2 the

claim was made that the measurement technique and analysis method used to determine the light output

is the dominant cause of the discrepancies in reported light output functions for organic scintillators of

the same material. In the following this disagreement in the literature with be addressed, beginning with

a summary of the techniques commonly used to determine the light output of organic scintillators and

then discussing sources of bias in the techniques.

3.8.2 Scintillator light output measurement and analysis techniques

Commonly used methods for measuring scintillator light output can be grouped into two categories:

(1) light output spectrum edge characterizations and (2) coincident neutron scatter techniques. Light

output spectrum edge characterization methods use the location of the full-energy deposition edge of

a light output spectrum to determine the relationship between the scintillator light output and a given

recoil proton energy. In the ideal case a recoil proton light output spectrum is described by a uniform
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distribution with the maximum energy edge equal to the energy of the incident neutrons. The ideal case

assumes (1) the absence of resolution effects, (2) single n-p elastic scatter in the detector, and (3) a

monoenergetic neutron beam. In practice, the full energy deposition edge is smeared due to the combined

effects of detector resolution and multiple scatters near the edge location. This smearing affects the

edge location making it dif�cult to determine a spectrum's true edge location accurately. Three methods

of determining the edge location include (1) simulation and �tting of the light output spectrum edge

using Monte Carlo [75,78,80,81], (2) �tting a Gaussian function (or a step function convolved with a

Gaussian) to the resolution-smeared edge [20,53,76], and (3) using the highest-energy minimum of the

�rst derivative of the light output spectrum edge [73,74,76,77,82,83].

Monte Carlo spectrum response analysis is used to determine the light output for speci�c recoil

proton energies by �tting a measured light output spectrum to a Monte Carlo simulation of the light

output spectrum. A recent implementation including a detailed summary of the analysis is reported

in [81]. This method has been used for measurements with both monoenergetic and broad spectrum

neutron sources [75] and has been successfully used to generate full spectrum response matrices for

spectrum unfolding applications [81]. While response matrices produced by this analysis method have

been effectively used for spectrum unfolding applications, the light output functions determined with this

method have been reported to be inconsistent beyond the measurement uncertainty even for identical

detectors [78].

A Gaussian function �tted to the light output spectrum edge and the highest-energy minimum of the

�rst derivative of the light output spectrum are similar, though not identical, methodologies. Gaussian �ts

to light output spectra edges were used to determine the light output in [76] by taking the in�ection point

of the �tted Gaussian as the edge location. A variation of this method was also used in [53] and [20]

where the edge location was determined by �tting the spectrum with a sloped distribution with a hard

cutoff, convolved with a Gaussian. The location of the hard cutoff was used as the true edge location.

The determination of the edge location using the highest-energy minimum of the �rst derivative

(hereafter referred to as the �rst derivative method) is described in detail in [73]. The light output

spectrum is smoothed and the highest-energy minimum of the �rst derivative near the edge of the

spectrum is �tted with a Gaussian distribution. The centroid of the Gaussian (i.e. the in�ection point

of the smoothed spectrum edge) is taken as the location of the full energy deposition edge, and the

width of the Gaussian is used to estimate the detector resolution. A second, lower energy minimum in

the derivative of the edge is often also present; it is associated with multiple scattering. This method is

particularly suited for light output characterizations performed in a laboratory setting using a time-tagged

neutron source [74,77]. It has also been implemented using broad spectrum sources produced by a tandem

Van de Graaff accelerator [77,82,83]. Due to the straightforward analysis compared to Monte Carlo light

output spectrum methods, along with its need for at most two detectors to perform the measurements, the

�rst derivative method has been widely used for scintillator light output measurements.

Light output measurements that use coincident scatter techniques are reported in [54–57]. The light
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output recorded in a target detector for a given recoil energy is measured using the coincident detection

of a neutron in the target detector and a backing detector set at a speci�c angle, combined with scatter

kinematics. Measurements in [54] were performed using monoenergetic neutron beams and a single

backing detector. The backing detector was moved to several different angles relative to the target detector

to cover a broad range of recoil proton energies. The response reported in [55] also used a monoenergetic

neutron beam, but deployed an array of seven backing detectors to cover a range of recoil proton energies.

Note that we employed a method similar to [55] in this work. A coincident scatter technique using a

broad spectrum neutron source in conjunction with time-of-�ight was reported in [56,57]. The use of a

broad spectrum neutron source removes the need for using multiple backing detectors (although multiple

backing detectors can certainly be employed as in [56,57]) and provides a continuous measurement of the

proton light output at the expense of introducing complexity and uncertainty not present in monoenergetic

beam measurements due the determination of the neutron energy using TOF. Two unique characteristics

of coincident scatter techniques that are not shared with spectrum edge characterization methods are

(1) the light output and TOF window discriminate against multiple scatter events in the target detector

providing a true single n-p elastic scatter response (described in Section 2.4), and (2) the analysis is

independent of modeling or spectrum �tting, limiting potential sources of bias.

3.8.3 Bias in light output spectrum edge characterization methods

Light output measurements for two stilbene detectors were reported in Section 3.3.2. The detectors were

mounted to the same PMT type, but the volume, re�ector, and manufacturer of the crystals were different.

One was a 1 cm3 cube grown by Inrad Optics with a TiO2 re�ector. The other was a 6.86 cm3 cube grown

at Lawrence Livermore National Laboratory and wrapped in PTFE tape. We measured the light outputs

for speci�c neutron energies with both crystals and determined they were statistically identical when

using the coincident neutron scatter method. In contrast, the light outputs were signi�cantly different

when the light output spectra of the crystals were analyzed using the Gaussian �t technique employed

in [20]. The light output of the larger stilbene sample was several standard deviations below the light

output measured for the smaller crystal. For the purpose of this discussion the same spectra reported in

Section 3.3.2.2 were analyzed using the �rst derivative method. Using this analysis methodology the

light outputs of the larger stilbene sample were again observed to be several standard deviations below

the light output measured for the smaller crystal.

This result is in agreement with the report of a decrease in the light output with increasing scintillator

size when analyzing light output measurements using the �rst derivative method [77]. The light output

functions of three cylindrical EJ-309 detectors with dimensions 7.6 cm (? ) x 5.1 cm, 7.6 cm x 7.6 cm, and

12.7 cm x 12.7 cm were reported for recoil proton energies between0:5� 6 MeV. The authors attributed

the decrease in light output with increasing scintillator size to attenuation of the scintillation light from the

point of production to the photocathode. While attenuation does increase with increasing scintillator size,
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gamma energy calibrations of each detector account for light loss in the scintillator due to attenuation.

Scintillators of the size measured in [77] can be completely illuminated during calibration measurements,

resulting in scintillation light produced over the entire volume of the scintillator contributing to the

measured Compton spectrum (note that the largest detector measured was� 1/10 the scintillation light

attenuation length of EJ-309). Attenuation of the scintillation light simply results in poorer resolution for

larger scintillators. The resolution is related to the position of the Compton edge [66], and a change in the

scintillator size results in a shift in the ADC-unit value of the Compton edge. The change in the Compton

edge location then compensates for the light loss due to attenuation for n-p scatters in the scintillator.

Therefore, we conclude that the decrease in the light output for increasing scintillator size is not

due to attenuation for scintillators smaller than their attenuation length. The change in the measured

light output with size is analogous to the change in the Compton edge location with detector size. The

Compton edge location changes with detector resolution, and it was reported in [66] that the Compton

edge location for 1.275 MeV22Na photons changed signi�cantly depending on detector size. For small

detectors (better resolution) the true edge is near the half maximum position of the Compton continuum

edge while for larger detectors (poorer resolution) it shifts closer to the maximum. This change in the

edge location is due to multiple Compton scattering events in the scintillator. A similar effect occurs

in the light output spectra for recoil protons. As the scintillator size increases, multiple scattering of

neutrons increases and the resolution worsens. Due to attenuation in larger scintillators, multiple scatter

events occurring near the photocathode can produce the same charge collected as single scatter events

occurring far from the photocathode. In short, multiple scatter events become inseparable from single

scatter events as the detector size is increased. This introduces bias in spectrum edge characterization

techniques. If multiple scatters cannot be separated from single scatter events, an unbiased light output

function cannot be determined.

The bias due to the inability to separate multiple scatters from single scatters not only increases with

scintillator size but also with energy. This occurs because the light output function becomes more linear

with increasing energy. Therefore, neutrons that deposit all their energy through multiple scattering in

the scintillator volume produce nearly the same number of scintillation photons as a single, full energy

deposition scatter. This is not the case at lower energy where the response is highly nonlinear and multiple

scattering cannot produce the same number of scintillation photons as a full energy deposition scatter.

This phenomenon results in a systematic under-estimation of the light output with increasing detector

size in the case of the �rst derivative method as reported in [77]. The effect is also evident in [73]. The

light output functions for four detectors (three LS301 10 cm (? ) x 5 cm and one BC501A 10 cm x 2.5

cm) were reported. The light output for the smaller BC501A detector was reported to be systematically

higher than the LS301 detectors above 2.5 MeV with the separation increasing with energy.

In addition to the bias due to detector size, there are two other identi�able sources of bias that may

exist in both the �rst derivative and Gaussian �tting methods. First, the Gaussian �t to the edge or the

edge derivative is not an accurate distribution for �tting the spectrum edge at lower recoil proton energies
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(< 3 MeV). This bias was noted in [20] and attributed to the effect of poorer energy resolution for lower

energy interactions. It is also the subject of [84] where a generalized gamma distribution is shown to better

approximate an ideal detector response than a normal distribution for light output measurements that

register tens to hundreds of photoelectrons. Second, changes to the smoothing function implementation

and histogram binning can result in signi�cant changes in the calculated edge location. With these

two sources of bias it is possible for two independent light output measurements to produce different

light output functions for the same detector. Note that measurements performed by a single author on

several detectors of the same material and size using the �rst derivative method have been reported to

be in agreement within the measurement uncertainty. Measurements of several identical detectors were

reported in [73] and [74]. In [73] three LS301 detectors of the same size were measured. The reported

analytical �ts to the light output functions were in agreement within the uncertainty for each detector.

In [74] �ve EJ-228 detectors of the same size were measured. The light output functions of the detectors

were reported to be in general agreement within the experimental error. This leads us to conclude that the

�rst derivative method is a precise but inaccurate technique for determining the location of the proton

recoil full energy deposition edge.

Sources of bias in Monte Carlo spectrum response analysis methods are dif�cult to determine due

to the complexity of �tting a Monte Carlo generated spectrum to a measured one. The light output

functions reported in [78] were determined by �tting the upper edge of measured light output spectra to

simulated spectra. The simulated spectra were produced using monoenergetic neutrons and an “arbitrarily

chosen `standard' LOF [light output function]" [78]. The analysis resulted in signi�cant differences in

the light output of scintillators not only of the same material but also of the same size, which raises

questions regarding the nature of the standard light output function used and the accuracy of light output

determination through the spectrum �tting methods employed.

3.8.4 Bias-free light output measurement analysis using coincident neutron scatter kine-
matics

Light output characterizations performed using coincident neutron scatter kinematics, in general, do

not have sources of bias in the analysis of the light output measurements. The light output recorded

in a target detector for a given recoil energy is measured using the coincident detection of a neutron

in the target detector and a backing detector set at a speci�c angle combined with scatter kinematics.

The dominant sources of uncertainty are the uncertainty in the neutron beam energy, the uncertainty in

the placement of the backing detectors, and the uncertainty due to the energy calibration of the target

detector. Ultimately, the uncertainty in the recoil proton energy can be limited to fractions of a percent

with a suf�ciently long distance between the target and backing detectors (on the order of meters for

MeV neutrons). Uncertainty in the measurement and analysis is quanti�able. Unlike the analyses used

in spectrum edge characterization methods, the analyses of coincident scatter measurements are free
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from bias. Note that the measurement technique itself is not necessarily free from bias, only the analysis.

Sources of bias in the measurement such as bias due to edge effects (e.g. recoil protons escaping the

scintillator volume) or PMT drift can still be present in the measurement. Due to this advantage and

the ability to limit the uncertainty of the measurements, coincident scatter techniques are both the most

precise and most accurate techniques for measuring scintillator light output. Further, one high-precision

measurement of a scintillator is characteristic of other scintillators of the same material. This statement

is true assuming the scintillator size is small enough such that events of interest produce a statistically

signi�cant number of scintillation photons and that the light output is reported in relative units (such as

electron-equivalent units). The absolute light output (or the pulse integral) measured for a given recoil

energy is not independent of the scintillator size due to differences in light collection ef�ciency, but this

dependence can be removed by using relative light output units if the light collection ef�ciency is the

same for measurements of the light produced by electrons and protons. These advantages support our

choice of a coincident scatter measurement system for the scintillation anisotropy characterization of

stilbene.

3.9 Summary of maximum light output veri�cation measurements

Measurements of the light output anisotropy for recoil protons in stilbene were conducted for recoils

traveling along thea, b, andc' axes, and we have concluded, contrary to previous literature, that the

direction of the maximum light output for recoil protons in stilbene is along thea-axis. Thec'-axis was

con�rmed as the direction of the minimum light output, in agreement with previous publications. The

measurements were in agreement across �ve different stilbene crystals including four grown by Inrad

Optics and one grown by LLNL. The252Cf measurement provides a simple method for measuring the

directional response anisotropy without the need for an accelerator or neutron generator and can be used

to quickly determine the crystal axis orientation. The comparison of the light output function for three

stilbene crystals between 1.3 MeV and 10 MeV showed general agreement within the uncertainty of the

measurements. In addition the discussion of bias in light output spectrum edge characterization analyses

supports our selection of a coincident neutron scatter technique as both the most accurate and precise

technique for performing the stilbene scintillation anisotropy characterization.
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CHAPTER

4

SCINTILLATION ANISOTROPY

CHARACTERIZATION OF STILBENE

4.1 Measurement technique

The coincident scatter measurement system described in Chapter 2 was used to characterize the scintilla-

tion anisotropy of stilbene for recoil protons trajectories covering a hemisphere of directions relative to

the crystal axes. Measurements covering a hemisphere of trajectories were performed using a combination

of the rotation stage and 3D printed detector mounts. The detector mounts oriented the crystal at a speci�c

angle relative to the neutron beam. This combination enabled measurements of recoil protons in several

different planes relative to the crystal axes. An example of a detector mount that oriented the crystal at

45� relative to the neutron beam is shown in Figure 4.1. Four mounts were printed to orient the crystal at

angles of0� , 15� , 30� , and45� relative to the neutron beam. The0� mount was used in the measurements

discussed in Chapters 2 and 3.

A sketch of the planes measured using the mounts is shown in Figure 4.2. Two crystals (two detectors)

were used for the measurements to keep the PMT from being positioned between the neutron beam

and the crystal. Crystals 1 and 3 from Table 3.1 were used for the measurements; they were attached

to Electron Tube 9134SB 29 mm PMTs. Recoil protons were measured in thea-c' plane with crystal

1 on the0� mount. Recoil protons were measured in thea-bplane with crystal 3 on the0� mount. The

measurement plane was changed between� 45� and45� for each crystal using the mounts. Note that
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Figure 4.1Example of a 3D printed mount for measurements of recoil proton trajectories over a full hemisphere.
This mount orients the crystal at 45� relative to the neutron beam.

measurements in the� 45� , � 30� , and� 15� planes were performed by rotating the45� , 30� , and15�

mounts by180� and orienting the crystal with respect to the beam. Measurements of the scintillation

anisotropy were performed in each plane by rotating the rotation stage through180� and performing

measurements in increments of either 10� or 20� .

Figure 4.2Sketch of the planes measured using the detector mounts with crystals 1 and 3 (labeled c1 and c3).
The region in blue shows measurements with crystal 1 and the region in red shows measurements with crystal 3.
Each dotted line represents a plane in which recoil protons were measured. The listed angles refer to the angle of
the mounted crystal with respect to the neutron beam.

An example of the recoil proton trajectory coverage obtained for the two crystals with� 45� , � 30� ,

� 15� , 0� , 15� , 30� , and45� mounts and rotations about180� with measurements performed in10�
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increments for each mount is shown in Figure 4.3. The dotted lines represent the trajectories of recoiling

protons with respect to thea, b, andc' axes. Each point corresponds to a measurement of the scintillation

response at a �xed energy and speci�c trajectory relative to the crystal lattice.

Figure 4.3Trajectories of recoiling protons with respect to the crystal axes for coincident detections between
the stilbene detector and the beam left 70� EJ-309 backing detector.

4.1.1 Measurements and detector settings

The characterization was performed with two neutron beam energies, 11.33 MeV and 4.83 MeV (refer

to Section 2.1 for additional details on the neutron beam production). Two PMT gain modes were used

for the stilbene and EJ-309 detectors: a high gain mode for the 4.83 MeV beam measurements, and a

low gain mode for the 11.33 MeV beam measurements. Eleven recoil proton energies were measured

between 560 keV and 10 MeV. Recoil protons at 2.83 MeV were measured using both the high gain and

low gain modes to verify agreement between the light output for the different PMT gains and neutron

beam energies.

Two quantities of interest were measured: (1) the light output, de�ned as the baseline subtracted

52



charge integral of a pulse, and (2) the pulse shape parameter, de�ned in Equation 1.1. The time of the

pulse shape parameter short-gate was de�ned as the �rst 36 ns of the pulse (pictured in 1.4). An alternate

de�nition of the pulse shape parameter was used to compare the results in this chapter with [20]. The

short-gate was de�ned as a truncated region at the tail of the pulses in [20]. The alternate pulse shape

parameter (PSP) is

PSP= 1�
Qs

QL
(4.1)

whereQS is the short-gate integral andQL is the total integral. Pulse shape discrimination was performed

with the stilbene detector using a charge integration PSD technique. This analysis gives insight into the

diffusion of singlet states (prompt component of the pulse) and triplet states (delayed component of the

pulse) as discussed in Chapter 1.

The number of recoil proton trajectories measured for a given energy was determined by the approxi-

mately 7 days of beam time available for performing the measurements at TUNL. For the 11.33 MeV

beam (low gain mode), crystal 1 was rotated through 180� in 10� increments for mount angles0� , � 15� ,

� 30� , and� 45� ; crystal 3 was rotated through 180� in 10� increments for mount angles0� , � 15� , and

� 30� . A total of 228 trajectories relative to the crystal axes were measured for 6 recoil proton energies

(1.32, 2.83, 4.68, 6.65, 8.49, and 10.0 MeV).

Due to time constraints some trajectories measured with the 11.33 MeV beam were not measured

with the 4.83 MeV beam. Crystals 1 and 3 were rotated from 0� to 100� in 10� increments and from 100�

to 180� in 20� increments for measurements with the 4.83 MeV neutron beam (high gain mode). This

rotation scheme ensured thea, b, andc' axes were measured at each recoil proton energy while reducing

the total number of measurements. The same mount angles used with the 11.33 MeV beam measurements

were used with the 4.83 MeV beam. A total of 168 recoil proton trajectories were measured for each

recoil proton energy (0.56, 1.21, 1.99, 2.83, 3.62, and 4.26 MeV). The measurements were conducted

over approximately 168 hours with� 96 hours dedicated to the low gain mode measurements and� 72

hours dedicated to the high gain mode measurements.

4.1.2 Energy calibrations

The stilbene detectors were calibrated using gamma sources and the method described in Section 2.3.

Calibration measurements were performed at the start and end of measurements using both low gain and

high gain modes using137Cs,22Na, and60Co. Calibrations were also performed at intervals of� 7 hours

using137Cs and22Na to monitor PMT drift.

The linear calibration parameters are summarized in Table 4.1. The calibration factors,c, and

the nonlinearity terms,E0, are the average of the �tted parameters for each calibration measurement

performed for a given gain mode. Eleven calibration measurements were performed with crystal 1 at low

gain, and 12 measurements were performed with crystal 1 at high gain. Ten calibration measurements
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Table 4.1Pulse integral linear calibration terms for the high gain mode (4.83 MeV beam) and low gain mode
(11.33 MeV beam) with uncertainties for conversion between MeVee and ADC units.c has units of ADC-
unit=MeV andE0 has units of MeV.

Gain mode Crystal c sc E0 sE0

High gain
1 2:587� 104 1:1� 102 0.02104 0.00188
3 2:659� 104 2:1� 102 0.02010 0.00442

Low gain
1 8:599� 103 9:3� 101 0.01804 0.00173
3 8:662� 103 1:05� 102 0.01924 0.00245

were performed with crystal 3 at low gain, and 10 measurements were performed with it at high gain.

The uncertainties in Table 4.1 were calculated using the standard deviation of the measurements for a

speci�c crystal and gain mode. This provided a more accurate estimate of the uncertainty forc andE0

than the uncertainty from the spectrum �ts because it accounted for changes inc andE0 due to PMT drift.

Note that the nonlinearity terms (E0) are in general agreement with [2], where the intercept for a linear �t

to the light output response of stilbene to electrons with energies above 100 keV was reported as 22 keV.

The PMTs for the stilbene detectors exhibited good stability for the high gain mode measurements and

reasonable stability for the low gain mode measurements. Figure 4.4a shows 10137Cs spectra measured

with crystal 3 in high gain mode. The time between the �rst and last calibration spectrum measurement

was� 72 hours. Figure 4.4b shows 12137Cs spectra measured with crystal 3 in low gain mode. The time

between the �rst and last calibration measurement was� 96 hours. Changes in the Compton edge are

visibly larger for the low gain mode spectra. Two potential sources of the change in the Compton edge

are (1) the temperature dependence of the light output and (2) gain drift in the PMT.

4.1.2.1 PMT drift and Temperature dependence

Changes in the light output with temperature for single-crystal organics are reported in [21,34,35]. The

dependence of light output on the temperature was reported in [21] for anthracene with a variation of

� 8% in the light output of a137Cs Compton edge between 22� C and 28� C. The temperature in the

measurement area at TUNL was recorded using a digital thermometer with precision of 0.1� C to observe

this effect. The thermometer was placed close to the mounted stilbene detector but outside of the neutron

beam (it can be seen to the right of the rotation stage in Figure 4.1). Figure 4.5 shows the recorded

temperature over the course of the measurements and the ADC-unit values of the 477 keV Compton

edges for each detector and gain mode combination. The temperature was generally stable over the

course of the measurements with the largest changes occurring on January 29th and February 2nd, each

with changes of� 0:5� C. The average temperature over the course of the measurements was 20.8� C
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(a) (b)

Figure 4.4Crystal 3137Cs calibration spectra in (a) high gain mode and (b) low gain mode. The dashed line is
the location of the 477 keV Compton edge.

with a standard deviation of 0.2� C. The large spike in temperature on January 27th was likely due to the

thermometer being repositioned by hand, resulting in a brief increase in the recorded temperature. The

stability of the room temperature over the course of the measurements makes it unlikely that the change

in the edge locations was due to temperature effects on the light output.

The change in the Compton edge location with time can therefore be attributed to PMT drift. This

effect is discussed in the Hamamatsu PMT handbook [85] and reported for measurements with PMTs

in [86]. While completely eliminating PMT drift is generally not possible, steps can be taken to minimize

the effects. Warm up and aging are two stabilizing techniques that are advised in [85].

Warm-up refers to supplying voltage near or at the desired measurement operating voltages prior to

use for the measurements. Recommended times for warm-up are between 30 and 60 minutes [85]. All

detectors in the measurement system were set to their operating voltage (warmed up) for over 6 hours

prior to use. This was done for both gain modes.

Aging is a technique were a PMT is continuously operated with the anode output current equivalent

to operating conditions expected during the measurement. Recommended times for aging are between

several and tens of hours [85]. This technique was not used when performing the measurements with

stilbene. It is likely that the changes between the edge locations at early times in Figure 4.5b-e are due

to drift that occurred as a result of the sudden increase in the anode current at the beginning of the

measurements. Note that the change in the 477 keV Compton edge is signi�cantly larger for the low

gain mode measurements than for the high gain mode measurements. The measurements in the low gain

mode were the �rst set of measurements performed and acted to age the PMTs prior to changing the gain

settings. This resulted in better stability for the high gain mode measurements. Also note that the edge

location becomes generally stable with drifts <1% after the second calibration measurement for both
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Figure 4.5Temperature (a) and137Cs Compton edge (ADC units) (b)� (e) over the course of the measurements.
The error bars on (b)� (e) are the uncertainties estimated by the least-squares �t to the spectrum. The dashed
lines are the mean values of the Compton edges. The �lled regions are the standard deviations. The relative
standard deviation is 0.9% for (b), 0.3% for (c), 1.1% for (d), and 0.6% for (e).

crystals and in low gain mode. This corresponds to> 12hr of measurement time with the detectors in

the neutron beam and would have been an appropriate time period for aging.
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4.1.2.2 Calibration uncertainties

Sources of uncertainty in the energy calibration include the estimated uncertainty of the �t to the

Compton edges (statistical) and the systematic uncertainty in the calibration procedure. Table 4.2 lists

the uncertainty in the light output due to the Compton edge �ts for each recoil proton energy. The

uncertainties range between0:1% and3:8%. The uncertainty in the 0.56 MeV recoil proton light outputs

was the largest for both crystals at 1.5% for crystal 1 and 3.8% for crystal 3. All other uncertainties are

< 1%. The variation in the measured calibration spectra was signi�cantly larger for crystal 3 than crystal

1, resulting in larger uncertainties. This was true for both gain settings and was likely due to inherent

differences between the two PMTs (i.e. the PMT used with crystal 1 was more stable than the PMT used

with crystal 3). The uncertainties in Table 4.2 are included in the uncertainty in the light output in Section

4.2.2.

Table 4.2Uncertainty in the light output due to Compton edge �tting for energy calibration.Ep is the recoil
proton energy.

Gain mode Ep (MeV) Crystal 1s f it (MeVee) Crystal 3s f it (MeVee)

Low

10.00 0.0097 0.0189
8.50 0.0076 0.0148
6.65 0.0052 0.0010
4.68 0.0029 0.0054
2.83 0.0011 0.0018
1.33 0.0003 0.0011

High

4.26 0.0047 0.0079
3.62 0.0034 0.0055
2.83 0.0019 0.0028
2.00 0.0007 0.0015
1.21 0.0009 0.0027
0.56 0.0015 0.0037

Sources of systematic uncertainty include (1) changes in the source-detector positions between the

calibration measurements, (2) the region of the measured spectra selected for �tting (i.e. the selection

of the location to truncate a spectrum), and (3) gain drift. Effect (1) was estimated by varying the

source-detector positioning to determine the effect of environmental scattering. Environmental scatter had

a negligible impact on the calibration. Effect (2) was estimated by varying the low energy cutoff selected

to truncate the �tted region around the Compton edge. Variations in the calibration up to0:5% were
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Table 4.3Uncertainty in the light output due to PMT drift.

Gain mode Crystal sedge Maximum variation

High gain
1 0.3% 1.0%
3 0.6% 2.0%

Low gain
1 0.9% 3.2%
3 1.1% 3.8%

observed due to the selection of the truncated region. This uncertainty is accounted for in the uncertainties

on the �t parameters listed in Table 4.1. Effect (3) was estimated using the variation observed in the
137Cs edge location for the high gain and low gain calibrations. The uncertainty of the 477 keV edge

location associated with PMT drift is listed in Table 4.3 for both crystals and gain modes. The statistical

and systematic uncertainties on the calibration were added in quadrature and are included in the light

output uncertainties in Section 4.2.2. The combination of the statistical and systematic uncertainties of

the calibration will hereafter be referred to as the calibration uncertainty.

Another potential source of uncertainty in the calibration is nonlinearity of the PMT anode output

current. PMT linearity is discussed in [85]. The main factor contributing to nonlinearity is space charge

effects due to a large current in the dynodes. This can occur when a high energy deposition event creates

an intense light pulse. The intense light pulse produces a large current �ow in the latter dynode stages

which results in an increase in the space-charge density and current saturation. The energy calibrations

performed only measured the linearity of the PMT response to electrons between 0.477 MeV and 1.118

MeV, while the light of the recoil protons was measured between approximately0:07 MeVee and 5.5

MeVee. It is possible that the PMT anode output current was nonlinear above the maximum gamma

calibration energy measured. Measurements verifying the PMT linearity over the entire range of measured

light outputs were not performed. However, steps were taken to minimize the effects of PMT nonlinearity.

First, the PMTs and voltage dividers used for the stilbene detectors (Electron Tube model 9134SB) were

designed for high stability over a wide dynamic range. Second, measurements of the anode output current

were performed with the PMTs prior to the scintillation anisotropy characterization measurements to

obtain an estimate of the maximum current expected. The PMTs were operated in both gain modes such

that the maximum current from the highest light output measurement was less than half the current

reported by the manufacturer to cause a 5% deviation [87].

4.1.3 Measurement uncertainties

Uncertainty in the recoil proton energy and light output due to the scatter kinematic measurement system

was discussed in Section 2.5. Additional sources of uncertainty for this measurement include: (1) the
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angular uncertainty for the recoil proton trajectories, (2) the use of two detectors for the characterization,

and (3) changing the detector mounts. The angular uncertainty of the recoil proton trajectories is described

by Equation 2.6 and is< 4:8� for recoils recorded in coincidence with any of the backing detectors. The

mean light output and pulse shape parameter of recoil protons measured along a speci�c trajectory is the

average value for recoil trajectories within� 2:4� of the reported direction.

The uncertainty introduced by the use of two stilbene detectors and changing the detector mounts

between measurements was estimated by performing measurements of recoil protons with trajectories

along thea-axis for each detector and mount combination. A laser level was used to ensure that the detec-

tors and mounts were aligned in the same position between changes. The positioning of detector/mount

combination had an uncertainty of� 3 mm. These uncertainties will be addressed further in Section 4.2.1.

4.2 Results

Examples of the light output and pulse shape parameter anisotropy for 10 MeV recoil protons are shown

in Figures 4.6 and 4.7. The points on the sphere correspond to measured recoil proton trajectories relative

to the crystal axes. The planes of measurements correspond to the different detector mounts used (e.g. the

plane of measurements parallel to theb-axis in Figure 4.6a was performed using the0� detector mount).

Recoil protons with trajectories along thea-axis were measured with each detector mount for each recoil

proton energy. Note that the individual planes of measurements all pass through thea-axis direction in

Figure 4.6a.

4.2.1 Data smoothing anda-axis light output comparison

The results shown in Figures 4.6 and 4.7 are smoothed. The non-smoothed light output is shown in Figure

4.8. The features in Figure 4.8a are representative of the uncertainty of the measurement and can be

attributed to two factors: (1) uncertainty due to changing the detector mounts and (2) uncertainty due to

using two crystals for the characterization.

4.2.1.1 Comparison of the light output along thea-axis

Measurements of recoils with trajectories along thea-axis were performed for each detector and mount

combination to estimate the uncertainty associated with changing the detector mounts. The mean light

output and standard deviation of the light output measurements for a given crystal and recoil proton

energy are listed in Table 4.4. The uncertainties are between 0.5% and 2.4%. There is general agreement

between the mean of the coincident measurements performed with the beam left and beam right detectors

for each recoil proton energy within the standard deviation of the measurements. The light outputs

measured for recoil proton trajectories along thea-axis with crystal 3 in low gain mode are shown

in Figure 4.9. The standard deviations listed in Table 4.4 provide an upper bound of the uncertainty
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