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SUMMARY

Condensed matter physics was revolutionized by the invention of the neutron triple axis

spectrometer, which is one of the best probes of magnetic pair correlations in materials.

However, triple-axis spectrometers are notoriously inefficient, and often result in measure-

ment times on the order of several days of weeks to get a large scan of S( ~Q; !) space.

Thus, there has been a large effort to improve the efficiency by making use of multiplexing,

prismatic analyzers in a triple axis such as the CAMEA design [1]. In this thesis, I report

on the Monte-Carlo simulations I used to investigate multiplexing, prismatic systems based

around the CAMEA back end to design a new spectrometer known as the Multi-Analyzer

Neutron Triple Axis (MANTA) for consideration at Oak Ridge National Laboratory’s High

Flux Isotope Reactor. This investigation culminated in a novel analysis technique dubbed

Positionally-Calibrated Prismatic Analysis, which increases the resolving power of a mea-

surement by a factor of � 6. I then created new designs of MANTA that were optimized

for the PCPA technique. By doing so, I hope to help make MANTA a world-class probe of

quantum condensed matter systems.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

The foundations of many modern technologies originated from condensed matter physics.

This field of research discovered the semiconductor, which led to the transistor, the base

of effectively all modern electronics. Additionally, the research in this field led to the dis-

covery of storing information magnetically, which resulted in the hard drive. Condensed

matter physics develops these important findings through studying many-body interactions

found within solid and liquid materials. Some many-body interactions such as geometrical

frustration [2] within condensed matter systems can result in exotic macroscopic phenom-

ena that can be described as quantum phases of matter. Examples of such phases of matter

of interest are the quantum spin liquid [3], spin ices [4, 5], and spin glasses [6]. These

phases of matter are often characterized by collective structural and magnetic excitations

within a solid in the form of pair correlations; the measurement of pair correlations is

known as the dynamic structure factor, S( ~Q; !) [7]. By measuring the dynamic structure

factor, researchers can help determine if a material can be characterized by the exotic phase

of matter of interest.

However, measuring the dynamic structure factor is a highly nontrivial task. It wasn’t

until 1958 when Bertram Brockhouse designed the neutron triple-axis spectrometer (TAS)

that the dynamic structure factor could be measured with such accuracy [7, 8]. The TAS

makes use of neutrons, which by happy coincidence are a perfect probe of materials in

complex sample environments due to their neutral charge, magnetic moment, and most

critically, wavelengths at the atomic scale at low energies. Brockhouse directed the neu-

trons from the source to a crystal lattice, which tuned the neutrons to a specific wavevector

by making use of Bragg’s Law. This crystal became known as a monochromator. The neu-

trons satisfying the Bragg condition are then directed towards a sample. After the sample,
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Figure 1.1: A basic sketch of the most fundamental components of a triple-axis spectrom-
eter. The three axes labelled are the monochromator, sample, and the analyzer.

another crystal structure must be used again to direct the neutrons to a detector. This is

done because of the current inability to resolve energies for cold and thermal neutrons. The

second crystal structure is referred to as the analyzer, and the portion of the instrument after

sample, primarily consisting of the analyzer-detector pair, is known as the secondary spec-

trometer, or the back end of the instrument. The monochromator, sample, and analyzer are

the three “axes” for which the instrument gets its name, which can be seen in Figure 1.1.

This invention revolutionized condensed matter and led Brockhouse to win the 1994 Nobel

Prize [8]. Inelastic neutron scattering through the TAS is still prominently used today.

Though the triple-axis spectrometer is one of the best ways to perform inelastic neutron

scattering and measure the dynamic structure factor, the instrument is quite flawed. The

most pressing issue of the TAS is that it is incredibly inefficient. By selectively tuning

neutrons at each of the three axes, the spectrometer wastes large amounts of neutrons.

This results in a measurement time on the order of days for a single sample. Neutron

scattering sites like Oak Ridge National Laboratory require a lengthy proposal process in

which researchers compete to get access to a neutron scattering instrument. At Oak Ridge,

typically only 30-35% of proposals are accepted [9]. The limited availability of access to
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neutron beam time slows down the progress of condensed matter research.

1.1 Multiplexing Spectrometers

As mentioned, the primary issue with the traditional triple axis is that it only measures only

a single point of S( ~Q; !) at a time, resulting in a considerably long process to measure

a full spectrum. To counteract this, Brockhouse himself proposed an instrument with 10

analyzer arms in 1968 [10]. This process of using multiple analyzers in a TAS became

known as multiplexing. However, due to the complicated kinematics and loss of flexibility,

few multiplexing TAS were built initially. One of the first multi-analyzer detector systems

was the MADBox spectrometer implemented at Forschungsreaktor München (FRM) in

1998 [10]. This system placed analyzers at six different angles, which became known as

“wide-angle multiplexing.” By placing more analyzers channels around the sample, the

data acquisition process can be greatly sped up as multiple points in S( ~Q; !) space can

be measured. Another particularly influential design was the FlatCone design built for the

Institute of Laue Langevin [11]. FlatCone further optimized the MADBox concept and

had a whopping 31 analyzer-detector pairs placed in a semi-circle around the sample. This

was a great improvement upon any multiplexing design and became a proof-of-concept for

wide-angle multiplexing spectrometers.

Another type of multiplexing is “local” multiplexing, used in spectrometers like IMPS

[12]. In this, multiple analyzers set to different wavelengths are fired at a single position-

sensitive detector (PSD). By having locating peaks of intensity at different positions on a

detector, researchers are able to determine from which analyzer the neutron scattered from,

allowing for a quasi-energy resolved detector. These spectrometers all became critical to

the foundations for which modern spectrometers, bolstered by improved engineering capa-

bilities and Monte-Carlo ray-tracing techniques, have been designed. Though many other

spectrometers used copper and silicon for use as analyzer materials, one of the more mod-

ern materials used is highly-oriented pyrolytic graphite (HOPG), which has proven to be
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Figure 1.2: The basic design of the CAMEA spectrometer [1]. The left image shows the an
example of the full CAMEA spectrometer with its full wide-angle multiplex design with 8
”channels” of analyzers, while the right image is a view of a single channel of analyzers.

one of the most effective materials for analysis [13]. This is due to its high scattering cross

section, low absorption, and tunable mosaic. By making use of HOPG, the CAMEA spec-

trometer at the Paul Scherrer Institute has designed one of the most effective combinations

of local and wide-angle multiplexing [1, 14]. CAMEA forms “channels” of analyzers in

which analyzers set to different wavelengths are placed directly behind each other, see Fig-

ure 1.2. This contrasts with the IMPS spectrometer, in which analyzers are placed at slight

offset angles from each other [12]. By doing so, this greatly simplifies the geometry of the

instrument. This technique has been successfully replicated at similar spectrometers like

BAMBUS, MultiFLEXX, and has been proposed for BIFROST [15, 16, 17].

1.2 Prismatic Concept

While this combination of the local and wide-angle multiplexing has been proven suc-

cessful by many researchers, another novel concept CAMEA described is the so-called

“prismatic analyzer” [18]. In the same way a prism will take an incoming beam and split it

into different wavelengths, Birk et al. argues the use of distance collimation can allow for

detection of multiple energies from a single analyzer, see Figure 1.3. This process occcurs

due to a first-order expansion of Bragg’s law, as seen in Figure 1.4.

This is a remarkable claim with important consequences. If true, signal acquisition
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Figure 1.3: A visualization of the prismatic concept of the first two energy stations of the
CAMEA design. The different wavelengths, and therefore energies of the neutron will
scatter at slightly different angles which can be discerned provided you place detectors far
from the analyzers.

Figure 1.4: A visualization of the prismatic concept originating from a first order expansion
in Bragg’s law. Wavelengths slightly different than the Bragg condition � + d� will, on
average, be scattered at an angle of � + d�.
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ef�ciency could potentially be improved for any existing spectrometer without modifying

the design. Birk et al. proves the prismatic concept by testing it on the MARS spectrometer

and with simulations of CAMEA. While it is very likely true that the prismatic effect works,

Birk and the rest of the CAMEA team have not yet provided a mathematical formalism

for this effect [18]. It can often be dif�cult to accept such a result with a description of

the mathematics behind it, which has led to mixed reactions from the neutron scattering

community. While many, including FARO, BIFROST make use of the prismatic concept,

spectrometers like SIKA, MultiFLEXX, and BAMBUS do not, despite having cited the

papers written by the CAMEA team [19, 17, 20, 16, 15].

Another important question that often needs to be considered is the mosaic of the an-

alyzer. If an analyzer was composed of a pure single crystal, then only the wavelength

and angle satisfying Bragg's law would be scattered. While this would be advantageous

for resolution purposes, this often results in an extremely weak signal at the detector. To

counteract this, analyzer crystals are often intentionally misaligned in a process that known

as creating an analyzer mosaic. The analyzer mosaic will essentially act as a measure of the

Bragg acceptance of the incoming beam. The value of the mosaic indicates the full-width

half maximum (FWHM) of the angular divergence from the analyzer's Bragg angle, mea-

sured in degrees or in arc minutes (1� = 60'). A low mosaic results in a sharp resolution

but low incoming �ux, while a high one will typically result in a larger intensity with, in

general, total increase in the net �ux. It is also important to note in studies done by IMPS

and con�rmed by Birk et al. show that the peak re�ectivity of the intensity decreases with

larger mosaic [12, 18]. This results in a nontrivial relation between net �ux and mosaic.

Larger mosaic values also require thicker analyzer crystals, which can result in stronger

background effects resulting from thermal diffuse scattering and inelastic phonons coming

from the analyzers themselves [21, 13]. It is for this reason that older spectrometers such as

MADBox, have a mosaic of 20' or less [10]. However, with the prismatic concept, having

a larger mosaic is considered bene�cial, and CAMEA makes use of 60' mosaic [18, 1, 14].
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However, the authors have not explained why CAMEA chose this precise value as opposed

to a broader or tighter mosaic [18, 1, 14]. Spectrometers that do not use prismatic analysis,

like MultiFLEXX, still use a mosaic around this value [16]. The spectrometers that do use

prismatic analyzers use a broad mosaic, though the exact values vary. The team behind

BIFROST wrote that there's not a large difference in intensity between 40' and 80', which

is why they chose 60' [17]. However, the team behind FARO chose a mosaic of 120', and

imply that the only reason they settled on 120' was because this was the “largest mosaic

commercial crystals which [the company] Panasonic” could provide [19]. FARO did not

provide any further justi�cation on why they chose such a broad mosaic other than that it

was grounded in the prismatic analyzer technique.

The prismatic analysis has also greatly complicated the data treatment, an integral part

of the spectrometer design that often gets overlooked. The CAMEA team provides details

on their data treatment and their software which contains their methods known as MJOL-

NIR [22]. However, their discussion of data treatment lacks some details. For instance,

they write that for each sub-pixel region they chose, they “normalize” the intensity [1, 14,

22]. While they describe the normalization process before applying the prismatic concept,

it is unclear how their scales are affected after using the prismatic concept. In addition to

the scaling of data, it is unclear how exactly they calibration their analyzer-detector pairs.

The way the analyzers are calibrated is by measuring intensity within a certain sub-pixel

and �tting it to a Gaussian of the expected distribution of energies to land within that region

as according to the prismatic concept. If a neutron lands within a sub-pixel, then it is de-

scribed with the peak energy of the Gaussian with an error described by the FWHM of the

Gaussian. This Gaussian's parameters are determined through a constant energy scan with

a vanadium sample, for which the intensity at each sub-pixel is measured [1, 14]. Other

spectrometer papers often neglect to discuss their plans for data treatment in their paper.

Some teams including FlatCone, and BAMBUS have partnered with CAMEA to use the

MJOLNIR software and therefore a similar analyzsis process [22, 11, 15].
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The CAMEA spectrometer and many others successfully make use of multiplexing

to optimize signal acquisition rate, cementing it as an effective way to measureS( ~Q; ! ).

Both local and wide-angle are effective ways to increase measurement ef�ciency. However,

despite the success of the CAMEA spectrometer and analysis techniques, many questions

are left unanswered resolving the design of multiplexing prismatic analyzers. The �rst

is that while Birk et al. tested several mosaics for the prismatic concepts, it is unclear

exactly how they arrived at the decision of their �nal analyzer mosaic of 60' [11, 6, 7].

Several other spectrometers use varying mosaic, thus it appears that there is no consensus

on what the optimal mosaic is, particularly when using the prismatic concept. Similarly,

questions about the data treatment by the designers, including the CAMEA team remain

unresolved. While they describe a new software outlined by Lass et al. there are gaps in

their explanation of the treatment. In particular, the calibration technique is unclear. How

exactly are different sub-pixels normalized? It is critical to understand these questions

to allow for further optimization of the multiplexing prismatic analysis method for use in

neutron spectroscopy.

1.3 Monte-Carlo Simulations

A common technique used within condensed matter physics is known as the Monte-Carlo

simulation. These simulations use a probabilistic model to simulate the way a source,

such as a neutron beamline, interacts with several features of interest. Thus Monte-Carlo

simulation programs are ideal for studying the designs of neutron instruments. This is

because the way an individual neutron interacts with a typical instrument component is

well understood, but the aggregate behavior with large amounts of neutrons is dif�cult to

model without computational techniques.

Monte-Carlo simulations have been used to successfully design several instruments

including MACS, BAMBUS, SIKA, and more [1, 16, 20, 19, 15, 23]. There are several

simulation packages that are used for neutron scattering instrumentation. These packages
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often attempt to balance accuracy with speed, with varying amounts of approximations.

Though there are several packages, such as VITESS [24], RESTRAX [25], NISP [26],

and IDEAS [27], one of the most common packages used is McStas [28], which has been

used to design several spectrometers including CAMEA [1]. McStas makes use of a ray-

tracing algorithm, in which all similar neutrons are grouped into rays in order to reduce

computational intensity. Additionally, they also have an ef�cient discarding system that

learns to ignore irrelevant neutrons. However, one �aw of McStas is the inability to handle

backwards propagation of neutrons.

1.4 Description of Research Problem and Importance

The goal of this thesis is to describe my work in the design of a new cold neutron triple axis

spectrometer known as the Multi-analyzer Neutron Triple Axis (MANTA), which will be

considered for the High Flux Isotope Reactor at Oak Ridge. My research focused on using

the Monte-Carlo ray-tracing program McStas [28] to study how to improve measurement

ef�ciency in MANTA and to test the instrument's expected performance. Following the

precedent of previous spectrometers, I focused on using these simulations to optimize of the

back end of the instrument. In particular, I studied the how to optimize the implementation

of multiplexing analyzers for MANTA. By using multiplexing, along with recent novel

developments such as the prismatic analyzer, MANTA aims to become a state-of-the-art

high �ux cold neutron triple-axis available to use for small samples in complex sample

environments, such as a pressure cell.

By progressing condensed matter research, physicists hope to develop the foundations

of new technologies in the same manner as the semiconductor. Though today the semicon-

ductor is the foundation of modern electronics, it took decades of studies by many physi-

cists to understand the material. Developing new materials for future technologies requires

a similar effort. Designing MANTA and improving upon a traditional neutron scattering

technique is a small, but important step in the effort to bring novel materials, and therefore
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novel technologies to society as a whole.
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CHAPTER 2

METHODS

2.1 Base Design

We began designing MANTA by making using of the the CAMEA design [1], which was

generously provided by the original creators. I chose to use this design as a starting point to

study the system due to its success and replication in several instruments across the globe

[16, 17]. Potential designs studied for MANTA are currently being derived in some form

from the CAMEA design. A diagram of the model is shown in Figure 1.2.

The CAMEA design consists of 8 arms of analyzers separated by7:5� . An analyzer

arm is a set of collinear analyzers that are rotated together by the same detector angle2� .

Each arm of analyzers consists of 8 analyzer “stations” composed of 5 highly-oriented

pyrolytic graphite (HOPG). These �at panels are placed such that each ful�lls the same

Bragg condition and are focused on the detector using Rowland geometry [29]. Each set

of 5 analyzers focuses neutrons into speci�c bands onto a Reuter Stokes position-sensitive

detector. Based on where the neutron lands on the detector, CAMEA can discriminate

Analyzer # 1 2 3 4 5 6 7 8
Energy (meV) 3.21 3.38 3.58 3.8 4.05 4.33 4.64 5.01
Sample to Analyzer
Distance (mm)

939 994 1057 1120 1183 1246 1310 1375

Analyzer to Detector
Distance (mm)

707 702 700 701 703 709 717 727

Analyzer Segment
Length (mm)

72.0 82.0 92.0 103 113 120 129 140

Analyzer Segment
Height (mm)

12.0 12.0 12.5 13 13.5 14 15 16

Table 2.1: The speci�cations of the analyzer panels used in the MANTA backend. These
values are based on the original CAMEA design [1].
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which analyzer a neutron scattered from. To account for the decreasing coverage of solid

angle, analyzers further from the sample are made larger. Further speci�cations of the

instrument are provided in Table 2.1.

2.2 McStas Simulations

To study the design of MANTA, the Monte-Carlo ray-tracing program Mcstas [28] was

used. I chose to use the Monte-Carlo simulation program McStas due to its use of modeling

neutrons as wave-packets and its ef�cient system of discarding irrelevant neutrons to speed

up calculations. It's success in designing instruments including CAMEA itself [1] was

another reason. Using McStas as opposed to another Monte-Carlos simulation program

acts as a control variable to allow for easier comparison between their results and mine.

As mentioned, the goal of this thesis is to study the back end of MANTA. However, the

details of the front-end plays a critical role in resolution effects and must be considered.

MANTA is meant to be installed at the High Flux Isotope Reactor (HFIR) at Oak Ridge

National Laboratory. Thus, the front-end of the instrument was modeled in McStas and

included a simulated model of HFIR, the MANTA beamline, and the 300 mm x 170 mm

doubly focusing HOPG monochromator. This same beam output was used for all simula-

tions. This allowed me to freely modify the back end of the instrument while considering

the effects of the predetermined speci�cations of the front-end.

To properly study the performance of MANTA, it is important to see how it behaves

with a typical sample. McStas allows users to design basic samples to perform simple

tests on an instrument. For my simulated experiments, I made use of two samples built in

McStas. The �rst is a cylindrical Vanadium sample with a radius of 1.5 cm and a radius of

2 cm. Vanadium elastically scatters all wavelength neutrons isotropically, making it a good

way to study how speci�c energy neutrons behave in an instrument. I used this sample

to study CAMEA's novel prismatic concept [18] and calibrate my detectors. CAMEA's

design consists of 8 analyzers with the analyzed energyE f speci�ed in Table 2.1. For

12



Parameter
radius (cm) 1
height (cm) 2
� abs (barns) 0.171
� inc (barns) 0.32

fcc Lattice Constant (	A) 6.28
Scattering Length (fm) 9.405

Mass (amu) 207.2
Speed of SoundmeV 	A

� 1
2.5

Temperature (K) 10
Debye-Waller Factor 1

Table 2.2: Parameters for the designed McStas [28] phonon kernel used in the simulations.
This sample is the same height as the Vanadium sample.

each analyzer's setE f , I elastically scattered a different monochromatic beam of neutrons

off the vanadium sample and measured the response with the CAMEA backend. I chose

neutrons ranging fromE f - 0.08 meV toE f + 0.12 meV in intervals of 0.04 meV off the

Vanadium sample, resulting in six different experiments per analyzer station for a total of

44 experiments. Then, for each energy, I recorded the distribution of where neutrons landed

on the detector. This formed the basis of my detector calibration technique, which I used

to develop the Positionally-Calibrated Prismatic Analysis (PCPA) method of data analysis.

As the PCPA is one of the core results of this paper, the details behind its methodology will

be discussed in the results section.

The second sample I used was a single crystal sample using the McStas phonon kernel.

As opposed to a vanadium, the neutron scattering signal from a single-crystal sample will

have a dependence on both~Q, the momentum transferred, andE, the energy transferred

to the sample. By varying the incident energyE i , the angle of the detectors2� , and the

orientation of the sample� , a full dispersion curve inS( ~Q; ! ) is measured. This essen-

tially allows us to measure how MANTA performs on a simple, but realistic sample. The

parameters for the sample are shown in Table 2.2. Several thousand simulations were run

to model a typical scattering experiment on MANTA by using combinations ofE i , 2� , and

� . The sample was designed such that the entire dispersion curve could be seen with an of

13



E i = 5:1 meV. However, to further interpolate between points inS( ~Q; ! ) , an additional

E i of 5.27 meV was selected to �ll in the gaps in energy-space. The sample rotation�

was rotated in even intervals of2:5� , ranging from0� to 357:5� . The analyzer arms were

collectively rotated by2� values of6� , 8� , 10� , 60� , 62� , 64� , 66� , 68� , 112� , 114� , 116� ,

and118� for a net total of 12 positions. This was chosen to maximize coverage in2� based

on the60� coverage of the CAMEA backend.

2.3 Data Treatment

McStas outputs results of experiments using detector components, which can be chosen

to model real detectors. I used the Reuter Stokes component in McStas to model a real

position-sensitive detector. Each time a neutron hits the detector, it is recorded as an event,

and its position along the detector is measured. As CAMEA has 8 analyzers that direct

neutrons in discrete spots into a detector, I used the location of the neutron to determine

its energyE f . Further information aboutE f can be determined from the PCPA technique.

However, as mentioned previously, I will describe this in further detail as it is formed from

experimental data and is a key result of this thesis. By knowing a neutron'sE f , the detector

angle2� , the sample's rotation angle� , and the incident energy of the neutronsE i , the full

dispersion curveS( ~Q; ! ) can be measured by calculating~Q andE and aggregating all the

neutrons with the same values. This analysis was automated in a python script.
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CHAPTER 3

RESULTS

3.1 Tests of the Prismatic Concept and Development of the Positionally Calibrated

Prismatic Analysis Technique

The prismatic analyzer concept [18] is one of the more novel ideas in neutron spectroscopy.

It has the potential to greatly enhance acquisition ofS( ~Q; ! ) but needs to be understood

properly. To test the concept, I studied the distribution of energies scattered from a vana-

dium sample, as described in section 2.2, producing the results shown in Figure 3.1.

This �gure shows the distribution of 7 incident energies upon the detector after scatter-

ing from the vanadium and the analyzer. We see that the energy of 3.58 meV is the most

intense. This follows as the �rst analyzer is set to 3.58 meV (see Table 2.1) through Bragg's

law. However, there are non-negligible contributions from energies slightly deviating from

the Bragg condition. Furthermore, there is a clear position dependence on the energy scat-

tered, each energy follows a Gaussian pro�le with a peak intensity at a different position.

Also, it is important to note that multiple analyzers can scatter the same energy. The 3.58

and the 3.80 meV analyzer both measure neutrons with energies of 3.66 and 3.72 meV.

The energy-dependence of the neutron's position along the detector con�rms the prismatic

concept described by Birk et al [18].

Given that the neutrons follow a clear Gaussian distribution along position-space, I

began investigating how to develop an analysis technique that maximizes the information

provided from the prismatic concept, which became known as the Positionally-Calibrated

Prismatic Analysis (PCPA) technique. The PCPA technique is dependent on an analyzer

detector calibration. To do this, I repeated the procedure from Figure 3.1 for all 8 analyzers.

Speci�cally, I used a range ofE f � 0:08 meVto E f + 0:12 meV, whereE f is the Bragg

15



Figure 3.1: Intensity of neutrons along the detector as a function of the incident energy.
The distribution of neutrons follows a Gaussian pro�le with varying intensity. Note that
the intensity of the Bragg energyE f = 3:58 meVis the most intense, and energies further
from the Bragg condition will have weaker scattering signals from a single analyzer.

energy of each analyzer; resulting in 44 energies1 that were used for calibration. Then,

for each of these energies, I measured the positional distribution along the detector and

determine the intensity it has along each pixel. Note that the pixel size is de�ned from

detector electronics, and an accurate detector allows for 1024 pixels along a length of 0.9

m [30]. However, as shown in Figure 3.1, several different energy neutrons can land in

the same position along the detector. Thus, based on the Gaussian distribution shown in

Figure 3.1, I form a “map” of expected proportions that correspond to the probability that a

neutron landing in the pixel belongs to a speci�c energy. An example of the map of energy

distributions is shown in Figure 3.2. However, due to issues with neutron absorption by

the analyzers, increasingly large gaps withE f in the radial detector coverage, and the fact

that energies differing from the Bragg condition of the analyzer will be intrinsically less

1Occasionally additional energies were needed to interpolate within the gaps at higherE f values. This is
because higher energies intrinsically have a broader energy resolution.
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Figure 3.2: If a neutron lands in pixel 350, it will be split into the energies shown in
the histogram with varying intensities. After taking into account discrepancies in natural
intensity of the energy distributions, the map is renormalized (green).

intense, I roughly correct for this by introducing a scale factor de�ned as

G =
I 3:21

I E f

(3.1)

whereI 3:21 is the integrated intensity ofall Gaussian peaks along the detector correspond-

ing to E f = 3:21. Similarly, I E f is the integrated intensity over the entire detector for a

givenE f . This scale factor will scale the distribution of energies to match the intensity of

the 3.21 meV Gaussian, as it is the most naturally intense. Note that this does not extrapo-

late the data and will only redistribute the distribution of neutron energies at each pixel. An

example of the renormalized distribution after the scale factor is applied is shown in green

in Figure 3.2.

3.2 PCPA Assisted Analysis on a Single Crystal Sample

After developing the PCPA technique, it was important to test it out on a simple sample to

see how it would perform. To do this, the single crystal sample described in the methods

section was used to form a basic dispersion inS( ~Q; ! ). The single crystal sample was
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Figure 3.3: The effect of the PCPA technique using a singleE i . The PCPA technique is
able to use the positional information and take the original 8 BraggE f and increase it to
44 energies from a single measurement.

simulated in an approach modeling a typical experiment. AsS( ~Q; ! ) is a function ofQx ,

Qy, andE 2, this produces 4-dimensional data. It is typically useful to visualize this data in

“cuts” along planes within the data. An example of a typical cut with the PCPA technique

applied is shown in Figure 3.3. The PCPA technique takes the measured points, shown in

the left in Figure 3.3, and “spreads” the data to �ll in the dispersion curve. Note it is also

able to accurately pick up on intensity variations during the interpolation.

The data shown in Figure 3.3 uses a singleE i . Despite the effectiveness of the PCPA

technique, there are still some gaps in energy due to the increasingly gap inE f between an-

alyzers (see Table 2.1). Thus, an additionE i of E i +0:17meVwas used to fully interpolate

in the signal, and resulted in the cuts shown in Figure 3.4 It is also useful to look at other

cuts along the axes to study how well MANTA and the PCPA technique perform. To do

this, I instead looked at slices at constantE, shown in Figure 3.5. The lack of artifacts in

Figure 3.4 and Figure 3.5 indicates both MANTA and the PCPA technique are performing

as expected.

2Note that information aboutQz is lost as the analyzers are vertically focusing
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Figure 3.4: An example of the full phonon dispersion shown at differentQy values. The
Qy = � 2 	A

� 1
(left) is in a focused region of the resolution ellipsoid while theQy =

0:45	A
� 1

(right) is in a defocused region.

Figure 3.5: A view of constantE slices at 0.5 meV (left) 1.0 meV (center) and 1.5 meV(
(right). The uniform intensity along with shape of the cones forming in these two �gures
indicates that MANTA is performing as expected. There do not appear to be any artifacts
from the PCPA technique.
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CHAPTER 4

DISCUSSION AND PRELIMINARY OPTIMIZATIONS

4.1 Coarse Mosaic

The success of the PCPA technique is that it can interpolate accurately based on the sen-

sitivity of positional dependence on the neutron's energy. This approach could pave the

way for redesigned versions of the CAMEA back-end that take advantage of the analysis

technique. Rather than developing the instrument and analysis technique independently,

coupling them may lead to new frontiers in triple-axis design.

One such idea I studied is increasing the mosaicity of the analyzers. The original

CAMEA design made use of a mosaic of 60'. Mosaic larger than that value shall henceforth

be referred to as coarse mosaic, while mosaic values smaller than that shall be referred to as

sharp mosaic. Coarse analyzers have two advantages; the �rst is that they are cheaper, and

the second is that they will have a broader energy resolution. Though this is typically seen

as a disadvantage, the PCPA technique can exploit of the vanadium-calibration approach to

�nely resolve the energy based on the neutron's position along the detector. A coarse mo-

saic will scatter more energies than a sharp mosaic, which will allow for a single analyzer

Figure 4.1: The calibration of a 120' mosaic analyzer from a vanadium sample
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to measure neutrons at a broader range of energies, as seen in Figure 4.1. Additionally, the

energies deviating from the Bragg condition will be scattered at a larger rate, allowing for

a more uniform coverage of the energies. By doing so, this will reduce the scale factorG,

and therefore will reduce the uncertainty arising from scaling the distributions in the PCPA

technique.

4.2 ContinuousE f coverage

CAMEA's backend was originally designed such that there would be increasingly larger

steps in the analyzer's set Bragg energy. This was done because the Bragg energy is pro-

portional to energy resolution. Essentially, the larger the Bragg energy, the broader the

Gaussian of energies of neutrons that are scattered. The energies of the analyzers in Ta-

ble 2.1 were chosen to minimize potential overlaps in energies deviating from the Bragg

condition that scatter from an analyzer. By doing so, the user would be able to determine

with high certainty which analyzer a neutron with a speci�c energy scattered from.

However, the advantage of the PCPA technique is that it accounts for neutrons deviating

from the Bragg condition that would be scattered by multiple analyzers. Though this is

generally considered a disadvantage, it would result in a more equal collection rate of

neutrons of that energy. Thus, I modi�ed the CAMEA design to have equal steps of Bragg

energies that cover the relevant space of 3.2 meV and 5.0 meV. The lower bound of 3.2

meV is based on scattering geometry; an energy lower than that would result in a large

backscatter angle, requiring a large detector. The upper bound was chosen based on the

likely implementation of a Beryllium �lter, which will �lter neutrons above� 5:2 meV. I

then chose a design consisting of 10 analyzer stations that are spaced out in Bragg energy

by 0.2 meV. This way, by calibrating in steps of 0.04 meV, the entire coverage of energies

is collected in a single measurement. Additionally, I also created a more cost effective 5-

station design. This version covers the same total range of energies as the 10 station design,

but instead the analyzer Bragg energies are spaced by 0.4 meV. Having this model would
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require 2 measurements to cover the same spectrum covered by the 10 station design.

To study these designs, along with the effect of mosaicity, it was easier to study a

“toy model” version of the designs. The toy model contained only a single channel of

analyzers, and made use of a simpler source and monochromator setup compared to the

primary spectrometer. The source was a nearly monochromatic source that was focused

towards a doubly focusing monochromator. This was done in the interest of time to create

a simple study of the performance of each of these designs. If one of the alternate designs

is chosen, a more rigorous study will be conducted to con�rm the results of this study. A

similar energy slice as Figure 3.4 is displayed for all these designs in Figure 4.2.

The results the �gure shows are promising. There is little visible degradation in the

signal quality as the mosaic increases. If anything, it appears to improve. This is because

of the prismatic concept's dependence on having mosaic of at least 60'. Additionally, the

10 station shows clearly that having multiple analyzers scatter the same energy has no

qualitative effect on the performance of PCPA.

To better quantity the results, it's useful to look at the energy broadening of the signal.

To do this, the data in was sliced in intervals ofQx = 0:1 	A � 1, the data in that bin was

�t to a Gaussian in energy transferE, and the resolution was calculated as the FWHM of

the resulting Gaussian1. This was conducted for the 8 station toy model designs as well

as the full spectrometer results, and is shown in Figure 4.3 The results con�rm the results

described by Birk et al. [18]; the energy broadening, and therefore the resolution, is indeed

independent of mosaic when utilizing the prismatic concept. However, it should be noted

that this is not a perfect result due to the nature of the simulations. McStas simulations can-

not account for analyzer-speci�c effects like thermal diffuse scattering and inelastic phonon

scattering from the analyzer, which is a non-negligible portion of the background in a real

experiment [13, 21]. These effects will be more pronounced when using coarse mosaic

analyzers. However, the results of this study show that using a coarse mosaic analyzer

1Note that this slightly convolutes the resolution with the dispersing signal. As there is sloped integration
in Qx andQy , the resulting FWHM is enlarged by the true dispersion.
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is an option worth investigating. The value of the increasingly homogeneous coverage of

energies should be compared to the cost of increased background. As these effects are of-

ten manufacturer dependent, this must be tested with an experiment performed physically

to fully study these effects and determine what mosaic is the best to use. However, the

potential use of a larger mosaic appears to be worthy of investigation.
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