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Abstract

Plasma-material interactions (PMI) in magnetic fusion devices such as fuel retention, ma-
terial erosion and redeposition, and material mixing present significant scientific and engi-
neering challenges, particularly for the next generation of devices that will move towards
reactor-relevant conditions. Achieving an integrated understanding of PMI, however, is
severely hindered by a dearth of in-situ diagnosis of the plasma-facing component (PFC)
surfaces. To address this critical need, this thesis presents an accelerator-based diagnostic
that nondestructively measures the evolution of PFC surfaces in-situ. The diagnostic aims
to remotely generate isotopic concentration maps that cover a large fraction of the PFC
surfaces on a plasma shot-to-shot timescale.

The diagnostic uses a compact, high-current radio-frequency quadrupole accelerator to in-
ject 0.9 MeV deuterons into the Alcator C-Mod tokamak. The tokamak magnetic fields
in between plasma shots are used to steer the deuterons to PFCs where the deuterons
cause high-Q nuclear reactions with low-Z isotopes ~5 pim into the material. Scintillation
detectors measure the induced neutrons and gammas; energy spectra analysis provides quan-
titative reconstruction of surface concentrations. An overview of the diagnostic technique,
known as accelerator-based in-situ materials surveillance (AIMS), and the first AIMS diag-
nostic on the Alcator C-Mod is given; a description of the complementary simulation tools
is also provided. Experimental validation is shown to demonstrate the optimized beam in-
jection into the tokamak, the quantification of PFC surfaces isotopes, and the measurement
localization provided by magnetic beam steering. Finally, the first AIMS measurements
of fusion fuel retention are presented, demonstrating the local erosion and codeposition of
deuterium-saturated boron surface filns. The finding confirms that deuterium codeposition
with boron is insufficient to account for the net fuel retention in Alcator C-Mod.

Thesis Supervisor: Dennis G. Whyte
Title: Professor

Thesis Reader: Richard C. Lanza
Title: Senior Research Scientist
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Fear is the inindkiller.
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Introduction

The production of electricity from controlled nuclear fusion is a promising non-fossil
fuel-based technology that could supply a substantial portion of global energy demand
in the second half of the twenty first century and beyond [1]. In magnetic confinement
fusion, a toroidally shaped thermonuclear plasma is confined with strong magnetic
fields in order to isolate the confined 100 million degree plasma from the material
boundary layer. In between, a relatively cold boundary plasma (<100 eV) exhausts
heat and plasma particles to the material surfaces, which are in turn recycling ad-
sorbed neutral atoms and sputtered impurities into the plasma. The result is a strong
physical coupling between the confined plasma and the surrounding plasmna-facing
components (PFC) that can profoundly effect the performance of both. Understand-
ing the physics of this dynamic system, known as plasma-material interactions (PMI),
and qualifying materials solutions for reactor-relevant conditions is recognized as one
of the key scientific challenges for magnetic fusion energy [2].

Achieving a comprehensive understanding of PMI, however, has been severely hin-
dered by an asymmetry in experimental diagnosis. The theory of plasma measurement
techniques has been well developed, and a plethora of plasma diagnostics routinely
measure the key physical characteristics of the boundary plasma [3]. In contrast,
dedicated instrumentation for PFCs has been sparse. That which has been deployed
is typically restricted to very small areas of protected PFCs, limited in measurement
capability, and resource intensive, requiring either atmospheric entry inside the fusion
device or dedicated run time [4].

To address this critical instrumentation need, a novel PFC surface diagnostic tech-
nique has been developed on the Alcator C-Mod tokamak at the MIT Plasma Science
and Fusion Center. The technique - Accelerator-based In-situ Materials Surveillance,
or AIMS - employs a linear charged particle accelerator and particle detectors to re-
mnotely measure the critical PMI effects on PFC surfaces such as fusion fuel retention,
PFC erosion and redeposition, and material mixing. Unlike many of current PFC sur-
face diagnostics, the technique is not destructive to the PFCs and is not disruptive
to plasma or facility operations. Most importantly, AIMS can remotely interrogate
large fractions of the total PFC surface area in the toroidal and poloidal direction
for measurement, imparting the capability to cartographically map the isotopic sur-
face composition over the all of the accessible PFC surfaces inside the fusion device.
With an optimized AIMS diagnostic, these measurements could be achieved with an
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approximately 2 cm spatial resolution and on a plasma-shot-to-shot timescale, pro-
viding a quantum leap forward in the experimental study of PFC surface effects in
PMI science.

Purpose and structure of this thesis

The principal scientific purpose of this thesis is to lay the foundation for the adapta-
tion of AIMS as one of - if not the - standard experimental technique for the in-situ
diagnosis of PFCs on magnetic fusion devices. In order to do so, this thesis will
enumerate the motivation, implementation, validation, and early experimental inea-
surements of the AIMS diagnostic on Alcator C-Mod in a comprehensive and well
documented paper. Between the material contained in this thesis and in referenced
scientific literature, it is hoped that the reader will possess a sufficient understanding
of the AIMS technique, experimental hardware, and data analysis methods to begin
the process of installing an AIMS diagnostic at their own magnetic fusion facility.

The structure of this thesis largely follows the chronology of developing any novel
scientific instrument: motivation, implenientation, validation, first results, and future
work.

Chapter 1 briefly reviews the principle PMI processes and that are expected to be
critical for the success of next step magnetic fusion devices: the retention of
the deuterium and tritium fusion fuel in PFC surfaces; the net erosion and
redeposition of bulk PFC material; and the migration of eroded PFC material
and and subsequent mixing with plasla fuel, sputtered impurities, and other
wall materials on the PFC surface.

Chapter 2 briefly reviews the state of experimental, in-situ PFC surfaces diagnostics
in magnetic fusion devices. The limitations of each diagnostic represent the
motivations for the development of a truly novel technique such as AIMS.

Chapter 3 presents a conceptual overview of AIMS, explaining the underlying mea-
surement theory and capabilities at a relatively high level, putting aside the
details of the the experimental hardware and data analysis until the following
chapter.

Chapter 4 discusses the specific details of the AIMS diagnostic on Alcator C-Mod in
detail. A physical description of the radiofrequency quadrupole (RFQ) accelera-
tor, data acquisition system, and particle detectors is contained in this chapter,
as well the digital pulse processing and analysis methods used to analyze the
output of the detectors.

Chapter 5 overviews two computational modeling codes that were essential in the
development of the AIMS diagnostic on Alcator C-Mod. The first is a 3D beam
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trajectory code that models the interaction of the deuteron beam centroid from
the RFQ accelerator with the magnetic field of Alcator C-Mod; the second is a
comprehensive Monte-Carlo synthetic diagnostic that is capable of simulating all
aspects of an AIMS measurement on Alcator C-Mod, in particular the scattering
and detection of the induced neutrons and gammas inside the fusion device.

Chapter 6 presents experimental validation activities that were conducted on the
AIMS diagnostic ex-situ in an offsite facility and in-situ on the Alcator C-Mod
tokamak.

Chapter 7 presents the first AIMS measurements of deuterium retention on a mag-
netic fusion device. The first ever measurements were acquired intrashot during
plasma operations and in between wall conditioning experiments.

Chapter 8 concludes the thesis by presenting a summary of key results and enu-
merating the most important area of future development. The chapter closes
by speculating on the potential role of AIMS in PMI science.

Key contributions presented in this thesis

The successful deployment of the AIMS diagnostic on Alcator C-Mod was the result

of extensive efforts by a group of talented collaborators. As a consequence, for the
purposes of this thesis, it is important to distinguish the author's role in the develop-

ment of AIMS and the underlying science contributions. While these are presented

in the main body of this thesis, it is appropriate to highlight them concisely here:

The author's role in AIMS

o Led the design of the AIMS diagnostic on Alcator C-Mod, including the selection

of much of the experimental equipment and the optimized physical arrangement
of the diagnostic in the Alcator C-Mod experimental hall.

o Determined the required particle detectors. Worked with external companies or
fabricated the detectors in-house. Has begun work on a novel type of neutron
detector that will advance the diagnostic capabilities of the AIMS diagnostic on

Alcator C-Mod.

o Determined the requirements of the data acquisition system (DAQ) for the
AIMS diagnostic and built the system from scratch.

o Wrote a comprehensive software framework for the DAQ that was customized for
the AIMS measurements and provided user-friendly real-time data acquisition
and offline analysis tools.
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" Developed a comprehensive Monte Carlo synthetic diagnostic that is capable of
simulating all aspects of the AIMS measurements. The simulation was used to
optimize the AIMS diagnostic, including the design and location of the detectors
and providing insight into the experimental response of the detectors. It is will
also play a crucial role in advancing the future measurement capabilities of
AIMS by guiding the interpretation of experimental data and the extraction of
absolute isotopic concentrations from the measurements.

" Led the development of data analysis methods and software tools for extracting
PFC surface information from the experimental detector spectra.

Science contributions

" The successful demonstration of AIMS represents a significant advance in the
experimental diagnosis of materials in magnetic fusion devices and could lead
to new understanding in PMI. The results have been published in [5].

" Provided the first time-resolved, localized AIMS measurement of deuterium
retention in a magnetic fusion device during plasma operations. The measure-
ments provide experimental evidence to support the theory that the plasma
erodes and redeposits deuterium-saturated boron layers on top of the PFCs.
The finding is important because it eliminates deuterium codeposition in boron
layers as the responsible PMI mechanism for the net deuterium retention ob-
served in Alcator C-Mod.

" Presented the first time-resolved, localized AIMS measurements of the relative
changes of boron and deuterium at four distinct locations on the inner wall
PFCS of Alcator C-Mod during wall conditioning experiments. The result is
important because it experimentally fulfills the promise of the AIMS technique
to provide cartographic mapping of the changes of the isotope content on the
accessible PFC surfaces as a function of time. Such data will be crucial to ad-
vance experimental PMI science and to use in the development of computational
PMI codes that are critical for magnetic fusion energy reactor development.

" Developed a new method for the high-fidelity simulation of organic scintillation
detectors. For the first time, the method enables the simulation of detector
response functions and pulse shape discrimination capabilities for detectors of
arbitrarily complex geometry and light readout configurations; the simulation
can be performed within a larger experimental geometry to capture the realistic
complexities of detection. Importantly, the method is now included in the world-
leading Monte Carlo simulation toolkit of particle, nuclear, space, and detector
physics, Geant4. The results have been published in [6].
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Chapter 1

Plasma-material interactions in

magnetic fusion devices

From Lyman Spitzer's recognition in 1951 that sputtered impurities from the plasma-
facing component (PFC) surface could degrade or collapse magnetic plasma confine-
ment [7] to recent world record fusion performance on the TFTR and Alcator C-Mod
tokamaks due to special PFC surface treatments [8, 9], the magnetic fusion com-
munity has long recognized the inextricable link between the confined thermonuclear
plasma and the material boundary layer. The dynamic physical coupling between the
two systems, known as plasma-material interaction (PMI), is composed of a number
of physical processes that can significantly modify the plasma physics performance
and the engineering viability of the materials.

PMI in magnetic fusion devices is an enormously complex field, encompassing the
boundary plasma, the scrape off layer (SOL), sheath plasma, and the PFC material
surfaces. As will be discussed in detail in Chapter 2, a relative paucity of PFC surface
diagnostics relative to the mature suite of plasma diagnostics presently deployed on
magnetic confinement devices has led to tremendous difficult in fully characterizing
this system. Therefore, the purpose of the present chapter is to briefly review those
physical mechanisms of PMI that lead to the most severe PFC surface modifications
in order to understand what is required to experimentally diagnosis the PFC surfaces.
For an exhaustive review of PMI in magnetic fusion devices, the reader is referred to
[10] and [4].

1.1 A brief overview of PMI

PMI in magnetic fusion devices is primarily driven by the movement of heat and
charged plasma particles from the thermnionuclear core plasma to the boundary mate-
rials; this process is shown in Figure 1-1. Cross-field transport carries the heat and
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Figure 1-1: A cross section of a toroidal magnetic fusion device showing how heat
generated by fusion alpha heating (Qa), heat deposited by external heating sources,
(QH), and plasma particles (fusion fuel ions, helium-4 nuclei generated by fusion, and
impurity ions) from the plasma core drive PMI at the material boundary layer. Cross
field transport carries the heat and particles, or power, across the separatrix into
the scrape off layer, where parallel transport along the diverted magnetic field lines
exhausts it to material surfaces. Because of the power channeling, the most intense
PMJ occurs near the strike point in the divertor.
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particles generated from thermonuclear fusion, as well as any heat from external heat-
ing sources, radially outward from the core plasma to the boundary plasma. From the
boundary plasma, the power crosses the separatrix, or last closed flux surface, into a
narrow region known as the scrape off layer (SOL). Because of the geometry of open
field lines and the dominance of parallel transport over cross field transport, the SOL
acts as an exhaust channel, rapidly transporting power along magnetic field lines
towards a material surface. These surfaces, known as limiters in limited magnetic
topologies and divertors in diverted magnetic topologies, are specifically designed for
the intensity of the concentrated heat and particle fluxes. Divertors, in particular,
use a combination of geometry, SOL path length, plasma cooling, and robust mate-
rials to reduce the impact of PMI. Nevertheless, the physical coupling between the
plasma and the materials results in an complex, dynamic system that can have severe
consequences on the confined plasma and boundary materials.

Perhaps the greatest challenge of PMI is to achieve an integrated scientific under-
standing of this system across the enormity of the time and spatial scales involved in
the underlying physical mechanisms and material responses. The PMI phase space is
depicted graphically in Figure 1-2, which locates the characteristic time and length
scales of the plasma, material, and interaction mechanisms. Processes like the inn-
plantation of plasma ions or the sputtering of material occur extremely fast (<10' s)
and at the atomic level ($10-' m). In contrast, short-length scale material responses,
such as neutron- and ion-induced defect production and nanostructure growth, span
microseconds to years; long-length scale responses, such as grain structure changes
or neutron-induced modification to thermomechanical material properties, can range
from milliseconds to years in time. The most critical issues effecting the PFC surfaces
are described in detail in the following section.

1.2 Critical material issues in PMI

The principal mechanisms behind PMI take place in the thin region (-mm) of plasma
immediately adjacent to the PFCs, known as the plasma sheath, and in the first few
monolayers (-nm) of the material surface; these mechanisms are particularly intense
at the divertor PFC surfaces. The PMI processes and PFC responses that occur in
this region are depicted in Figure 1-3 and will be described in detail in the following
section.

From the perspective of mnodifications to the materials used in the boundary layer of
magnetic fusion devices, the most important effects are the bulk retention of fusion
fuel, the net erosion of the material, and the material migration, redeposition, and
mixing that occurs after eroded naterial has left the surface. Each of these effects is
discussed in greater detail in this section.
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Figure 1-2: The PMI phase space showing the characteristic time and length scales of
the physical processes that impact the plasma, materials, and interaction dynamics in
magnetic fusion devices (Figure adapted from [11]). The physical interaction mecha-
nisms between the plasma and material are shown in greater detail in Figure 1-3.
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Figure 1-3: An illustration of the principle mechanisms of PMI and their physical

impact on the PFC material surface. Erosion (top left) leads to the removal of

PFC surface material, where it can be promptly redeposited (top center) or remotely
deposited after long range transport in the boundary plasma (top right). A wide
range of physical mechanisms cause plasma fuel retention (bottom) in the original
PFC material or in redeposited material layers. Figure adapted from [12].

1.2.1 Fuel retention

Deuterium (2H or D) and tritium (3H or T) nuclei are the fuel used in fusion. While
deuterium is a stable isotope and available in relative abundance on Earth, tritium
is radioactive and not found naturally on Earth except for trace amounts produced
by cosmic rays in the atmosphere. With a half life of 12.3 years, tritium fuel reserves
will decay at a rate of approximately 5.5% per year. A future fusion power plant will,
therefore, be required to breed at least as much tritium as it consumes, leading to
the requirement that essentially zero tritium can be retained in the vacuum vessel in
order to maintain the fuel supply. In addition, the radioactivity of tritium - which
decays into helium-3 via beta emission - presents a significant nuclear hazard were
it to accumulate in large quantities. In ITER, for example, nuclear regulations limit
the total in-vessel supply of retained tritum to one kilogram. Thus, fuel retention in
PFCs represents a significant challenge for future D-T burning fusion devices.

The primary driver of fuel retention is the energetic bombardment of and subsequent
implantation in PFCs by plasma fuel ions. Ions accelerated through the plasma sheath
potential gradient will have a kinetic energy of approximately 3ZiTe + 2Ti, where Zi

is the ion charge, and Te and Ti are the electron and ion plasma temperatures in the
sheath. For fuel ions at a divertor surface with a Te of 1 - 50 eV, kinetic energies typi-
cally range between 10-300 eV. Fuel ions can also charge exchange with neutral atoms
in the sheath, leading to maximum kinetic energies up to a few keV. At these energies,
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fuel implantation occurs in the first 3-30 nm of the PFC surface for low-Z PFCs (e.g.
graphite, carbon-fibre composites (CFC), beryllium) and somewhat less for high-Z
PFCs (e.g. molybdenum, tungsten). After entering the PFC surface, the energetic
fuel ions thermalize through collisions, sometimes causing radiation-induced material
defects, and then neutralize into atoms typically settling into interstitial lattice sites
or induced defect sites [4]. The high ion fluences to PFCs - ~x1024 m-2 s-1 in a
reactor - results in the first atomic monolayers of the PFCs to become completely
saturated in deuterium and tritium fuel as well as helium produced in the fusion
reactions.

Once implanted in the PFCs, the retention of fuel (hydrogen, deuterium, tritium)
in the PFC surfaces is caused by a variety of physical mechanisms. In metal PFCs,
the fuel transports through the material due to thermally activated diffusion, which,
for hydrogenic species, occurs at and above room temperatures for most metals [13].
Diffusing fuel will saturate the interstitial sites of the first few surface monolayers and
also become energetically trapped in the potential wells of radiation-induced vacancies
and voids in the metal lattice. Helium bubbles, formed by the implantation of fusion
alpha particles, the decay of retained tritium to helium-3, or (n,a) nuclear reactions
induced by the 14.1 MeV fusion neutrons have also been shown to be a substantial
mechanism for fuel trapping [14]. For carbon-based materials, codeposition is the
primary retention mechanism, which is the trapping of surface fuel ions in redeposited
and growing layers of eroded PFC materials.

Fuel retention has important consequences not only for the PFC materials themselves
but also for plasma operations. Fuel saturation of material surfaces and thermal
desorption result in fuel recycling between the wall and plasma. The result is a loss of
plasma fueling efficiency, plasma density control, and high levels of neutral hydrogen
density, ultimately effecting the particle and energy confinement of the core plasma.
For deuterium-tritium burning magnetic fusion devices, the bulk retention of tritium
in invessel materials is a serious nuclear safety concern and a facility operations issue
since a limited onsite inventory requires high-levels of tritium recovery for sufficient
plasma fueling [15].

1.2.2 Erosion

The physical processes that remove PFC surface material in magnetic fusion devices
can be classified into two categories: transient events and steady-state surface loss.
Transient events deliver high power densities to material surfaces during undesirable
off-normal plasma events, causing macroscopic material loss. In contrast, steady state
surface loss is caused by physical and chemical interactions on the atomic scale that
are always present in magnetic fusion devices.

Transient events include a wide range of short time-scale plasma events that can
deliver high power densities to material surfaces, especially in the divertor. In type
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I edge localize modes (ELMS), a sudden collapse of the pressure gradient caused by
rmicroinstability-driven turbulence leads to strong power loss across the separatrix
of 2 6% of the total plasma stored energy with up to 80% being deposited on the
divertor PFCs between 0.1-1 ms [16]. Plasma disruptions are another important
transient event. Disruptions cause a rapid loss of plasma confinement, resulting in
the stored energy of the plasma being dissipated into the vacuum vessel and PFC
surfaces, often in the divertor.

The result of transient events is typically melting (for metallic PFCs) and ablation
(for carbon-based PFCs), which leads to a direct macroscopic erosion of the surfaces.
For metal PFCs such as molybdenum, tungsten, and beryllium, the melt layer that
occurs during transient events is exposed to a host of forces during melting, such
electromagnetic, gravitational, vibrational, and ablation recoil [17]. These forces,
in combination with the liquid loss during melting, control the erosion dynamics
and set the fundamental lifetime limits on metallic PFCs. CFC or graphite PFCs,
however, sublimate rather than melt at high temperatures but experience reduced
erosion rates compared to metallic PFCs due to shielding by the ablated material
[4]. The magnitude of erosion during transient events is a function of the deposited
energy, deposition area, and deposition time [18].

Unlike transient event-induced erosion, sputtering represents a steady-state source of
erosion to PFC surfaces that is due to the physical bombardment of plasma ions and
the chemical interaction of atoms on the PFC surfaces. In physical sputtering, plasma
ions accelerate through the plasma sheath electrostatic potential or charge exchange
with neutrals as described above, with the kinetics of surface bombardment leading
to ejected surface atoms. In chemical sputtering, hydrogenic plasma ions react with
carbon-based PFCs such as graphite or CFC to form volatile hydrocarbon that are
loosely bound to the surface and have greatly reduced sputtering threshold energy.
Erosion by chemical sputtering is a function of the incident particle energy and flux,
the surface temperature, and the PFC composition and atomic structure [4].

1.2.3 Material migration and mixing

The movement of material in a magnetic fusion device is primarily carried out through
particle transport in the boundary and divertor plasmas of material that has been
eroded from PFC surfaces. Neutral atoms of retained plasma fuel, plasma impurities,
and PFC material leave the PFC surface through sputtering or desorption. Neutrals
rapidly become charged ions through ionization, charge exchange, and dissociation
with electrons in the boundary and divertor plasma. As ions, the particles become
subject to plasma transport, either promptly returning to the PFC surface (prompt
redeposition) or transported along local magnetic field lines for deposition elsewhere
on the first wall (remote redeposition).

Whether a particle deposits locally or remotely is a complex function of ion tempera-
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ture gradient forces, plasma flows towards material targets, the first wall and divertor
geometry, and the origin of the neutral atom (limiter, first wall, or divertor) [101.
For diverted tokamaks, the general erosion/redeposition behavior can be described

by material migration from the first walls and limiters to the divertor, with net ero-
swon occuring at the outer divertor and net redeposition on the inner divertor. This
behavior has been experimentally demonstrated in the JET, ASDEX-Upgrade, and
DIII-D tokamaks despite differences in geometry, size, and PFC material [19, 201.

Further complicating material migration in modern tokamaks is the presence of several
material elements at the plasma-material interface. Multiple PFC materials, such as
beryllium and tungsten, can be used at different regions in order to exploit the unique
PMI and thermomechanical properties of each material. Thin film coatings of PFCs,
such as boron on molybdenum (Alcator C-Mod) [9] and lithium on CFC (NSTX)
[21], provide an additional source of non-PFC materials. The steady-state cycle of
erosion, migration, and redeposition in a miultiple-material environment can lead to
the formation of solid materials with complex - and often undesirable - compositions,
typically referred to as "tokamakiuni" [22].

The mixing of materials has significant consequences for the PFCs. Because the mixed
material layers form on the PFC surface, they can substantially alter the dynamics of
PMI, leading to higher rates of sputtering erosion, enhanced fuel retention, changes
in fuel recycling, and reduced PFC lifetimes [4, 23]. A second consequence of material
mixing is an alteration to the macroscropic thermuomeclianical properties of the PFCs
themselves due to changes in surface morphology and composition. Issues such as
reduced melting temperature, reduced power handling, and increased brittleness in
alloyed mixed material metals fundamentally alter the intended engineering function
of the materials [24].

1.3 PMI in next step fusion devices

The advances in understanding and mitigating PMI effects of materials on the con-
fined plasma have been responsible for a significant improvement in plasma physics
performance. The study of PMI effects on materials, however, has received substan-
tially less scientific attention despite the strong influence of imaterial conditions on
plasma performance. This shortcoming is of particular concern for the next generation
of magnetic fusion devices that will push towards reactor-like conditions.

Plasma pulses in present tokamaks are relatively short (~seconds / pulse), have small
cumulative exposure times (-1000 s / year); the short pulse times mean that the heat
flux to materials (<10 MW m-) can be dealt with by inertially cooled PFCs. In
such conditions, PMI impacts from steady-state fuel retention, erosion, and material
migration are essentially negligible in terms of the PFC performance, although tran-
sient events such as ELMS and disruptions can cause severe damage. In contrast, the
path to a steady-state fusion energy reactor, will add several orders of magnitude to
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pulse duration (>1000 s / pulse), cumulative exposure time (> 10 5 s / year), and
incident heat flux (~10 MW / 1n2 ); the long or steady-state heat fluxes must be han-
dled by actively cooled PFCs. The deleterious, steady-state PMI effects that are only
partially observed or accessible in present devices will become critical for the physics
of plasma confinement as well as the engineering of robust material structures[4]. In
order to advance fusion energy towards a realistic commercial power plant, a more
comprehensive understanding of PFC materials and PMI processes is required.
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Chapter 2

The State of PFC surface diagnosis
in PMI science

A comprehensive understanding of PMI science requires the simultaneous charac-
terization of the thermonuclear plasma and the PFC surfaces through experimental
measurements; however, an asymmetry in PMI diagnostics, which has heavily favored
measurements of the plasma over the PFCs, coupled to the inadequate capabilities of
present PFC surface diagnostics has severely hindered these efforts. While the theory
of plasma measurement techniques has been well developed and a plethora of plasma
diagnostics routinely measure the key physical characteristics of both the core and
boundary plasma [3], dedicated instrumnentation for the PFC surfaces in miagnetic
fusion devices has been comparatively sparse.

The purpose of the present chapter is to examine the present state of PFC surface
diagnostics and to better understand the requirements for the next generation of
diagnostics that will be required to advance PMI science.

2.1 Diagnostic challenges

One of the historic difficulties with the deployment of dedicated PFC diagnostics has
been the lack of necessity to fully understand and mitigate PMI effects on current
devices. As discussed in Chapter 1, next generation magnetic fusion devices will
require several orders of magnitude increases in total plasma energy, pulse time,
and integrated run time. The consequence will be profound changes in the material
composition and structure, which, in turn, will impact the confinement and stability
of the plasma. At present, the uncertainties in PMI science are so large as to preclude
the predictive modeling of effects on the plasma and materials under these conditions
[25].

Another primary difficulty for PFC diagnostics is the extraordinary scales involved
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in PMI. Spatially, PMI spans processes such as sputtering or ion implantation that
occur on atomic scales (10-12 in to 10- m) to processes such as net plasma erosion of
bulk PFC material that occur on the macroscopic scale (10- in). Temporally, PMI
spans an even greater range, extending from nearly instantaneous effects of sputtering
(10-10 s) to retained fusion fuel recycling (10-3 s) to steady-state plasma exposure in
a reactor environment (> 108 s).

Practically, the large temporal range in PMI processes has led to a division in the
diagnosis of "instantaneous" and "long term" effects. Instantaneous PMI processes
primarily affect the local and global plasma parameters through the control of line
radiation from the plasma boundary, fuel recycling from the PFC surfaces, and core
fuel dilution due to impurities from the PFCs. Experimental diagnostics, such as
optical emission spectroscopy and mass spectroscopy for PMI have largely focused
on these instantaneous processes because their impact on the plasma aligns with the
core plasma physics mission of present day tokamak [4].

In contrast, long-term PMI effects primary impact the engineering viability of the
PFCs, the ability to mitigate deleterious effects on the plasma, and the operating
characteristics of a steady-state power plant, such as wall temperature, plant avail-
ability, component lifetime. Realizing fusion energy as a commercially viable energy
source fundamentally depends upon an understanding of these long-term PMI pro-
cesses, which have been underdiagnosed in magnetic fusion devices and present a
substantial opportunity for innovating experimental techniques. Therefore, the re-
mainder of this chapter will be dedicated to evaluating the PFC surface diagnostics
that have been used to study long-term PMI effects in order to set the stage for the
development of Accelerator-based In-Situ Materials Surveillance, which is the focus
of the remainder of the chapters in this thesis.

2.2 Present PFC surface diagnostics

Experimental diagnostics for PFCs in magnetic fusion devices can be broadly classified
into two categories: ex-situ diagnosis, in which PFC materials are removed from the
device for measurement after an extended period of plasma exposure; and in-situ
diagnosis, in which instrumentation is deployed on the magnetic fusion device itself
to measure PFC materials in their native environment. Historically, experimental
PMI science has been dominated by ex-situ diagnosis, primarily due to the greater
range of applicable techniques and far simpler experimental implementation available
in a dedicated, offsite facility compared to the magnetic fusion device.
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2.2.1 Ex-situ diagnostics

One of the most successful and widely applied experimental techniques for the study of
material surfaces that have been modified by PMI has been the application ion beam
analysis (IBA) [26]. IBA uses ~MeV ion beams in a variety of ion scattering, nuclear
reaction, and atomic physics techniques to infer elemental and isotopic composition
of the material surface. For the analysis of fusion materials, PFCs are removed from
the fusion device during the vacuum breaks that occur at the end of the experimental
plasma campaign and brought to a dedicated offsite ion beam facility for analysis [27].
The PFCs have, therefore, been exposed to plasma under a variety of conditions for
several months to several years of facility operations. Although it is considered the
gold standard in PFC diagnosis, IBA is an intrinsically "archaeological" measurement
that folds the PMI dynamics of an entire plasma campaign into a single temporal
measurement of the PFC surface composition, preventing the linkage between discrete
plasima conditions and the PFC surface response. In addition, IBA is spatially limited
to the PFCs that are able to be extracted from the first wall, can be resource intensive
for the fusion facility, and may allow changes in surface composition between exposure
and measurement due to facility operations, the PFC removal process, or atmospheric
exposure. Other ex-situ nuclear techniques neutron activation analysis and electron
spectrocopy of the tritium decay electrons have also been applied.

Another method that has recently been applied for interrogating fusion materials is
the use of high-powered lasers to ablate the PFC surface in order to perform opti-
cal spectroscopy of the ejected matter. For example, in Laser Induced Breakdown
Spectroscopy (LIBS), laser pulses varying between 10- 9 s and 10-15 s and above
a few J cn' depending on the experimental conditions ablate surface material to

produce a plasma. Atomic emission spectroscopy and spectral analysis algorithms of
the optical plasma radiation then provide chemical identification and quantification
of the material surface [28]. LIBS requires essentially no sample preparation and has
been shown under laboratory conditions to be highly suitable for the study of the
PMI-induced effects [29, 30]; however, advances are required in the spectral analysis
algorithms to correctly reconstruct the material surface composition, especially when
absolute (or "calibration free") measurements are required [28]. Other laser-based
techniques such as laser-induced ablation spectroscopy (LIAS) and laser-induced des-
orption spectroscopy (LIDS) have also been successfully applied to the analysis of
PFC surfaces in the laboratory [29, 31]. The high laser powers required for these
techniques have the undesirable effect of destroying the surfaces under interrogation.

2.2.2 In-situ diagnostics

The instrumentation that has been deployed on magnetic fusion devices for in-situ
PMI studies can be further classified into global diagnostics, which provide a sin-
gle measurement of a particular physical property in order to characterize all PFC
surfaces as a whole, and localized diagnostics, which provide spatially resolved mea-
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surements of a particular physical property potentially on different PFCs.

Global diagnostics, such as thermal desorption spectroscopy (TDS) [321, rely upon
the extraction and subsequent measurement the PFC impurities of interest as a neu-
tral gas after being desorbed from the PFC surface during controlled heating. Other
methods, such as the static gas balance method used at Alcator C-Mod [9], compare
the total fuel injected during the shot to the total fuel pumped out after the shot to
compute net fuel retention. Such methods have principally been used to successfully
investigate the net global balance of hydrogenic fusion fuel isotopes (hydrogen, deu-
terium, tritium) in response to various plasma conditions and fuel removal techniques
such as disruptions. However, these global techniques intrinsically provide no spatial
localization, which is critical to understand PMI, and can require facility intensive
operations, such as high temperature baking to desorb impurities from the PFCs.
In addition, such techniques have difficulty localizing the retention in time during
transient plasma events.

In contrast, a number of localized PFC diagnostics can provide spatially resolved mea-
surements. Quartz microbalances (QMB) exploit the change in the crystal's resonant
vibration frequency due to the subtraction/addition of surface-deposited material,
making it a useful erosion/redeposition measurement tool. QMB diagnostics have
been successfully deployed, for example, on the JET tokamak at Culham, U.K. [33
and the NSTX tokamak at Princeton, U.S.A [34]. Despite instantaneous time resolu-
tion and ~1 um depth resolution, QMBs are limited in dynamic range and are affected
by temperature changes. QMBs are insensitive to the isotopic surface composition of
the material under measurement, complicating the analysis where the material com-
position is unknown or changing in time. The most limiting factor, however, is that
QMBs are highly temperature sensitive, requiring location in heavily shielded regions
away from the plasma and limiting the surfaces available for measurement.

Another localized erosion/redeposition diagnostic that has been deployed on DIII-
D tokamak at San Diego, U.S.A. is colorimetry [35]. Colorimetry infers the change
in surface material by measuring the interference color patterns from incident white
light oi transparent surface films. While it provides time-resolved two dimensional
erosion/redeposition measurements remotely, colorimetry is limited to ~ Am in depth
resolution and strongly dependent on complete knowledge of the optical properties of
the surface film, which can be modified by plasma exposure [4]. Active intervention
is required to produce or replenish the films under interrogation.

A different approach to the localized in-situ diagnosis of PMI has been the use of
remote manipulation systems to introduce representative PFC material coupons into
the magnetic fusion device for exposure to relatively short, well-characterized plas-
mas [36]. For example, the DiMES and MiMES systems at the DIII-D tokamak allow
small (<10 cn 2 ) samples to be inserted on extendable probes for exposure at a single
location in the divertor and midplane, respectively [37]. After exposure, the samples
are removed and typically analyzed with ex-situ IBA, although LIBS, TDS, or other
material analysis methods can be applied. While such an approach has significantly
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advanced an understanding of PMI science, it is extremely limited in terms of geomet-
ric access and total exposed PFC surface area (,<10 cn 2 ), and the short exposure
times do not reflect the PFC compositions that would result from long-term expo-
sure in the mixed material environments of magnetic fusion devices. Hard to acquire
and expensive run time must be dedicated to such techniques, severely limiting the
dynamic range of plasma conditions and material responses that can be investigated

[4].

2.3 The need to advance PFC surface diagnosis

The PFC surface diagnostics discussed in the previous section have significantly ad-
vanced an understanding of plasma-material behavior during the previous decades.
Unfortunately, the present suite of diagnostics is largely incapable of making highly
time and space resolved surface measurements of the net processes over a large portion
of the exposed PFC surfaces in magnetic fusion devices. The consequences have pri-
marily been twofold. First, the relatively restricted measurement capability, coupled
with the inability to routinely measure PFC responses to the wide variety of standard
plasma operating conditions, has resulted in a lack of a more comprehensive physical
understanding of the PMI processes involved. Second, the absence of comprehensive
PFC surface measurements precludes use of data to guide the development and val-
idation of PMI simulation codes that are considered essential in designing the next
generation of magnetic fusion experiments [41.

2.3.1 Limitations of existing diagnostics

The previous section elicits the four main limitations of present materials diagnostics.
First, the insensitivity to or dependence upon the material composition complicates
the extraction of absolute isotopic concentrations in an environment where the plasma
is continually remaking the surface through erosion, migration, and redeposition of
potentially mixed materials. Second, the unacceptably large or complete lack of
spatial resolution inhibits an understanding of the effects of PMI processes on localized
surfaces and prevents the acquisition of much-needed experimental data for use in
modeling PMI [25]. When existing diagnostics do have spatial resolution, they tend
to be limited to only one or two very small areas of the entire PFC surface. This is
particularly problematic because unlike the axisymmetric core plasma of a tokamak,
the material boundary is intrinsically a 3D structure, leading to both toroidal and
poloidal variations in PFC surface effects.

Third and related, the lack of time-resolved PFC surface measurement prevents the
ability to link discrete conditions in the plasma with highly resolved, localized re-
sponses of the material surfaces. This issue at the core of PMI science, fundamentally
determining whether an improved understanding of the plasma-material processes in-
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volved can be used to mitigate the deleterious effects to materials in magnetic fusion
environments.

Fourth, existing diagnostics place resource-intensive demands on the facility, often
requiring vacuum breaks or dedicated, hard-to-acquire run time, and greatly restricts
the quantity of experimental data that can be acquired and the dynamic range of
plasma conditions under which PFC surface can be measured. Thus, new experi-
mental techniques that address the above diagnostic shortcomings are critical for the
advancement of PMI science, and it is instructive to explicitly examine the scientific

product and the foundational requirements of an "ideal" PFC surface diagnostic.

2.3.2 Requirements of an ideal diagnostic

PMI in magnetic fusion devices is a four-dimensional problem: two spatial dimension
(poloidal and toroidal PFC surfaces), one depth dimension (distance into the PFC
surface), and one time dimension (the evolution of the PFC surfaces). Thus, to
achieve to a more comprehensive understanding of PMI science, the dimensionality
of the problem dictates the requirements of the data that must be experimentally
produced by the diagnostic.

It is natural, then, to consider that an ideal PFC surface diagnostic would be car-
tographic, providing two-dimensional maps over the accessible PFC surfaces with
spatial resolution oi the order of the PFC tile sizes or of the gradient scale lengths
for the process in question. The maps would present the quantities of interest for the
PMI process tinder scrutiny: deuterium/tritium concentration for studying fusion fuel
retention; the net change in surface height for studying erosion/redeposition; or the
absolute isotopic composition for studying material mixing and migration. To account
for the evolution of the PFC surface in response to plasma exposure, the PFC surface
maps should be temporally resolved on time scales relevant to the long-term PMI
processes of fuel retention, erosion/redeposition, and material composition changes.
Finally, the diagnostic should provide some measure of depth resolution (e.g. into
the material) on each of the measurements that forim the overall maps of PFC surface
composition.

The ability to produce such time and space resolved PFC surface data places four
fundamental requirements on the ideal PFC surface diagnostic, which should be able
to:

1. Quantify the isotopic and elemental concentrations of the PFC surface coin-
position, as well as net erosion. Net erosion rates in current magnetic fusion
devices are on the order of 0.1 - 10 nmn s-1; therefore, the diagnostic must have
a dynamic range of 10 nmii to 10 pim to accommodate the maximum net ero-
sion rates during a plasma canpaign. Depth resolution for all measurements is
desirable.
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2. Provide spatially resolved measurements of PFC surface compositions over a
large fraction of the plasma-facing materials composing the first wall. Spatial
resolution should be on the order of <2 cm, which is the approximate size of
PFC tiles or the gradient scale lengths of the process in question.

3. Provide temporally resolved measurements of the PFC surface compositions on
a time scale relevant to the longer term effects of PMI. Because present tokamaks
are pulsed, a plasma shot-to-shot time scale provides an obvious timnescale for
measurements although steady-state measurements at higher time resolution
would be preferable.

4. Perform the PFC surface composition measurements in-situ without requiring
dedicated run time during the plasma campaign or interrupting facility oper-
ations. Such a requirement means the diagnostic must be capable of making
remote measurements without requiring a vacuum break or physical access to
the PFC surface.

2.3.3 New diagnostic developments

Two recent developments in PFC surface diagnostics have made considerable progress
towards such an ideal PFC diagnostics, both which attempt to exploit the success of
ex-situ materials diagnostics by adapting their respective techniques to the environ-
ment of a magnetic fusion devices.

The first development has been the application of the laser-based techniques for the
in-situ measurement of retained hydrogenic fusion fuel inside magnetic fusion devices.
In general, fiber optics and focusing optics are used to direct an external high-power
pulsed beam onto a small region of PFCs, usually located in the lower divertor or inner
column. The ablated material emits strong visible light from atomic transmissions
upon entering the fusion plasma or being further heated into its own plasma; the light
is measured to obtain isotope quantification. Proof-of-principal experiments using
LIDS have been carried out on the JET and TEXTOR, tokamak in 2001 [38] and
2009 [39], respectively. A more recent proof-of-principle experiment demonstrated
that LIBS could be used to study the composition of codeposited material layers in
TEXTOR in 2011 [40].

The second development, which is the adaptation of IBA from the standard dedicated
laboratory environment to the magnetic fusion environment, is the primary scientific
contribution of this dissertation and will be discussed in detail in the following chap-
ters.
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Chapter 3

Accelerator-based In-situ Materials
Surveillance (AIMS)

In order to advance PMI science, a new approach to the diagnosis of PFC surfaces
inside magnetic fusion devices is required to overcome the limitations of present PFC
surface diagnostics as discussed in Chapter 2. Interestingly, where traditional in-situ
diagnostic techniques are limited (small surface area, low spatial resolution, narrow
measurement techniques), ex-situ techniques excel (large surface area, high spatial
resolution, comprehensive surface measurements). Similarly, the high temporal reso-
lution of in-situ diagnostics greatly outperforms the archaeological nature of ex-situ
diagnostics for studying the dynamic PMI system. Thus, it seems obvious to ques-
tion whether the most successful ex-situ PFC surface diagnostic - ion beam analysis
(IBA) - can be adapted for in-situ measurements in order to leverage the combined
advantages of both diagnostic approaches.

The purpose of the present chapter is provide a general description of a novel experi-
mental technique that does exactly that. The technique, which incorporates particle
accelerators and radiation detectors directly onto a magnetic fusion device to make
measurements of the PFC surface compositions, is known as Accelerator-based In-situ
Materials Surveillance (AIMS). The details of the first experimental AIMS diagnostic
on the Alcator C-Mod tokamak will be presented in Chapter 4.

3.1 Principles of AIMS

The quintessence of AIMS is the adaptation of standard IBA of materials from the
traditional ex-situ laboratory setting to the in-situ environment of a magnetic fu-
sion device. The essential equipment and procedural steps involved in AIMS are
depicted in Figure 3-1, which shows a cross section of the Alcator C-Mod tokamak as
a representative example of a magnetic fusion device.
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Figure 3-1: A depiction of AIMS on a cross section of the Alcator C-Mod tokamak
showing (1) the radiofrequency quadrupole (RFQ) linear accelerator, (2) magnetic
beam steering, (3) nuclear reactions in materials, and (4) particle detection.

A compact linear deuteron accelerator is connected to the tokamak vacuum system
at one of the radial diagnostic ports. When the tokamak is not running plasma dis-
charges, the accelerator injects a beam of -MeV deuterons into the tokamak vacuum
vessel. Using the tokamak magnetic field coils, the beam can be steered electromag-
netically via the Lorentz force:

F = qv x B (3.1)
To understand the steering mechanisms, consider a cylindrical coordinates system
(r,,z) aligned with the vertical axis of tokamak toroidal symmetry. The negative
radial velocity component of the deuteron beam (v,) interacts with the toroidal (BO)
and vertical (B2) magnetic field resulting in a steering force; B4 provides steering
around the cross section and B, provides steering into and out of the cross section in
Figure 3-1. Constant magnetic field provides a steady-state, localized measurement
at the point where the beam intercepts the PFC; controlled changes to the magnetic
field move the beam to new measurement locations. The beam can effectively be
swept around the inside of the fusion device, resulting in a two dimensional map
(poloidal and toroidal directions) of the PFC surface isotopic content with the spatial
resolution set by the deuteron beam spot size on the PFCs.

When the ~MeV deuterons impact the first wall, they induce high Q nuclear reactions
with isotopes from hydrogen (Z=1) to approximately calcium (Z=20), producing high

40



Table 3.1: The key parameters of interest for IBA show the significant challenges that
were overcome in order to adapt standard laboratory techniques for AIMS.

Parameter Standard IBA AIMS

Accelerator Electrostatic, >m 3  RF, ~0.1 m3

Beam ion species Z<26; rarely 211 211
Beam energy Variable <5.0 MeV Fixed
Beam current [InA ~10_103 ~106
Beam duty cycle [%] 100% 1%
Detected species Ions, x-rays, -y Neutrons, -y
Detector distance [In] ~0.1 ~ 1
Detector solid angle [sr] ~104 ~10-3
Detector view Line-of-sight Shielded
Detector count rates [s-1] ~ 1)3 ~105_106
Kinematic geometry Fixed Variable

energy neutrons and gammas. Nearby particle detectors perform spectroscopy of
the neutrons and gammas from which the isotopic content of the PFC surface can
be reconstructed. Due to the penetrating nature of the neutrons and gammas, the
nearby detectors do not require line of sight to the PFC measurement location. The
measurement depth into the PFC surface is dependent on the incident deuteron beam
energy and PFC material but is on the order of ten microns for ~MeV deuteron beams
in typical PFC materials.

3.2 From standard IBA to AIMS

While the basic principles remain the same - analyzing materials by detecting acceler-
ated ion-induced nuclear scattering products - AIMS represents a significant reinven-
tion of almost all aspects of the standard IBA that is performed ex-situ in dedicated
laboratories; Table 3.1 illustrates the principal differences.

3.2.1 Standard ion beam analysis

In standard IBA, small beam currents, typically generated in relatively large electro-
static accelerators, are used to irradiate the material samples, resulting in manageable
detector counts rates and minimum radiation risks to the operator. The beam energy
cali be varied, typically between -0.5 MeV to <5.0 MeV, enabling the experimenter
to exploit energy thresholds and resonances in the reaction cross sections. The slowing
of the beam in materials also provides depth resolution in some techniques. Incident
beam species are typically light ions such as protons, helions, and alphas although
heavier ions such as oxygen can be used in some techniques; deuteron beam are rarely
used in standard IBA due to the large neutron radiation hazard that is generated by
deuteron-induced nuclear reactions. While x-rays and gammas are the detected par-
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ticle species in certain techniques, charged particles are preferred because of detector
efficiencies approaching 1.0, straightforward data analysis, and well validated experi-

mental techniques [41].

Perhaps the most important aspect of standard IBA is that it is performed in a
dedicated environment that is optimized for the experimental techniques. The signal-
to-noise ratio can be maximized by eliminating most geometric sources of scattered
particles, achieving high detector statistics during long measurement periods, and
locating the detectors close to the material sample to maximize solid angle. For
multiple measurements over a surface, relative detector count rates can be acquired at
each location and then normalized to a calibrated material standard in order to extract
absolute quantities of interest such as isotopic concentration or layer thickness. The
relative flexibility of the accelerator beamlines, steering magnets, and detector setup
enables the operator to geometrically configure the experiment to suit the selected
nuclear reactions of interest. This is particularly crucial for gamma- and neutron-
based nuclear reaction analysis where almost all of the available cross section data,
which exhibits strong angular dependence, is available at only a single experimental
angle [42].

3.2.2 Accelerator-based In-situ Material Surveillance (AIMS)

In contrast to traditional IBA, AIMS is performed in an environment that is anything
but optimal for performing IBA of materials starting with the accelerator itself. Due

to the limited diagnostic space that surrounds a magnetic fusion device, AIMS must
utilize a compact linear accelerator known as a radiofrequency quadrupole (RFQ) ac-
celerator. RFQs employ resonant RF cavities with four machined axial vane structures

to produce spatially varying fields near the beam axis. The specially designed field
structure bunches and accelerates the beam while simultaneously providing strong
transverse focusing. The combination of bunching, focusing, and accelerating with

RF rather than ~MV DC voltages allows RFQ cavities to be extremely compact high

current ion accelerators, typically achieving acceleration gradients of order 1 MeV/m
per nucleon [43]. The compact size enables the use of RFQs for the AIMS but re-
stricts the beam energy variability since each RFQ is fabricated for a single mass to
charge ratio and final output particle beam energy although in principle micron thick

stopping foils could be used to reduce the beam energy at the PFC surface.

Another major difference between AIMS and standard IBA is the necessity to per-

form energy spectroscopy of induced particles in the strongly adverse environment of
a magnetic fusion device compared with the optimized IBA accelerator facility. The
superstructure of the fusion device causes substantial amounts of downscattered parti-
cles that obscure the prompt, unscattered reaction products in detector spectra. The

detectors must work in magnetic fields in order to be close to the PFC measurement
locations to maximize solid angle and signal-to-noise ratio. The limited diagnostic
space restricts detectors to <10 cmi in linear dimension, and the possibility of severe
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mechanical shock from plasma disruptions necessitates robust detectors. High en-
ergy neutron fluxes during plasma shots require radiation-hard detector electronics.
Finally, the use of high peak current RFQs results in instantaneous detector counts
rates that can approach 106 pulses per second.

As will be discussed in greater detail in Chapter 4, such a hostile detection environ-
ment prevents the use of almost all standard spectroscopy detectors; however, the
recent emergence of large surface area (>1 ci 2 ) photonic readout devices, such as
the silicon avalanche photodiode (SiAPD) and silicon photomultplier (SiPM), have
enabled new types of advanced scintillation crystal detectors [44]. These detectors are
mechanically robust, radiation hard, operable at very high count rates, geometrically
compact, and insensitive to magnetic fields, making them a feasible choice for AIMS.
Inorganic scintillators, such as thallium-doped sodium iodide or cerium-doped lan-
thanui bromide, provide high efficiency, high resolution gammnia spectroscopy; liquid
organic scintillators provide similar detection performance for fast neutrons.

Despite the advance in detectors, the necessity to perform spectroscopy in-situ on the
magnetic fusion device ensures that the acquired particle spectra will have relatively
low signal-to-noise ratios due to the unavoidable scattering of induced particles off
the dense, high-Z device superstructure that surrounds the detectors. Coupled to
the requirement that AIMS must detect high energy gamma and neutrons rather
than charged particles - the detected particle must be able to penetrate the detector
shielding required in the fusion environment - the analysis of the resulting spectra is
much more difficult than standard IBA.

Another important aspect of AIMS is the dynamic nature of the reaction geometry
imposed by the desire to steer the incident deuteron beam across a wide range of PFC
surfaces. Although the detectors remain in a fixed location, magnetic beam steering
effects the kinematics of the nuclear reactions via the angular dependence of the cross
sections, the detection geometry due to the change in solid angle, and the background
scattering impacts on the final energy spectra. Such variable conditions, coupled
to the hostility and inaccessibility of the magnetic fusion environment, complicate
the use of traditional calibration standards for extracting absolute measurements of
PFC surface quantities. In place of standards, AIMS must rely on the computational
modeling of the ion beam interactions with the materials and the subsequent transport
of emitted particle to detectors to infer absolute material surface compositions. Such
"standardless" ion beani analysis is an emerging and active research trend within the
IBA community [42].

3.3 Nuclear reactions for AIMS

Nuclear reactions form the core of the AIMS technique. AIMS utilizes ~MeV deuterons
to induced nuclear reactions for analysis in PFC surfaces. Deuterons provide quan-
tification of many isotopes between hydrogen (Z = 1) and calcium (Z = 20) using
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Table 3.2: The deuteron-induced nuclear reactions that can be used to diagnose
PMI shown with the corresponding detected particle type and energy. Net erosion
techniques remain under development in the laboratory while the ratio of 12C/ 13C is
proposed to monitor impurity transport physics in the boundary plasma.

PMI issue Reaction Particle Energy (MeV)

2 H(d,n1)3 He n~-
Fuel retention 3H(d,n)4He 11 ~13-16

12 C(d,py) 13C y 3.089
PFC impurities 14N(d,py) 15 N y 1.885, 2.297

1 6 (dpy)17 0 0.874

7Li(d,py) 8Li 0.478
Net erosion 9Be(d,ny) 10B y 0.718

11B(d,py) 1 2 B y 0.953, 1.674

12 C(d,py) 13C Y 3.089
Transport 13C(d,py) 14C y 2.313

particle-induced gamma emission (PIGE) spectroscopy [41]; quantification of retained
deuterium and tritium can be performed through particle-induced neutron-emission
(PINE) spectroscopy of the neutrons emitted in accelerator-driven fusion reactions;
the nuclear reactions most relevant for diagnosing PMI are shown in Table 3.2. Two
types of reactions are used in AIMS, principally because they provide high energy
gammas and neutrons that can penetrate the several centimeters of detector shield-
ing that is required in the fusion environment.

3.3.1 Gamma production reactions

In the first reaction type, the incident deuteron is stripped of either its proton or
neutron; the residual excited nucleus returns to its ground state via gamma emission:

AX(d, p)A+1x* * A+lX +y (3.2)
AX(d, n)A+ly* 4 A+1Y + 7 (3.3)

The gamma energy is equal to the isotopically unique nuclear energy level spacing,
providing unequivocal isotopic identification that forms the basis of PIGE. Spatial
and temporal monitoring of gamma emitting isotopes can provide quantification of
erosion/redeposition of low-Z isotopes, such as the boron or lithium layers used to alter
PMI and improve plasma performance, and monitoring of the PFC wall condition,
such as assaying oxygen concentration after a vacuum break. While the gamma energy
distribution is relatively simple and well known, the angular distribution of gamma
rays is more complicated. In general, the emitted distributions in angle are described
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Figure 3-2: Some of the known deuteron-induced (a) gamma and (b) neutron produc-
tion cross sections of interest for AIMS. For reference, the optimal beam energy for
AIMS is <1.8 MeV. Note that the very high cross section for the 3 H(d, n)4 He reaction
is particularly favorable for tritium retention diagnosis with the AIMS technique. The
gamma production cross sections are from [47]; the neutron production cross sections
are from [48, 49, 50]

in nuclear theory by an expansion of Legendre polynomials, where the polynomial
coefficients are a function of energy and angular momentum of the particles and
nuclear level states involved in the reaction [45].

The availability of nuclear data for the gamma-production reactions of interest in
Table 3.2 is essential for AIMS, which has variable reaction geometry and requires
angle-resolved cross section data to computationally model the measurement pro-
cess. Unfortunately, the gamma production cross section databases are relatively
incomplete. While deuteron-induced absolute thick-target gamma yields for many
materials have been compiled [41, 46], angular differential cross section data for in-
cident deuterons below the ~2 MeV used in IBA have only been measured on some
of the isotopes of interest and only at a single angle [47]; that data is shown in Fig-
ure 3-2a. Fortunately, a renewed interest in standard IBA with deuterons has led
to a recent International Atomic Energy Agency (IAEA) initiative to experimentally
measure and compile angular differential gamma production cross sections for most
of the isotopes below calcium [42]. Coupled with cross section measurements now
underway at MIT, a comprehensive data base is rapidly being developed that will be
sufficient for AIMS measurements.

3.3.2 Neutron production reactions

In the second type, the deuteron is either stripped of its proton (stripping reactions)
or fuses with the target nucleus (fusion reactions), ejecting a neutron and leaving
the residual nucleus in the ground state. In AIMS, the principle neutron production
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reactions of interest are the well known fusion reactions:

2 H(d, n) 3He (3.4)
3H(d, n) 4He (3.5)

that can be used to directly quantify the deuterium and tritium retained in PFC
surfaces. While these neutron-production reactions provide a direct measurement of
deuterium and tritium in the absence of suitable gamma production reactions, IBA
techniques based on neutron spectroscopy (PINE) are typically avoided due to the
complexity of analysis and neutron radiation hazards in favor of techniques based on
gamma spectroscopy (PIGE) [41]. In AIMS, PIGE is the preferred technique when
gamma-production cross sections are available for the isotopes of interest; however,
PINE is useful for corroborating PIGE measurements when gamma- and neutron-
production cross sections are available. For example, boron - an element widely used
to coat PFC surfaces for plasma performance reasons - can be analyzed with PIGE
and PINE using the cross sections shown in Figure 3-2.

Unlike the gammas produced in nuclear reactions, the neutrons produced in the re-
actions given in Eqs. 3.4 and 3.5 do not have a single characteristic kinetic energy.
The ejectile neutron kinetic energy is a function of the reaction type, the incident
deuteron kinetic energy at the time of reaction, and the angle between the deuteron
and neutron trajectories. At a particular measurement location in AIMS, the angle
is fixed; therefore, the neutron kinetic energy can be used to identify deuterium or
tritium as well as to potentially provide rough depth-resolution for the measurement.

For reactions of the form X(d,n)Y, the kinetic energy of the ejectile neutron (E,) is
given by

En(Ed, ) = E1.B cos [ - - sin2 ) (3.6)
1B

where

B = ndrn (3.7)
(Md + HIT) (mrx + my)

D = rIXrn + Md (3.8)
(rd + Mn) (nx + my) mx Er

where Ed is the deuteron energy entering the reaction channel, Q is the energy gain
of the reaction, E, is the sum of Ed and Q, and 0 is the angle between the incident
deuteron and ejectile neutron trajectories [41]. In AIMS, the angle between the
deuteron beam and the neutron detector is fixed by the magnetic beam steering and
detector location, leaving the neutron kinetic energy as a unique function of reaction
type and deuteron depth. The dependence on depth derives from the deuteron slowing
down in the PFC, which changes the ejectile neutron kinetic energy. Thus, it may
be possible to eventually unfold these dependencies to produce a depth-resolved fuel
retention measurement.
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In contrast to gamma production reactions, both the cross section and the angular
distributions of neutrons from the deuteriurn-deuterium and deuterium-tritium reac-
tions are relatively well known due to the relative simplicity of the nuclear physics and
the widespread use of these reactions in nuclear fusion research, nuclear weapons, and
neutron generators. While the first reported measurements were made in 1936 [51],
comprehensive angular distributions for both reactions are contained in the most re-
cent ENDF/B-VII.1 data base, the world standard for nuclear cross section data [49].
The neutron production cross sections for deuterium-deuterium, deuterium-tritium,
and deuteriuni-boron are shown in Figure 3-2b.

3.4 Measurement capabilities and material effects

In this section, the AIMS technique is assessed in terms of its sensitivity to the PMI-
driven effects in materials, its modes of operation for measurement, and its potentially
deleterious effects on the PFC surfaces. All calculations are performed assuming a
2 mA peak current 1 MeV deuteron RFQ operating with a 10 % duty factor at
100 Hz, such capabilities are well within the capabilities of modern RFQ accelerators
[43]. Under these assumptions, approximately 1016 deuterons (1 rC) can be deposited
onto the PFC surface in a five second measurement period, resulting in the capability
to make many measurements in the tens-of-minute dwell time in between plasma
shots on present fusion devices.

3.4.1 Measurement sensitivity

An estimation of the measurement sensitivity for the PFC surface diagnostic tech-
niques in AIMS can be calculated from the particle production rates and the detector
count rates. The AIMS techniques are shown to be highly appropriate for diagnos-
ing PMI issues of interest such as fuel retention, erosion/redeposition, and material
mixing.

Fuel retention

For assessing the retention of deuterium in PFC surfaces, the neutron production rate
per micron can be estimated as

neutrons
= a - C21 - na - q21+ (3.9)

= (10- 29m 2)(0.01) (10 2:111 2 )(10 16) 108 (3.10)

where o is the cross section for the 2H(d, n)3 He reaction, C211 is the concentration
of retained deuterium fuel in the PFC surface, na is the areal density of the PFC,
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and q2+ is the total charge of incident (leuteron ions from the RFQ deposited during
the measurement. Equation 3.10 has been evaluated for assuming a 1% deuterium
concentration in the high-Z metal PFC surface, which is approximately the expected
saturation fluence for deuterium implantation from the boundary plasma[52. The
absolute detection efficiency, e, of the liquid organic scintillation detectors that are
presently proposed for neutron detection in AIMS is:

E = NW + f I - exp [- (NUH + Ncc) D]} (3.11)
NHUH + NC9C

where N is the number density, a, is the elastic scattering cross section for neutrons
on isotope x, and D is the neutron path length in the scintillator [53]. For 2.5 MeV
neutrons (approximately the center-of-mass energy of neutrons from the deuteriumn-
deuterium fusion reaction) incident on a 5 cm wide liquid organic scintillator EJ301-
based detector, the efficiency is approximately 0.4 using the following values: N11 =
4.82x10 28 rm-3; Nc = 3.98x10 28 m-3 ; aui(2.5 MeV) = 2.55x10 28m2 ; oc(2.5 McV) =
1.59 x 1028 m2 .

Finally, the calculated neutron count rate per micron of PFC is

N, neutrons d) (3.12)

pm pm 4 r

= (108)(0.4)(10-4) 10 4  (3.13)

which gives a N,-1 2 ~ 1% counting accuracy per micron for 1% deuterium concen-
tration at the PFC, which is very appropriate for diagnosis deuterium fuel retention
in PFC surfaces. The calculation for tritium is more favorable with the much large

cross section being only slightly offset by the decreased detection efficiency for higher
energy neutrons.

Material erosion, migration, and mixing

The assessment of these PMI issues is primarily carried out through spectroscopy
of gammas from the deuteron reaction with the low-Z isotopes in Table 3.2. The
calculation of sensitivity is very similar to that done for fuel retention in the previous

section.

Thick target gamma yields for 1 MeV deuterons are on the order of 106 'Y1/pC/sr for

~MeV deuterons on low-Z isotopes [46] giving total gamma production rates on the

order of 108 for the RFQ and measurement parameters described above. Assuming
a gamma detector efficiency and solid angle of 10% and 10-3 steradian, respectively,
the result is again a roughly 1% accuracy for the high-precision measurement of

low-Z isotopes in the first ten microns of low-Z PFC surfaces. Such sensitivities
are appropriate for providing depth resolution on the order of tens to hundreds of
nanometers for the erosion or redeposition of material.
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3.4.2 Modes of operation

Two modes of operation can be envisioned for AIMS. The first is a "dynamic measur-
ing" Inode, in which comprehensive PFC surface composition measurements would
provide, for the first time, the ability to link discrete plasma conditions with the PFC
surface. Such a capability is achieved during the course of an experimental run day
when measurements can be made in-situ on a plasma shot-to-shot timescale without
interrupting the standard operating procedures of the tokamak. The advantage is
that measurements of the PFC surface can be acquired for any type of experimental
run day, enabling time- and spatially-resolved diagnosis of large areas of the PFC
surface in response to the full range of conditions encountered during normal plasma
operations. In this case, the amount of time available between shots - typically set by
time required to prepare the tokamak for the subsequent shot - limits the total PFC
surface area that can be surveyed with acceptable measurement

The second mode is "operational monitoring", in which long-acquisition time nea-
surements would be made outside of the plasma run day to fully characterize the
state of all AIMS-accessible PFC surfaces. The data can contribute to facility opti-
mization, for example, in the assessment of the PFC oxygen content after a vacuum
break, in the evaluation of high-teimperature baking, or in the monitoring of wall
conditioning techniques such as lithization or boronization. Another critical applica-
tion is in nuclear safety for deuterium-tritium burning tokamaks, where AIMS would
provide localized tritium quantification over all accessible PFC surfaces and be able
to provide a comprehensive assessment of detritiation experiments.

3.4.3 Measurement impacts on the PFC surfaces

A major concern for AIMS is whether or not the measurement technique perturbs
the PMI conditions in the PFC surface or damages the PFC surface itself. Using the
RFQ parameters described above, the following sections show that surface heating
and modification are, at worst, mitigable with relatively simple techniques, and at
best, not a concern. The nondestructivness of PFC surfaces and, therefore, intrinsic
reproducibility of AIMS measurements is one of its key strengths compared to tech-
niques such as LIBS or LIDS, which, as described in Chapter 2, must destroy the
PFC surface in order to assay it.

Material heating

One concern is that the power load delivered to the PFC surface leads to sufficient
heating to modify the PMI conditions or thernomnechanical properties of the mate-
rial. For the RFQ parameters described above, a 2 miA, 1 MeV deuteron beam at
a 10% duty factor leads to a time-averaged power deposition, Q, of approximately
-1 MW m- 2 assuming a beam spot size of approximately 1 cm 2 on the PFC surface.
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Instantaneous power deposition occurs on a time scale, T of ~ 10~' s, which is set
the 10% duty cycle and 100 Hz frequency. The approximate surface temperature rise,
AT, can be calculated using the approximate semi-infinite heat conduction equation

AT 2 (7 Q (3.14)

where K (thermal conductivity) is ~100 W mn1 K- 1 and c, (volumetric heat capacity)
is 2 x 106 j n- 3 K- 1 for PFC materials, and Q is the time-averaged power deposition.
Thus, the beam energy deposition could lead to substantial nonlinear temperature
increases on the PFC surfaces during extended measurements.

To alleviate this issue, the deuteron beam can be toroidally rastered, or sinusoidally
swept, continually during measurements when high beam power is used. The effect is
to distribute the beam over a larger wetted area of PFC surface in order to alleviate
excess localized heating. This can be accomplished with a slight ripple current on the
vertical magnetic field coils used to raster the beam toroidally, preventing significant
temperature increases on the PFC surfaces. Of course, the heating issue will be moot
for AIMS on magnetic fusion devices with actively cooled PFCs.

Surface perturbations

Another concern for AIMS is that the deuteron beam will substantially impact the
PFC surface, either by altering the deuterium concentration with implanted beam
deuterons or by damaging the material lattice through deuteron-induced atomic dis-
placements and vacancies. In general, IBA, either AIMS or ex-situ, can be considered
nonperturbative since the range of the beam ions in materials is on the order of mi-
crons - much larger than the surface depth of interest - and since the fluence of beam
ions is typically orders of magnitude less than the incident plasma ion fluences. The
damage to the material atomic structure from beam deuteron collisions can be ad-
dressed using SRIM to simulate the effects of 1 MeV deuterons into a PFC material.
SRIM is one of the leading codes for modeling the the atomic effects of energetic ions
interacting with materials [54].

The distributions of implanted deuterons and atomic displacements due to a 1 MeV
deuteron beam incident on a molybdenum PFC are shown in Figure 3-3. Because of
ion stopping physics, in which a massive nucleus primarily interacts electrically with
relatively small mass atomic electrons, essentially all of the deuterons thermalize
and stop at the same distance, or "range", into the material. Compared to plasma
deuterium ions, which saturate only the first monolayers of the PFC surface (<20 nm),
the unreacted beam deuterons accumulate entirely at 5 pmn into the material, leading
to almost zero perturbation of the retained plasma deuterium fuel near the surface
that is of interest for AIMS mneasurenients. The accumulation of beam deuterium is
essentially negligible compared to the plasma deuterium. As mentioned above, the
beam deuteron fluence (lesssirn10 D m-2 is orders of magnitude smaller than the
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Figure 3-3: The effects of a 1 MeV deuteron beam entering a molybdenum PFC
surface. The key result is that the implanted deuterium and the atomic displacements
caused by the incident deuteron beam are localized approximately 5 Am away from
the surface, ensuring that AIMS is nonperturbative and nondestructive with respect
to the PMI processes that occur in the first 20 nm of PFC surface.

plasma deuteron fluence (>1021 D m- 2 ) that leads to fuel retention.

Similarly, the atomic displacements caused by the incident beam deuterons are strongly
localized near the end of the range, where the decreasing deuteron kinetic energy leads
to ion-nucleus collisions dominating over the coulombic repulsion of electrons. The
ion-nucleus collisions lead to damage cascades in the PFC material, causing displace-
ments and vacancies in the material lattice. While radiation-induced material damage
plays a role in fuel retention through trapping in damage defects, the deuteron beam-
induced damage is sufficiently far from the surface to effect PMI dynamics or PFC
surface properties.
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Chapter 4

The AIMS diagnostic on the
Alcator C-Mod tokamak

The essential theory of Accelerator-based In-Situ Material Surveillance (AIMS) was
presented in detail in Chapter 3 without regard for the hardware components, data
analysis, and engineering solutions required to realize a working experimental diag-
nostic from the theoretical principles. An implementation of ani AIMS diagnostic,
which comprises an RFQ accelerator, high voltage and RF hardware, neutron and
gamma detectors, data acquisition system, and data analysis software, is a nontriv-
ial, multicomponient subsystem that must be seamlessly interfaced to the complex
system of the magnetic fusion device.

The purpose of this chapter is to present a detailed description of the AIMS diagnostic
on Alcator C-Mod1 , the first AIMS diagnostic installed on a magnetic fusion device.
Each component is described individually so as to impart an understanding of how the
discrete components link together to form a single diagnostic system. It is noted that
the RFQ accelerator, beam focusing optics, and beam diagnostics form a significant
portion of another Ph.D. dissertation and will, therefore, only be described briefly
here; the interested reader is referred to [55].

4.1 Overview

AGNOSTIC was successfully installed on the Alcator C-Mod tokamak [56] at the
MIT Plasma Science and Fusion Center in August 2012. Depicted in Figure 4-1, the
diagnostic consists of an RFQ coupled to the Alcator C-Mod vacuum vessel through
a radial diagnostic port. In order to ensure a well-diagnosed, focused deuteron beam
spot on the order of <2 cmii 2, the RFQ beamuline contains beam focusing optics and

'Colloquially known as AGNOSTIC (Accelerator-based Ganina and Neutron Observing Surface
Tool for In-situ Components)
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Figure 4-1: The AIMS diagnostic installed on the Alcator C-Mod tokamak showing
(A) the RFQ accelerator, (B) three different deuteron beam trajectories, (C) the
toroidal field magnets used for beam steering, (D) the PFC tiles, and (E) the reentrant
neutron and gamma detectors.

current monitoring instrumentation. A gate valve near the radial diagnostic port
flange provides the ability to isolate the RFQ and tokamak vacuum system. This
is necessary to protect the RFQ vacuum system during tokamak operations (plasma
shots, wall conditioning techniques) and to ensure that the RFQ is accessible for
standalone operation and maintenance during plasma campaigns.

To maximize the detector solid angles with respect to the PFC surface measurement
locations, compact scintillator-based neutron and gamma detectors are placed inside
a vacuum reentrant tube on the radial diagnostic port flange. The stainless steel tube
(50 cm long, 0.16 cm thick) is welded to the radial diagnostic port flange and enables
detector operation in atmosphere. The reentrant tube location was chosen since
detector installation in the tokamak vacuum vessel was considered too restrictive,
requiring specialized detectors and limiting intra-plasma campaign detector access.
Furthermore, the reentrant tube thermally shields the detectors during plasma shots,
mitigates mechanical shock during plasma disruptions, and provides easy access to
the detectors for maintenance and calibration during the plasma campaign.

The primary engineering challenges associated with implementing AIMS were geo-
metric constraints on the installation position of the RFQ, beam transport system,
and particle detectors in the crowded tokamak cell. High-fidelity CAD models of
the Alcator C-Mod tokamak, superstructure, and major diagnostic equipment were
used to determine feasible installation positions for each component of AGNOSTIC.
Within the determined parameter space, a detailed optimization was performed using
the RFQ deuteron beam dynamics and AIMS synthetic diagnostic simulations that
are described in Chapter 5. The result is the configuration shown in Figure 4-1.
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(a) The Alcator C-Mod experimental hail

Figure 4-2: A photograph of the Alcator C-Mod tokamak in the experiment hall
at MIT's Plasma Science and Fusion Center is shown in Figure 4-2a. A cutaway
view on an engineering solid model of the Alcator C-Mod tokamak shows the major
components of the compact toroidal device in Figure 4-2b

4.2 The Alcator C-Mod tokamak

The Alcator C-Mod tokamak is a toroidal magnetic confinement fusion experiment
located at the MIT Plasma Science in Fusion Center [56]. It is the third in the
"Alcator" family of tokamaks, being preceded by Alcator A (1973-1979) and Alca-
tor C (1978-1987), and follows its predecessors compact volume, high-magnetic field
approach to plasma confinement. The 20 toroidal field coils are normal conducting
copper, capable of producing a maximum magnetic field of 8.0 T on-axis the mag-
netic field and 17.3 T on the inner leg of the toroidal field coils. 5 sets of poloidal
copper field coils (top and bottom) are used for plasma shaping and control. With a
major and minor radius of 0.67 m and 0.22 m, respectively, Alcator C-Mod is capable
of sustaining -1 m3 of confined plasma for approximately 2 seconds at densities of
1 - 5 x 1020 M20

Alcator C-Mod is probably the most ideal environment of any existing magnetic
fusion device to study PMI science. It is the only active tokamak with all refractory
metal PFCs (molybdenum), high average power flux into SOL (-1 MW m- 2 ), and
heat fluxes to the PFC surfaces (<10 MW- 2), more closely replicating the expected
conditions in a magnetic fusion reactor than other active tokamaks. Its novel vertical
target lower divertor was adopted as the standard configuration in most tokamaks,
most notably in the JET ITER-like Wall project in order to experimentally validate
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Table 4.1: Key plasma and material parameter of the Alcator C-Mod tokamak as of
2013

Parameter Symbol Value

Major radius R 0.67 in
Minor radius A 0.22 m
Aspect ratio- 1  E 0.33
Toroidal field B0 8 T
Plasma current IV 2 MA
Elongation r 1.7
Triangularity 6 0.6
Plasma volume VP 1.0 m3

Pulse length t 2 s
ICRH Power - 6 MW
LHICD Power - 1 MW
SOL power flux P/S 1 MW r-2
Material heat flux Q 10 MW m-2
Wall material - Molybdenum
Plasma topology - Limited/Diverted
Plasma fuel _ 211, 3 HIe

the ITER vertical target divertor [57].
gives Alcator C-Mod a highly similar

The divertor and power SOL power flux thus

edge, SOL, and divertor for reactor-relevant
PMI studies [58]. A complementary suite of advanced boundary plasma and material

diagnostics, such as gas puff imaging, SOL probes, material thermocouples, IR surface

imaging, and the Surface Science Station strongly complement the capability of AIMS
[59] for investigating PMI experimentally in a tokamak.

4.3 The RFQ accelerator

Shown in Figure 4-3, the MIT RFQ is a refurbished prototype 0.9 MeV deuterium ion

accelerator from ACCSYS Technology Inc. The accelerator cavity measures 1.02 m in

length with 0.72 m quadrupole vanes and is powered by a 425 MHz 60kW RF system.

Significant upgrades to the controls, instrumentation, mechanical support structure,
and vacuum system were required for integration into the tokamak environment.

The accelerator controls and instrumentation were upgraded to digital Group 3 fiber

optic loop controllers for remote operation in the high radiation environment of the

tokamak cell. In addition, the mechanical support structure and vacuum system were

redesigned to fit in the confined space surrounding the tokamak port while allowing

for precision alignment of the RFQ cavity to the port flange.

The RFQ must be precisely aligned in order to ensure high fidelity with the beam

modeling codes used to optimize the beam focusing and magnetic steering. Before

coupling to the Alcator C-Mod vacuum system for the first time, the RFQ was aligned
using a laser mounted in the accelerator ion source to ensure that the axis of the
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Figure 4-3: The RFQ accelerator and support structure in the Alcator C-Mod cell.
The RF coax cable enters at the top of the cylindrical RF cavity. The plasma ion
source is contained near the rear box while the vacuum system is underneath. The
RFQ was gated off and detached from the tokamak for diagnostic tests at this time.
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acceleration cavity was co-linear with the axis of the injection flange. A precision
alignment was critical because there was insufficient space for electrostatic beam
alignment optics between the RFQ and the tokamak port flange that might normally
be used in more flexible experimental geometries.

To achieve <2 cm spatial resolution on the target PFCs - roughly the width of a
molybdenum PFC tile in Alcator C-Mod - beam optics are necessary to maintain a
focused beam over the ~2 m trajectory through the beamline and tokamak vacuum
vessel. Because the iron-core magnetic quadrupoles typically used to focus ion beams
can perturb the plasma magnetic fields or create unacceptable structural forces on the
beamline, a set of three permanent magnet quadrupoles (PMQ) were used because of
their compact size and zero net magnetic field.

To monitor the injected deuteron beam current, a wide-band ferrite current trans-
former from Pearson Electronics with amplification and noise suppression was in-
stalled on the beamline. The transformer was located at the point in the beamline
immediately before injection to accurately measure the deuteron current entering the
vacuum vessel.

4.4 Detector data acquisition system

The detector data acquisition system (DAQ) was constructed to utilize the most re-
cent advances in waveform digitization, digital pulse processing, and persistent storage
of all detector pulses. With the raw waveforms from each measurement stored on hard
disk, offline digital analysis can be performed repeatedly with different pulse process-
ing algorithms in order to extract the maximum amount of information from the data
set. Such a system also minimizes the number of errors that occur in data acquisition
since traditionally analog data acquisition functions (e.g. baseline restoration, pileup
rejection, pulse shape discrimination) are performed in flexible digital algorithms
rather than immutable hardware settings.

4.4.1 Physical hardware and analysis

The DAQ is used to digitize and persistently store the waveforms from all the detectors
used in the experiment as well as signals of interest from the RFQ such as the beam
current. The core of the DAQ is composed of VME acquisition hardware provided
by CAEN S.p.A:

" V1720 digitizer (8 channel, 250 MSamples/second, 12-bit)

" V6534 high voltage supply (6 channel)

" V1718 VME-USB interface
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Figure 4-4: A representative example of a digital detector waveform acquired with the
DAQ is shown in Figure 4-4a; the time is given in digitizer sample number, with one
sample representing 4 ns of linear time. Histogramming either the waveform pulse
height or the waveform area will result in a digital pulse spectra, which is represented
in analog-to-digital (ADC) units. Figure 4-4b shows a pulse area spectrum.

* VME8004B powered enclosure

The digitizer was selected as the appropriate combination of digitization rate and bit
depth for the detectors and analysis techniques used in AIMS while the high voltage
supply provides sufficient power and can be remotely controlled.

A rack-mounted PC server controls the DAQ through custom software based on the
ROOT toolkit [60] and connects to the VME boards via the V1718 VME-USB board
interface. A separate ROOT-based analysis tool handles all the functions of a modern
digital pulse processing system. These include parallelized waveform processing (pile-
up deconvolution, pulse shape discrimination, spectroscopy), spectrum processing
(energy calibration, peak finding, peak integration, background subtraction), and
publication-ready graphical output. The acquisition and analysis tools are described
in detail in Appendix A.

4.4.2 Pulse processing

Analog waveforms are input into the 12-bit 250 MSamples/second digitizer, where
they are assigned a discrete digital value between 0 and 212 = 4095 corresponding to
the analog 0-2 V dynamic input range; sampling of the analog waveform occurs every
4 ns. Digital waveforms can then be represented as sample number (in sample units)
versus voltage (in Analog-to-Digital or ADC units) as shown in Figure 4-4a When
many digital waveforms are acquired, they may be processed into spectra, either by
calculating the pulse height or the pulse area for many waveforms and histogramming
the results. An example of a digital pulse area spectrum is shown in Figure 4-4b,
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Figure 4-5: An image of the EJ301-PMT detector next to a U.S. quarter for scale.
The slightly bulging cylinder at the left contains the EJ301 liquid scintillator in an
aluminum canister; the majority of the detector is the 1 inch diameter PMT.

which is computed by histogramming the integrated area between the baseline and
the waveform for many waveforms. Because waveform voltage is given in ADC units,
the units of the pulse spectra will also be in ADC units until a calibration method is
applied to convert the X-axis units into the appropriate energy unit.

4.5 Fast neutron detection

The neutron detector is composed of a 2.50 x 2.7 cm volume of EJ301 liquid organic
scintillator within a 1.6 mm thick canister of aluminum. A 6 mnni Borofloat win-
dow transmits scintillation photons to an optically coupled Hamamatsu R6095 1-inch
photomultiplier tube (PMT) with bialkali photocathode for readout. The detector
was assembled in-house and is shown in Figure 4-5. As discussed in Chapter 3, an
important attribute of scintillation detectors in AIMS is their ability to operate in
the magnetic fields required for deuteron beam steering. PMTs, which use electro-
static fields to induce avalanches of electrons from accelerated photoelectrons from
the photocathode, experience severely reduced gain or outright inoperability due to
the interference of magnetic fields. Thus, the EJ301-PMT detector had to be located
near the entrance of the reentrant tube (where the magnetic field magnitude is near
zero) shown in Figure 4-1 to ensure successful operation. Because no other suitable
neutron spectrometers for AIMS have been identified in the scientific or commercial
literature, the development of a new type of neutron detectors, based on the coupling
of EJ301 to a SiPM readout with a novel current preamplifier, has been undertaken.
The developments are preliminary and outside the scope of this thesis but will be
described in a future publication.

4.5.1 Scintillation properties

EJ3012 is one of the most widely used organic scintillators for fast neutron and gamma
detection. The key scintillator properties of EJ301 are shown in Table 4.2. The prop-
erties of EJ301 have been extensively reported in industrial and scientific literature,

2This xylene- and naphthalene-based organic liquid is known variably by its manufacturer's prod-
uct code: EJ301 (Eljen Technology), BC501A (Saint-Gobain), or NE213 (Nuclear Enterprises)
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Quantity Value

Mass Density [g/cm 3] 0.874
Atomic C:H ratio 1.212
Refractive Index 1.505
Light / MeV [photons] ~12 000
Peak emission wavelength [nn] 425
Light decay components [ns] 3.0, 32, 270

Table 4.2: The key properties of EJ301 liquid organic scintillator [61].
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Figure 4-6: The principal optical properties of the EJ301-PMT detector. Figure 4-6a
shows the scintillation light produced in EJ301 as a function of the energy deposited
by different charged particles [67]; the scintillation response is essentially linear for
electrons but highly nonlinear for charged ions. Figure 4-6b shows the relatively well
matched EJ301 scintillation photon emission spectrum and the quantum efficiency
curve for the a bialkali photocathode in the PMT.

such as material properties [61], optical properties [62, 63, 64], interaction mechanisms
with fast neutrons and gammas [53], and performance as a detector for neutrons and
gammas [53, 65, 66].

The scintillator response of EJ301 describes the number of scintillation photons or
"light" produced as a function of the energy deposited in the scintillator and the type
of ionizing particle. As one of the most widely studied organic scintillators, there are
a number of EJ301 response functions published in the literature [67, 68, 69, 70, 71].

The EJ301 scintillation response to electrons is linear above approximately 0.1 MeV
deposited energy, with slight nonlinearities below this energy [72]. As discussed below,
all light output - regardless of the particle depositing energy in the scintillator - is
normalized to the energy of electrons that would produce the equivalent light output;
the unit used is MeV-electron-equivalent or "MeVee". For ions, perhaps the most cited
EJ301 scintillator response is that of Verbinski et. al, which is shown in Figure 4-6a
[67]. Strong nonlinearities, as well as clear differences in light yield between different
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ion species, dominate the scintillation response.

Regardless of energy deposited and particle type, the scintillation photon emission
spectrum is relatively narrow in the blue portion of the visible spectrum, with a
maximum emission probability around 425 nm in wavelength. Traditionally, PMTs
using bialkali photocathodes are used for light readout due to good matching between

the EJ301 emission spectrum and wavelength-dependent quantum efficiency curve of
bialkali. Both spectral functions are shown in Figure 4-6b.

4.5.2 Spectroscopy

From the perspective of neutron and gamma spectroscopy, the most important aspect

of EJ301 is its exclusive composition of hydrogen and carbon. For gammas, the low
average atomic number of EJ301 causes Compton scattering to dominate the inter-
actions, eliminating the presence of a photopeak in the detector response function.

The gamma response is instead composed of the broad Compton continuum derived

from scattering kinematics, with the Compton edge located at the maximum energy
that can be transferred to an atomic electron in a forward collision:

E 2

E,= I ±e2 (4.1)

where E.- is the recoil electron energy, E, is the incident gamma energy, and mec 2 is
the electron rest mass energy. For scintillators whose size exceeds the gamma mean

free path, multiple scattering will contribute a small number of events above the

Compton edge.

For fast neutron interactions, the situation is more complicated with both elastic
and inelastic collisions leading to the production of scintillation light. The dominant
neutron interaction mechanism in EJ301 is elastic scattering off hydrogen and carbon

nuclei. Because hydrogen nuclei generate significantly more scintillation light than
recoil carbon nuclei for identical deposited energy (See Figure 4-6a), the detector

response function is due primarily to the 1H(n,n)1 H reaction. The result is a broad
rectangular continuum - which is derived from the isotropic neutron-proton elastic

scattering cross section - with the high energy edge located at the maximum energy

that can be transferred in a forward elastic collision:

Ex- 4AxA E (4.2)
(Ax + A)2)

where Ex is the recoil nucleus, Ax is the atomic mass of the recoil nucleus, An is the

mass of the incident neutron, and En is the kinetic energy of the incident neutron.

For neutrons scattering off hydrogen nuclei, Equation 4.2 gives Ell, = En. For neu-

trons scattering off carbon-12 nuclei, Equation 4.2 gives E2c = 0.284E". Because
recoil carbon ions produce negligible light compared to recoil hydrogen nuclei, the
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Figure 4-7: The experimental response of the EJ301-PMT detector to 0.662 MeV
gammas from a cesium-137 check source. The responses were computed with the dig-
ital acquisition and pulse processing methods described in Section 4.4. The spectrum
is dominated by Compton scattering and exhibits no photoabsorption peak.

12 C(n,n) 12 C reaction is most evident prilarily through multiple scattering. Incident
neutrons lose kinetic energy by first scattering off carbon and then transferring the
remainder of their kinetic energy to hydrogen nuclei in a secondary scatter. The
result is a peaked hump slightly below the high energy edge superimposed on the
rectangular continuum.

When the incident neutron energies are above approximately 6 MeV, inelastic nu-
clear reaction channels with the carbon isotopes begin to open up. These reac-
tions include 12 C(n,a)9 Be (Ethresohld = 6.18 MeV), 12 C(n,p) 12 B (13.65 MeV), and
12C(n,d)"B (14.89 MeV) as well as the more complex breakup reactions such as
1 2 C(n,n') 12 C* =- 3a (7.89 MeV), in which the residual excited nucleus fragments into
lighter nuclei. Because the reaction products are almost exclusively light ions and
recoil nuclei, they contribute significantly to the low energy region of the detector
response function.

An example of gamma spectroscopy with the EJ301-PMT detector is shown in Fig-
ure 4-7. Because particle interactions are dominated by scattering kinematics, EJ301-
based detectors show roughly rectangular response functions for both mnonoenergetic
neutrons and gammas that complicates deconvolution of the incident particle spec-
trumn. The presence of a smeared edge in such spectra, such as the edge at 0.478 MeV
in Figure 4-7, indicate the presence of monoenergetic particles incident upon the de-
tector with the location of the half-height of the edge determining the kinetic energy
of the monoenergetic particles. Such information can be used to discriminate be-
tween monoenergetic neutrons and gammas from the nuclear reactions described in
Chapter 3.
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Figure 4-8: Using an experimentally acquired EJ301-PMT response to 0.662 MeV
gammas (blue), a peak at the incident energy of the particles call be obtained by
calculating the absolute value of the derivative of detector response. In the case of
gammas, the kinematics of Compton scattering are used to calculate the required
energy shift since some incident energy is carried away by the scattered gamma; for
neutrons, no such correction is necessary.

Although no peaks appear in the EJ301-PMT spectra, the absolute value of the
derivative of a rectangular response function from monoenergetic particles can be
used to reconstruct a peak centered at the incident particle kinetic energy, albeit
with poor resolution [53]. An example of this is shown in Figure 4-8 for the EJ301-
PMT detector spectra of 0.662 MeV gammas. After taking the absolute value of the
derivative of the EJ301-PMT spectra, the result is shifted in energy by an amount
equal to the energy carried away by the scattered gamma in Compton scattering.
It is evident that a peak with sufficient energy resolution can be achieved in order
to determine the kinetic energy of the incident gammas. For neutrons scattering off
hydrogen in the detector, the process is simpler since the maximum hydrogen recoil
energy is equal to the incident neutron kinetic energy and no energy shift in the result
is required to reconstruct the correctly centered peak.

4.5.3 Linearization and calibration

As previously mentioned, because of the multiple nonlinear scintillator response func-
tions, it is desirable from a practical standpoint to place the response functions of the
EJ301-based detectors on an absolute, linear scale that is independent of the ionizing
particle or energy deposited. The linear response of electrons provides the convenient
standard against which other particle's responses will be compared.
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The scintillation light generated by an EJ301-based detector due to energy deposition
- regardless of ionizing particle - is given in units of "MeV-electron-equivalent" or
MeVee, which is the energy at which electrons would produce the same amount of
scintillation light as the energy actually deposited by an ion. For example, using
Verbinksi's scintillation response shown in Figure 4-6a, the ~104 scintillation photons
produced by a 2.5 MeV proton fully stopping in EJ301 is equivalent to approximately
0.82 MeVee [67]. In the formal literature on spectroscopy with organic scintillators,
X-axis value of the detector response function is typically referred to as "light" with
the units in MeVee. In this thesis, for simplicity and the benefit of experts outside
the field of organic scintillation detectors, the X-axis value will be referred to as the
particle energy - neutron or gamma - that is deposited in the scintillator in order to
emphasize what is being measured. Thus, the terms "detector response function" and
"energy spectrum" may be used interchangeably. The unit keVee or MeVee, however,
will continue to be used to accurately reflect the underlying detector physics.

To convert the EJ301-PMT pulses from the ADC units assigned by the DAQ to energy
units, a calibration curve was constructed using the following procedure. Pulse area
spectra were acquired with the DAQ for monoenergetic gammas from 2 2 Na (E, =
0.511, 1.274 MeV), 137Cs (E, = 0.662 MeV), and 60Co (Ey = 1.332 MeV) check
sources and the strong background from 40K (Ey = 1.470 MeV). The Compton edge
locations - corresponding to the position of the half-height of the edge - is then
found in the spectra (in units of ADC). The location value is multiplied by a small,
energy-dependent correction factor required to account for a slight difference in the
actual position versus the half-height position [73]. Finally, a plot of deposited energy
(in energy units) versus Compton half-height positions (in ADC units) defines the
calibration curve, which appears in Figure 4-9

4.5.4 Pulse shape discrimination (PSD)

While the EJ301-PMT configuration detects both gammas and neutrons, standard
pulse processing techniques can be used to digitally discriminate between them using
the particle-dependent decay tail times of the scintillation pulses. Regardless of the
particle depositing energy, the principle decay times of EJ301 scintillation pulses are
3.2, 32, and 270 ns [61]; however, pulses from neutron-induced ion recoils will contain
a much higher fraction of the total light in the slow components relative to pulses from
gamma-induced electron recoils [53]. Two individual, experimental waveforms from
the EJ301-PMT detector, one from a neutron-induced event and one from a gamma-
induced event, are shown together in Figure 4-10; the difference in the scintillation
light pulse decay tail, which forms the basis for PSD, is strongly evident.

One of the most effective digital PSD methods is to bin the integrals of the total pulse
and of the tail pulse in a two-dimensional histogram, which will show separate neu-
tron and gamma distributions [74]. To evaluate PSD capabilities of the EJ301-PMT
detector, the detector was exposed to a 24

1Anmericium-Berylliumn (AmBe) source. The
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Figure 4-9: The experimental calibration curve for the EJ301-PMT detector. The
curve is generated by fitting a first order polynomial to the 5 lower energy data
points; the reduced x 2 fit test value is 0.48, confirming a high degree of linearity in
the range 0.341 - 1.243 MeVee. The data point from the weak 208T1 environmental
background signal, which was not used in the fit, confirms the extrapolated linearity
up to 2.341 MeVee.
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Figure 4-10: A comparison between a neutron-induced pulse and a proton-induced
pulse from the EJ301-PMT detector. The higher fraction of light in the long decay
components, or "tail", of neutron-induced events compared to gamma-induced events
is the basis for pulse shape discrimination.
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Figure 4-11: The results of digital PSD using the charge integration technique with
the EJ301-PMT detector exposed to a 2 41 AmBe source. The neutron and gamma
branches are well separated down to the lowest energies. The standard figure-of-
merit measure of the effectiveness of PSD is shown in the inset, where the neutron
and gamma distributions are well separated at 0.23 MeVee (total waveform integral
of 2000 ADC); the figure of merit from Equation 4.4 is 1.57, demonstrating excellent
quantitative particle discrimination.

unstable 24 1Am nucleus spontaneously decays via the emission of an alpha particle,
which generates neutrons and gammas via the nuclear reaction

9Be(a,n) 2 C* => 12C + -y(4.44 MeV) (4.3)

The result is a complex neutron emission spectrum between 2-10 MeV [75] and a
significant flux of 4.44 MeV gammas. Additional gammas are generated through
inelastic neutron reactions with the detector and ambient geometry.

The optimal integration range for the tail pulse was approximately 30 ns and 150 ns
after the start of the pulse, where the charge differential between electron- and proton-
induced pulses is strongly evident. The results of the PSD analysis are shown in
Figure 4-11. Two distributions are clearly separated in the histogram over the entire
energy range - represented by the total waveform integral. Because neutron-induced
events have more light in the longer decay tail, the neutron distribution falls above
the gamma distribution.

The effectiveness of the PSD can be quantified by defining the following figure of
merit (F.O.M.) [76]:

F.O.M.(EP) = F, + Fly Edep (4.4)
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Figure 4-12: An image of the LaBr3 -SiAPD detector next to a standard U.S. quarter
for scale. The detector is shown inside the cartridge that secures the detector inside
the vacuum reentrant tube on Alcator C-Mod during AIMS measurements.

where Ede, is the total energy deposited in the detector, 14 is the full-width half-
maximum of the Gaussian fits to the tail distributions of particle x, and A is the
distance between the gaussian means. F.O.M ;> 1 values indicate essentially zero
overlap in the gaussian neutron-gamma distributions at the evaluated energy while
F.O.M values < 1 indicate increasing overlap and, thus, a worsening ability to ac-
curately distinguish neutrons and gammas. In the inset of Figure 4-11, the F.O.M.
evaluation is shown for 0.23 MeVee (total integral of 2000 ADC), approximately the
lowest energy deposition relevant in AIMS. The F.O.M. was calculated to be 1.57,
demonstrating excellent PSD over the energy range of interest for AIMS. Careful eval-
uation has shown that PSD becomes unreliable, i.e. F.O.M. <1, around 0.14 MeVee
(total integral of 1000 ADC) with this particular detector configuration. Thus, for
deposited particle energies above the F.O.M. minimum energy threshold, essentially
gamma-free neutron spectra can be generated with PSD.

4.6 Gamma detection

The gamma detector was manufactured by Saint-Gobain Crystals and is based on the
original design of Flamanc and Rosza [77]. It is composed of a 0.9x0.9x3.5 cm cerium-
doped Lanthanum Bromide (LaBr3 ) inorganic scintillator crystal optically coupled to
a Hamamatsu S8664-1010 silicon avalanche photodiode (SiAPD) for readout. An
internal charge-sensitive preamplifier aids in pulse shaping. All components are en-
closed in a 2 mm thick stainless steel case measuring 3.0 x 3.0 x 8.5 cm. The detector
has been ruggedized against mechanical shock. In order to substantially increase the
readout rate, a Cremat CR200 shaping amplifier with a 250 ns time constant cir-
cuit was used to transform the long preamplifier output exponential pulses to narrow
gaussian pulses. The detector is shown in Figure 4-12.

4.6.1 Scintillation properties

Thallium-doped sodium-iodide has dominated the field of scintillator-based gamma
spectroscopy since it was first introduced in 1948 [78], primarily due to its high
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Refractive Index 1.9
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Figure 4-13: The principal optical properties of the LaBr3 inorganic scintillator. The
high light emission and high quantum efficiency of the Hamamatsu S8664-1010 SiAPD
at the peak emission wavelength of LaBr3 result in excellent photon statistics.

scintillation photon output (38 000 per MeV deposited), reasonable energy resolu-
tion (~8% at 0.662 MeV), and ease of large crystal growth (<500 kg). However,
cerium-doped LaBr3 , discovered only recently in 1999, is the first inorganic scintilla-
tor to substantially improve all of the important properties of scintillation crystals for
gamma spectroscopy, including light output, light decay time, mass density, average
atomic number, and optical absorption length [79, 80]; the properties of LaBr3 as
manufactured by Saint-Gobain in 2013 are shown in Table 4-13a

The high mass density and high average atomic number make high energy (>1 MeV)
gamma spectroscopy feasible even with small scintillator crystals; the high light out-
put ensures adequate photon statistics are accumulated by small surface area photon
readout devices such as SiAPDs or SiPMs, leading to compact and robust detectors
that are operable in magnetic fields [77]. Although the scintillation emission spec-
trum, with a peak emission wavelength of 380 nm, is at the low end of the S8664-1010
SiAPD quantum efficiency curve, as shown in Figure 4-13b, the quantum efficiency
of the SiAPD approaches nearly 50%, and the high scintillation light output ensures
sufficient light collection.

Relative to the EJ301-PMT detector, spectroscopy with the LaBr 3 -SiAPD detec-
tor is much less convoluted. The scintillation response of LaBr3 is highly linear in
response to gamma-induced electron energy deposition [82], making calibration rela-
tively straightforward. LaBr3 is also insensitive to neutrons, eliminating the need to
discriminate between particle types, enabling dependable operation in mixed radia-
tion fields, and able to withstand high neutron fluxes in a fusion environment [83].
All of these features combine with the intrinsic high energy resolution provided by the
scintillator crystal to make LaBr3 an excellent scintillator for gamma spectroscopy in
AIMS.

69



- LaBr3-SiAPD Source: 137Cs

1000 Nal-PMT = 0.662 MeV

500-
0

0'
0 0.2 0.4 0.6 0.8

Energy [MeV]

Figure 4-14: The experimental response of the LaBr3-SiAPD detector to 0.662 MeV

gammas from a cesium-137 check source. The responses were computed with the

digital acquisition and pulse processing methods described in Section 4.4. The LaBr3-
SiAPD detector achieves 1.9 times better energy resolution than a standard PMT-

coupled NaI-PMT detector.

4.6.2 Spectroscopy

Figure 4-14A shows the LaBr3-SiAPD energy spectrum for 0.662 MeV monoenergetic

gammas from a cesium-137 check source. The detector shows a high resolution peak

centered on the incident 0.662 MeV gamma energy, reflecting the strong photoab-

sorption provided by the dense, high average atomic number crystal. The Compton

scattering continuum is evident below the photopeak, including a very sharp Compton

edge at 0.478 MeV. Also shown, for comparison, is the response of a 5.08#x5.08 cm

thallium-doped sodium-iodide (Nal) crystal coupled to a 2-inch PMT to 0.662 MeV

gammas. As NaI-PMT detectors have been the gold standard of scintillator-based

gamma detection for well over half a century, it is a testament to the performance of

the LaBr3-SiAPD detector that it can provide approximately twice the energy resolu-

tion at 0.662 MeV with good counting statistics compared to the NaI-PMT detector

and with a significantly smaller scintillation crystal. In fact, energy resolutions of

approximately 2.0% at 0.662 MeV have recently been achieved with strontium and

calcium doping of the LaBr3 crystal [84].3

3Energy resolution for scintillation detectors is evaluated at a specific energy, often at the

0.662 MeV gamma peak from 137Cs. The energy resolution is typically calculated as the Gaus-

sian peak full width at half maximum divided by the peak location in the energy spectrum.
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4.6.3 Calibration

As discussed above, the scintillator response of LaBr 3 (Ce) crystals is highly linear
to gamma-induced electron energy deposition. The calibration of the detectors is
straightforward. First, the detector is exposed to a set of gamma check sources with
the DAQ being used to perform digital spectroscopy. The position of the gamma
peaks in the spectra (in ADC units) at known energies provides the set of points that
construct the calibration curve. The calibration curve is used during data analysis to
convert waveform integrals in units of ADC to energy units.

An important aspect of the LaBr3 -SiAPD detector is its gain sensitivity to tempera-
ture. The gain decreases by four percent for every 'C increase. In conditions where
the temperature may drift, the measurement times must be less than the temper-
ature fluctuation timnescales in order to avoid degrading spectroscopy performance.
Under conditions where the temperature drifts slowly but measurements can still be
performed, in-situ calibration of the detector before and after an AIMS measure-
ment can be used to correctly evolve the calibration curve over the course of many
measurements, thus ensuring a correct energy calibration.
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Chapter 5

Computational Modeling

Modeling has played a key role in the design and execution of the AIMS diagnostic
on Alcator C-Mod. During the design phase, scoping studies had to be performed
in order to ensure that the injection of the deuteron beam was optimized - from the
perspective of maximizing the effectiveness of AIMS measurements - and that the de-
sign and location of the neutron and gamma detectors in the tokamak superstructure
provided high resolution energy spectroscopy with acceptable signal-to-noise ratio.
Once experimentally implemented, modeling can function as a "synthetic diagnostic",
where simulation plays a key role in the interpretation of experimental measurements
for the extraction of absolute PFC surface compositions.

The purpose of this chapter is to present three modeling developments in support
of AIMS on Alcator C-Mod: a single-particle dynamics code for optimization of the
RFQ beam injection configuration; a new Monte Carlo model for simulating the
nonlinear scintillator responses common to most organic scintillators; and a Geant4-
based synthetic diagnostic for comprehensively simulating AIMS measurements of
PFC surface composition in Alcator C-Mod.

5.1 AIMS single-particle dynamics code

In order to satisfy the diagnostic requirements of AIMS on Alcator C-Mod, the in-
jection position and angle of the deuteron beam from the RFQ accelerator must be
carefully optimized. The point at which the beam is injected is set by a small access
flange that admits the beam into the tokamak vacuum vessel. The injection angle
of the beam is set by the position and rotation of the RFQ accelerator. Neglect-
ing engineering constraints, the optimum injection configuration is a function of the
magnetic fields required for beam steering and the total amount of accessible PFC
surfaces. To avoid excessive resistive heating of the magnets and to minimize the
demands on the magnet power supply, the required coil currents should be as low as
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possible; to maximize the impact of AIMS, the beam should be able to access the
largest PFC surface area as possible. The optimization must, therefore, model the
magnetic beam steering with the three dimensional environment of the tokamak in

order to evaluate the field requirements and PFC surface accessibility.

5.1.1 Integrating the equations of motion

To perform this optimization, a three dimensional beam steering code was developed
using IDL in order to utilize the prior geometric modeling of the Alcator C-Mod
vacuum vessel and internal components. Because this code was intended to provide

an approximate evaluation of beam steering over the large parameter sweeps required
for optimization, a first-order accurate integration scheme provides an acceptable
tradeoff of cheap computation and relatively good accuracy for the calculation of

the beam trajectory. For simplicity, a cartesian coordinate system centered at the
tokamak axis of symmetry and midplane was chosen with the following convention:
+J points radially outward centered on a radial diagnostic port; + point vertically
upwards starting at the midplane; + is such that the coordinate system is right

handed. The coordinates are shown for reference in Figure 5-1.

The code models the charged deuteron beam as a single particle moving through the
tokamak magnetic fields.1 The deuteron interacts with the vector sum of the toroidal

and vertical magnetic fields, B = BO + B,, via the Lorentz force

dv
m- = F = qv x B (5.1)

dt

where m and q are the mass and electric charge of the deuteron. The position of the
deuteron can easily be evolved with a forward Euler scheme to numerically integrate
the equations of motion:

Vfn+l _ q X Y Z
= - v, vy v. (5.2)

tn+1 r- n B B
Bx By Bz

where the deuteron velocity and position components at the n + 1 time step are given

1 It should be noted that modeling high current ion beams in magnetic fields, such as those
produced by RFQ accelerators, neglects many important effects that must be considered in order
to correctly optimize beam focusing optics and to predict the beam resolution at the PFC surface
[85, 86]. For the calculation of approximate beam centroid trajectories during large parameter sweeps
during diagnostic scoping, a first order Euler scheme was determined to be acceptable. For detailed
modeling of the RFQ beam dynamics in AIMS measurements, the interested reader is referred to

[55].
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by

n+1 = V7 + (v B, - vB) (5.3)

n+1 = (v =B1 - VzB) (5.4)

qAt
Vr+1 = -I-- (vxBz -vyB,) (5.5)rn

x71+1 = +Vn+1 At (5.6)
yI-+1 = y"r + Vn+1 At (5.7)

zn1= Z" + vZ +At (5.8)

(5.9)

In the chosen cartesian coordinate system, the vector components of the magnetic
field, B, are given by

B B = o = cos -- tan- (5.10)

B B = sin - - tai- 1 - (5.11)
jf2 + y2  2x

BZ = BV (5.12)

(5.13)

where B 0 is the toroidal magnetic field on the magnetic axis Ro, which is 0.67 in for
Alcator C-Mod.

5.1.2 Optimization of deuteron injection

The deuteron trajectory integrator is coupled to a realistic 3D boundary of the interior
of Alcator C-Mod, including the diagnostic ports, vacuum vessel, divertor, limiters,
and PFC tiles. The deuteron can then be tracked through the magnetic fields until
it intercepts the boundary, where the hit position is recorded as a function of the
toroidal and poloidal field magnitudes. Optimization of the injection configuration
can then be performed by "sweeping" the toroidal and vertical magnetic fields during
scans of the parameter space. Parameters of interest include the injection position

(x,y,z) and angles of the deuteron beam with respect to the radial diagnostic port
flange.

The final optimized position for injection is shown in Figure 5-1, where the beam
trajectories and the hit locations are colored by the value of the toroidal magnetic
steering field. The coverage of the PFC surface is excellent, with the beam able
to access the central column, inner divertor, divertor floor, and outer divertor; by

reversing the toroidal field, the beam can be swept in the opposite direction to scan
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Figure 5-1: The single-particle beam trajectory code computes accessible PFC surface
locations - shown here as functions of the toroidal magnetic field used for beam
steering in the poloidal direction- for the optimized installation position of the RFQ
accelerator on Alcator C-Mod. The vertical magnetic field used for beam steering in
the toroidal direction is not shown.
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the upper half of the first wall. The beam can scan over 90 degrees toroidally in
both directions by reversing the vertical field, thus providing an enormous range of
measurement locations. Most importantly, all of these locations can be accessed
with <0.7 T of toroidal field and <0.08 T of poloidal field, which are small enough to
ensure adequate magnet cooling between plasma shots and to be provided by standard
steady-state power supplies. For reference, Alcator C-Mod typically operates with its
toroidal field between 5 and 8 T during plasma shots.

The code serves a number of other important functions. During AIMS experiments,
it provides the required magnetic field values to steer the beam to a particular inea-
surenent location. It also serves to calculate the angle between the deuteron beam
impact vector and the detector position vector during experimental data analysis,
which is a required input for the nuclear reaction kinematics described in Chapter 3.

5.2 A new scintillation model for Geant4

As will be presented in the following section, the comprehensive modeling of PFC
surface measurements, which require high-fidelity simulations of the scintillation de-
tector responses within the environment of Alcator C-Mod, is an essential component
of AIMS. Available simulation tools, however, were found to be inadequate for this
purpose, and work was undertaken to develop new scintillation detector modeling ca-
pabilities, particularly for organic scintillators such as the EJ301 liquid that composes
the EJ301-PMT detector in AGNOSTIC.

The simulation of organic scintillation detectors in neutron and gamma fields has long
been of interest to the detector physics community for two primary reasons. First,
simulation helps interpret the complex detector response functions that are generated
by the nonlinear production of scintillation photons as a function of energy deposited
and ionizing particle type. Second, simulation call easily generate a large number
of detector response functions for various incident particles, which call be difficult
to obtain experimentally. These response functions are required as inputs to unfold-
ing codes that deconvolve the incident particle energy spectrum from the detector
response. In addition, simulation can play an important role in the computational
design and optimization of new types of particle detectors that are based on organic
scintillators.

Ill this section, the implementation and validation of new organic scintillation de-
tector modeling capabilities are presented. The method enables the simulation of
time-resolved production (linear or nonlinear), transport, and readout of photons in
a detector of arbitrary geometry, scintillator choice, structural materials, and light
readout configuration, all potentially within the complexity of an encompassing ex-
periment geometry [6]. The code was written in collaboration with Peter Guniplinger
of TRIUMF, and, as an indication of its widespread utility in detector modeling out-
side of AIMS simulation, has been incorporated into Geant4 [87], one of the leading
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Monte Carlo particle transport codes for high energy, nuclear, space, medical, and
detector physics. This is the first time that such comprehensive organic scintillator-
based detector modeling can be performed within a single Monte Carlo (MC) code,
leading to significant improvements in the simulation of detector response in complex
environments and the optimization of advanced design for scintillation detectors.

5.2.1 The need for a new approach

The most widely used configuration for organic scintillation detectors is a right cylin-
der scintillator coupled to a PMT of similar size to optirmize light collection. However,
new scintillator materials, such as PSD-capable plastic [88] and new light readout de-
vices, such as silicon photomultipliers (SiPM), can now be used to fabricate detectors
in a wide variety of complex geometries, materials, and light readout configurations.
For these "advanced" organic scintillation detectors, the capability to perform high
fidelity modeling of the detector response functions and pulse shape discrimination
(PSD) would greatly enhance computational detector design.

Existing codes are not well suited to such work. Although used successfully for
decades to model organic scintillation detectors, codes such as SCINFUL [89] and
NRESP7 [90] are limited to right cylinder geometries, provide limited particle sources,
do not model the light readout device, and restrict the simulation boundary to the
detector itself. Recently, codes such as MCNP-PoliMi [91] and MCNPX-PHOTRACK
[92] have extended somewhat the detector complexity and simulation domain that can
be modeled but require significant post processing, code coupling, and have not been
shown to model the time resolved photon transit time critical for simulating PSD.

One of the principal motivations for this work was to develop a single MC code that
could comprehensively model the optical physics of advanced organic scintillation de-
tectors. This can play an important role in guiding detector design and optimization,
such as using SiAPDs or SiPMs with EJ301 for a robust, magnetic field-insensitive
neutron detector for AIMS. A second motivation was the desire to include this capa-
bility within the framework of a general purpose MC code - Geant4 in particular - in
order to calculate detector response functions within a larger simulated experiment,
such as simulating the AGNOSTIC detector responses inside of the Alcator C-Mod
superstructure.

5.2.2 Scintillation model

Geant4 is an object-oriented C++ Monte Carlo toolkit for simulating the passage of
particles through matter [87]. Most aspects of simulating EJ301-based scintillation
detectors with Geant4 have been extensively studied [71, 93, 94, 95, 96].

All of these studies, however, neglect the production, transportation, and detection
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of scintillation photons, choosing to score the energy deposition in the scintillator
volume and then to apply scintillation response and detector resolution functions to
replicate the full experimental detector response. While successful in many applica-
tions, this approach is not ideal as it obscures the influence of optical properties on
the detector response, requires substantial knowledge of the scintillator light response
and detector energy resolution, necessitates post-processing work by the user to gen-
erate detector response functions, and is not applicable to computationally exploring
complex detector geometries or nonstandard light readouts.

In Geant4, as in all other MC codes, a continuous particle trajectory is necessarily
broken into many small steps in order to correctly simulate the passage of the particle
through matter, which has important implications for simulating the scintillation
light response. In scintillators with a linear response, light production is directly
proportional to the ionizing energy deposited in the scintillator. Thus, the total light
produced along a particle track in the scintillator can be computed as the sum of the
light produced in smaller steps without regard for the kinetic energy of the ionizing
particle at each energy-depositing step.

In scintillators with a nonlinear response, the light produced in each step must be
computed as

Lstep = L(T, x) - L(T - Edce), x) (5.14)

where L is the number of scintillation photons, T is the kinetic energy of the charged
particle before the step, Eep is the total ionizing energy deposited in the scintillator
during the step, and x is the charged particle type depositing energy. In addition to
correctly modeling the total light produced by a multiple step ionizing particle track
in a scintillator, this methodology accounts for two important cases. First, light is
produced correctly for incomplete energy deposition of the charged particle, such as is
the case where the particle exits the scintillator volume ("wall effects") or in the case
that the particle is absorbed in a nuclear reaction. Second, the scintillation photon
density is larger in the high kinetic energy portion of the ionizing particle track in
the usual case where the nonlinear photon yield increases with particle energy.

A complete description of the code implementation of the scintillation model, along
with the full machinery of optical photon production, transport, and detection in
Geant4, is well outside the scope of this thesis2 . In short, the light yield of a scintillator
- linear or nonlinear - can be fully defined by the user as a function of deposited
energy independently for electrons, protons, deuterons, triton, alphas, and heavy
ions. When combined with the other user-specified scintillator properties, such as the
photon emission spectrum, pulse rise time, pulse exponential decay time(s), fast-to-
slow charge ratio, absorption length, and refractive index, any arbitrary scintillator
may be modeled in Geant4.

2 The complete optical physics capabilities of Geant4 and instructions to implement them in user
simulations may be found in the Geant4 User's Guide for Application Developers, Section 5.2.5 [97]
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5.2.3 Validating the model

In order to confirm the capability of Geant4 to correctly simulate the detector re-
sponses of organic scintillators, a series of computational and experimental validation
tests were performed. The tests attempted to validate the response functions gener-
ated by Geant4 against a leading organic scintillation detector simulation code and
experiments conducted in the laboratory. The tests covered a wide energy range for
both gammas (0.511 to 1.274 MeV) and neutrons (0 to 20 MeV). All Geant4 detector
response functions were produced with version 10.0-beta, using the EJ301 light re-
sponses of Verbinski [67] to model the scintillation light output as functions of energy
deposited and particle type.

The Geant4 physics list was constructed using the standard prepackaged and validated
class collections of relevant physics: G4EmStandardPhysics for electromagnetic in-
teractions; HadronPhysicsQGSP_BICHP and HadronElasticPhysicsHP for hadronic
interactions; G4DecayPhysics for particle decay; and G4pticalPhysics to include
the production and transportation of scintillation photons. The neutron high preci-
sion (HP) data transport model used the standard G4NDL4.3 neutron data library
that is distributed with Geant4.

Two detectors were used for experimental validation: the first is the EJ301-PMT
detector described in Chapter 4 that was used in AGNOSTIC on Alcator C-Mod;
the second detector is a 25.0x25.0x8.2 cim cell of EJ301 coupled to a single 3 inch
diameter PMT that was custom manufactured by Scionix. A 2 cm thick aluminum
vessel contains the EJ301 scintillator and provides structural support.

Ensuring equivalent detector response functions

When comparing two organic scintillation detector response functions, the response
functions must have identical units and be appropriately scaled to one another by
requiring that integrals under the two response functions for identical ranges are
equal.

In Geant4, response functions are generated by histogramming the number of de-
tected photons per event for all simulated events, giving the X-axis units in detected
photons by default. The detector response produced by many other simulation codes
is typically given as light versus counts, where light is in the ubiquitous units of
"MeV-electron-equivalent", or MeVee. In this paper, the unit MeVee is defined as
the scintillation light produced by 1 MeV deposited in the scintillator by electrons.
In order to compare other codes to Geant4, the light value can be multiplied by the
scintillator photon yield - 12 000 photons per MeV deposited by electrons for EJ301
- to convert X-axis units of the response function histogram from MeVee to total
detected photons.

Comparing Geant4 to experimental response functions is more complicated due to

80



20 E = 2.5 MeV
15

10

51

5 1 mx10 3
Detected photons

20
20 E, = 12 MV

15

10L

5

20 40 60 80 x10

Detected photons

20
En = 4 MeV

10-

0
05

5 10 15 2 x1

Detected photons

-0

-- NRESP7
2 -- Geant4

15 Scaling region

10 En = 16 MeV

5

20 40 60 80 100 120
Detected photons

20
E =8 MeV

15

10

5-

10 20 30 40 5 x10
Detected photons

20
20 E, 19.9 MeV

10
0

05

50 100 15px1
Detected photons

Figure 5-2: Comparisons between NRESP7 and Geant4 simulated detector responses
of a 5.080 x 5.08 cm right cylinder of EJ301 to monoenergetic neutrons.

detector calibration. Typically, two or more monoenergetic gamma energies are used
to experimentally place the X-axis calibration on an absolute linear scale [67], which
determines the conversion from pulse height (units defined by the data acquisition
system) to light produced (units of MeVee). Because the approach taken by Geant4
simulates physical reality to such a high degree, a simulated calibration - identical
to the experimental one - must be performed to convert the X-axis of the simulated
response function histogram from detected photons to MeVee. Once the calibra-
tion is established - experimental and simulated - Geant4 and experimental response
functions for any equivalent particle flux may be correctly compared.

Computational validation against NRESP7

NRESP7 is one of the most widely used and validated codes for the simulation of
EJ301-PMT detectors for incident fast neutrons up to 20 MeV [90]. It has been
successfully used at Physikalisch-Technische Bundesanstalt in Germany for almost 30
years for the simulation of EJ301-based detector response functions [66].

A simulated 5.08#x5.08 cm right cylinder of EJ301 was constructed in Geant4 and
NRESP7. The detector geometry and optical properties were made as identical as
possible between the two codes. The detectors were then irradiated in the simula-
tions with monoenergetic neutrons along the axial dimension of the scintillator up to
19.9 MeV, the high energy cutoff for NRESP7 and Geant4's NeutronHP data-driven
transport model.

Six results comparing detector response functions from NRESP7 and Geant4 at dif-
ferent incident neutron energies are shown in Figure 5-2; the shaded area depicts the
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integration range used to scale the Geant4 response functions to those of NRESP7.
Overall, the comparison shows close agreement between the two codes over the en-
tire detector response functions and across the energy range of incident neutrons.
Several features in particular demonstrate excellent agreement: the position of the
high-energy edge, defined by the maximum energy transfer in the elastic scattering
1H(n,n)1 H reaction; the peaked hump just below the high-energy edge caused by
multiple scattering in a single event within the scintillator volume; and the rise at
low energies for incident neutrons below 12 MeV, defined by the increase in light
contribution from nuclear reaction exit channel alphas and ions.

There are two slight differences, one expected and one unexpected. The expected
difference occurs in the disagreement of the low energy region of the detector response
function for incident neutron energies above approximately 12 MeV. The cause is the
inability of the NeutronHP model in Geant4 to correctly handle breakup reactions
that become important at high neutron energies. Reactions such as

12C(n, n')l2 C* -> 3c (5.15)

lead to light contributions in the low energy region of the detector response func-
tion due to energy deposition by deuterons, alphas, and heavier ions, which produce
significantly less light than electrons or protons for the same energy deposited (See
Figure 4-6). NRESP7 correctly includes these reactions, which lead to the higher
light response. This discrepancy has been reported in the literature [71].

While the breakup reactions exists in the G4NDL4.3 neutron data library, the G4NeutronHP
transport model presently handles the reaction as one-step inelastic reactions and does
not model the breakup of the excited nuclei. For the example reaction presented in
Equation 5.15, the 1 2 C* does not decay into three alpha particles, leading to an un-
derpredication of light in the low energy region of the detector response function. An
update to G4NeutronHP, which would enable the correct handling of breakup reac-
tions, is presently under development by the Geant4 collaboration and is expected in
a future release.

The second, unexpected discrepancy in the comparison to NRESP7 occurs in the
slight underprediction by Geant4 for the lower energy portion of the scattering con-
tinuum for incident neutrons below 5 MeV. This effect might be explained by either
slight disagreements in the 1H(n,n)1 H differential cross section or in differences of
light transport between Geant4 and NRESP7.

While the latter issue warrants further study, the overall results show excellent agree-
ment between the two codes. More importantly, the NRESP7 results shown in Fig-
ure 5-2 have been shown to replicate experimental measurements with high accuracy
[66], giving further validity to Geant4's ability to correctly simulate the detector
response functions to neutrons for EJ301.
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Figure 5-3: A comparison between the experimental and Geant4 simulated detector
responses for the large cuboid (25 x 25 x 8.2 cm scintillator cell) EJ301-PMT detector
when exposed to neutrons and gammas from a 241AmBe source.

Experimental validation against 24 AmBe neutrons

For this experiment, the large EJ301-PMT detector (25 x 25 x 8.2 cm scintillator
cell) was exposed to an 24 1AmBe source with the goal of replicating the experimen-
tal neutron detector response with Geant4. The source was placed approximately
15 cm above the center of the square face of the detector. Two sets of data were
taken, one with the source in place and one with the source removed. The latter
spectrum was subtracted from the former to remove the particle background from
cosmic rays and terrestrial decay events. Data was collected long enough to obtain
a smooth experimental detector response function with excellent statistics. For the
Geant4 simulation, the complex 24 AmBe neutron emission spectrum was taken from
the recommended ISO standard [75], and gammas, produced by inelastic neutron col-
lisions with the detector, were filtered out of the final detector response function in
the simulation.

Because the detector was used in a mixed neutron and gamma field, digital PSD,
described in Chapter 3, was performed to eliminate the gamma events from the final
neutron spectrum. The PSD figure-of-merit for this detector , given in Eq. 4.4, was
evaluated at 1.03 at 0.5 MeVee, which is taken to tbe the lowest energy at which PSD
can be considered adequate for removing gammas from the spectrum.

Close agreement between the experimental and simulated response functions, shown
together in Figure 5-3 are achieved over almost the entire response within the statisti-
cal uncertainties; a few spurious high energy events appear in the simulated spectrum.
The slight deviation at lower energies in the experimental spectrum is attributed to
deteriorating PSD enabling leakage of gamma events into the neutron spectrum; the
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Figure 5-4: A comparison between the experimental and Geant4 simulated responses
for the EJ301-PMT detector when exposed to different monoenergetic gammas from
standard check source.

experimental spectrum is cutoff at the PSD-deternined lower threshold of 0.5 MeVee.
Overall, the results indicate that Geant4 is capable of correctly simulating organic
scintillation detector response functions for incident neutrons in the 0-10 MeV range,
despite an unusually large, suboptimal detector and a complicated incident neutron
spectrum.

Experimental validation against monoenergetic gammas

For this experiment, the small EJ301-PMT detector used for AGNOSTIC was exposed
to three monoenergetic gammas from standard check radioisotope source: 0.662 MeV
gammas from "7Cs in the first run; and 0.511 and 1.274 MeV gammas simultaneously
from 22Na in the second run. The sources were placed approximately 5 cm from the
flat face of the cylindrical scintillator housing and were aligned with the cylinder's axis
of symmetry. Data was collected long enough to ensure a smooth experimental re-
sponse function with excellent statistics. Because essentially zero neutrons interacted
with detector during the few seconds of source irradiation, PSD was not required.
Background subtraction was not required due to the extremely high detector count
rates from the radioactive sources.

The experimental gamma response functions are compared to the simulated Geant4
response functions in Figure 5-4. For 0.662 MeV gammas, the simulated response
closely matches the experimental response, with agreement over most of the response
better than approximately 5%. The simulated response correctly replicates the po-
sition of the Compton edge at 0.48 MeVee, the shape of the broad Compton contin-
uum, and the intrinsic detector resolution. The simulation slightly underpredicts the
response at the lowest light levels, which is attributed to a small number of downscat-
tered gammas from the PMT and ambient geometry in the experiment; the PMT and
room were not modeled in the simulation, accounting for the difference in scattering.
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For the simultaneous exposure to 0.511 and 1.274 MeV gammas, the simulated and
experimental response function again agree within a few percent, with the exception
of a slightly sharper simulated detector energy resolution at the 0.341 MeVee peak.
Again, the same simulated underpredication at the lowest light levels is attributed to
a small number of downscattered gammas. Overall, the results indicate that Geant4
can simulate EJ301 detector responses to gamnlas in the 0.511-1.274 MeV gamma
energy range to better than 5% agreement over most of the response function.

Scintillation pulse and photon transport

To validate the capability of Geant4 to study the timing properties of organic scintil-
lators, Geant4 was used to simulate individual pulses of scintillation light from EJ301
in response to incident particles; the simulated pulses were then compared to exper-
imental pulses. The particle-dependent fraction of light in the long time component
decay tails was achieved by attaching unique scintillation processes to each particle
type.

Two pulse comparisons, one for protons and one for electrons, are shown in Figure 5-5.
In order to ensure an equivalent comparison, the simulated and experimental peak
position was used to align the pulses on the time axis, and the peak amplitude was
used to align the pulses on the intensity axis. While Geant4 does not exactly capture
the pulse rise time, the crucial components of the pulse for distinguishing particles -
the decay tail - is replicated to a very high degree.

Two conclusions can be drawn. First, Geant4 models the first two light decay corn-
ponents very well for both electrons and protons, correctly replicating the arrival and
detection time of the photons at the PMT. This indicates that the optical transport
and detection of individual scintillation photons within the detector is being handled
correctly. Second, Geant4 is capable of simulating the energy distributed between the
first and second light decay components for different particles, as evident by the larger
second-component decay tail for the proton pulses. Geant4 is not presently able to
model more than two decay components, but these are not critical for modeling PSD
in EJ301.

Because the simulated pulses reflect the features that form the basis of distinguishing
particle types using the decay tail shape, Geant4 is capable of simulating PSD. For
example, Geant4 was used to simulate PSD for the AGNOSTIC EJ301-PMT detector
in response to neutrons and gaminas from the 2'lAmBe source. The results appear
in Figure 5-6 and reflect the excellent PSD capability enabled by the efficient light
collection of the small, optimized detector. More importantly, because scintillation
photons are generated, transported, and detected using the full MC features described
in this paper, synthetic PSD can be performed for a detector of arbitrary geometrical
complexity and light readout configuration. This enables the detector physicist to
evaluate coniputationally, for example, the effect on PSD capability of scintillator
size and geometry, long light guides or fibers, the substitution of large PMTs with
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small SiPMs, or various reflective coatings.

5.2.4 Conclusions for nonlinear scintillator response simula-
tion

The new methods for simulating the response of scintillators presented here provide,
for the first time, the ability to simulate a an organic scintillation detector of arbitrary
complexity and configuration within a single Monte Carlo code. For AIMS and the
detector physics community at large, this is important for two reasons. First, with its
extensive physics, geometry, and particle transport modeling, Geant4 facilitates com-
prehensive detector simulation within an experimental environment, a crucial need
in many types of experiments. Second, new types of scintillation detectors, which
deviate from the standard PMT-coupled right cylinder of liquid organic scintillator,
can be modeled, from scintillator type to optical transport to light readout devices.
Although we used PMT-coupled EJ301 detectors for our validation work, the extensi-
bility of the method provides a framework for the evaluation of any type of scintillator
and optical readout device so long as the scintillation response and optical property
data are correctly input into Geant4.

While previous codes will continue to serve the detector physics community well for
certain applications, Geant4 now provides a more flexible and extensible environment
for the simulation of organic scintillation detectors. This capability should signifi-
cantly aid users who require a more powerful capability to simulate detectors within
larger experiments or to computationally evaluate advanced detector designs. For
AIMS, Geant4 is now being used to guide the development of new types of EJ301-
based detector and to simulate the detector response of EJ301-based detectors within
the complex environment of Alcator C-Mod, as described in the next section.

5.3 ACRONYM: an AIMS synthetic diagnostic

The ability to simulate the in-situ measurement of PFC surfaces plays a multifaceted
role in AIMS. During the adaptation of ex-situ IBA to the tokamak environment,
simulation was used to evaluate the effects of detector type, detector location, and
measurement location on the feasibility of performing AIMS measurements; similarly,
during the design of a specific AIMS diagnostic, such as AGNOSTIC on Alcator C-
Mod, simulation can be used to optimize the the experimental configuration within the
geometrical constraints of the tokamnak, evaluating the impact of different locations
on the measurement quality.

Perhaps most importantly, simulation can be used to interpret the experimental data
that is acquired once the diagnostic is operational, providing physical insight into com-

plicated data sets and extracting absolute measurement quantities, such as isotopic
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concentration or layer thicknesses. For AGNOSTIC on Alcator C-Mod, ACRONYM
3 is the comprehensive synthetic diagnostic for simulating AIMS measurements.

5.3.1 Overview of ACRONYM

ACRONYM is a Monte Carlo particle-in-matter simulation that is written with the
Geant4 toolkit [87]. Mentioned above, Geant4 is an object-oriented C++ toolkit
for simulating the passage of particles in matter; it provides an extensive range of
theory- and data-driven physics models, particle transport in electromagnetic fields,
complex geometries, variance reduction, arid powerful data extraction methods [87].
ACRONYM contains the geometry, physics, detector models, and Monte Carlo tools
to fully simulate AIMS measurements. When large computation power is required,
ACRONYM can be compiled with parallel flags to utilize the Message Passing Inter-
face (MPI) 2 standard code that handles distribution, processing, and aggregation of
events. ACRONYM has been successfully compiled with Open MPI and MVAPICH2
and run on up to 256 processors with excellent performance scaling.

While many other mature Monte Carlo codes exist, such as MCNP [98] or FLUKA
[99], Geant4 has three unique advantages over other codes. First, it alone contains
extensive optical physics modeling, which is now augmented by the new scintillation
model presented in Section 5.2. These features enable high-fidelity modeling of the
AIMS scintillation detectors within the experimental geometry of Alcator C-Mod.
Second, Geant4 is easily the most flexible and extensible major Monte Carlo code
available. Its C++ object-oriented toolkit architecture provides essentially unlimited
freedom to the programmer, to modify the source code, incorporate his or her own
physics models, and link directly into data output formats and analysis programs. Its
flexibility enables complicated, multistep experiments such as AIMS measurement to
be entirely modeled within a single simulation framework, which is not possible with
the fixed inputs and limited extensibility of MCNP or FLUKA. Finally, Geait4 is
extremely user-oriented, with a large user base, very active community forum, and
responsive developer group that fosters an environment for excellence in simulation.

Geometry, material, and fields

The tokamak superstructure geometry in ACRONYM was taken directly from the offi-
cial engineering computer-aided design (CAD) models of Alcator C-Mod. At present,
the direct importation of CAD models into Monte-Carlo particle transport codes can
be prohibitively expensive for extremely complex geometries. Instead, the geometry
was painstakingly translated by hand from the CAD models in the standard Geant4
geometry volumes. While great demands were placed on the author, the use of native
Geant4 geometry volumes to model the most critical elements of the tokamak super-

3Alcator C-Mod RFQ Optical and Nuclear Yield Model
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(a) ACRONYM (b) Engineering CAD model

Figure 5-7: A comparison between the ACRONYM model (left) and the official engi-
neering CAD solid model (right) of the Alcator C-Mod tokamak and superstructure,
showing that the Monte Carlo particle transport in ACRONYM occurs in a high-
fidelity representation of the real geometry.

structure resulted in an extremely efficient code for particle transport. Future versions
of AIMS synthetic diagnostics will hopefully be able to utilize the recent advances
in high efficiency importation of CAD geometry for Geant4 now under development
[100, 101].

A comparison of the geometry in ACRONYM with the original CAD model of Alcator
C-Mod is shown in Figure 5-7, which shows the high level of detail at which the
simulated geometry matches the physical geometry. All of the components that could
significantly effect the particle transport are modeled in detail, particularly near the
core of the device where the majority of AIMS-relevant particle transport occurs.

Each object in the ACRONYM geometry is composed of a material that matches
its physical world counterpart. A custom materials library containing over 45 com-
plex materials was written to provide a sufficient level of detail. Accurate to the
isotopic level, each material provides Geant4 with the necessary physical parameters
for particle transport.

The toroidal and vertical magnetic fields are also modeled in ACRONYM to pro-
vide accurate trajectories of the deuteron beam centroid. The deuterons are stepped
through the magnetic fields with a fourth order accurate Runga-Kutta algorithm.

89



Variance reduction

Variance reduction comprises a large set of techniques in Monte Carlo particle trans-

port that are used to either reduce the computation time at a fixed level of statistical
error inl the computed quantity or to decrease the level of statistical error at a fixed
computation time. ACRONYM primarily utilizes geometry biasing, in which parti-
cle transport is modified based on the importance of the geometry volumes to the
final computed quantity. In short, a single particle that enters a volume of higher
importance is multiplied into many particles, each with a reduced weight; both the
number of new particles created and the assigned weight is proportional to the ra-
tio of importance values of the exiting and entering volumes. Conversely, a single
particle entering a region of lower importance has a probability of being killed, with
the probably determined, again, by the ratio importance values. The scored quantity
of interest for each particle - detector counts, for instance - must be normalized to
the weight of the scored particle to ensure fidelity with the analog, or non-variance

reduced, Monte Carlo calculation.

Making use of the toroidal symmetry, the biasing of the geometry in ACRONYM

is set at the arc level, where one "are" corresponds to a 36 degree toroidal wedge of
Alcator C-Mod with the wedge centered in toroidal angle about each radial diagnostic
port. A geometry manager class handles the automatic biasing of all volumes based
on a few simple input by the user. For most use cases, the importance of volumes in
the arc containing particle detector(s) are high; importance decreases monotonically
for each subsequent arc in both toroidal directions.

ACRONYM also makes use of source biasing, in which source particles are imme-
diately killed before tracking begins based on user-defined criteria. For examples,
particle emitted in a direction that have almost zero chance of reaching a detector
should be killed before they waste CPU cycles in tracking. The user must be ex-
tremely careful to ensure that the final scored quantities are correctly normalized
based on the particle source biasing parameters chosen for the problem.

Detectors

There are three main detectors modeled in ACRONYM . The first two are the LaBr3 -
SiAPD and EJ301-PMT detectors that were used in AGNOSTIC and are described
in detail in Chapter 4. The third is a "'U fission-based thermal neutron detector
that is used in the Alcator C-Mod experimental hall.

For the LaBr 3-SiAPD and EJ301-PMT detectors, the modeling includes not only
the correct geometry and materials but also a full specification of the scintillator

characteristics, detector optical properties, and light readout properties. The result

is the precise simulation of the production, transport, and detection of scintillation
photons that replicates the physical detector's performance and data output to a high
degree, as will be discussed in Section 5.3.2. An image of both detectors in action
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Figure 5-8: The EJ301-PMT (left) and LaBr3-SiAPD (right) detectors responding to
0.662 MeV gammas (green) from a 137Cs check source (center) in ACRONYM. The
gammas interact with the scintillator (yellow dots) to produce scintillation photons
(magenta) that are transported to the PMT photocathode or SiAPD, where they are
detected (cyan dots).

during an ACRONYM simulation is shown in Figure 5-8.

The fission thermal neutron detector contains 93% enriched 23 5U, which utilizes the
extremely high fission cross section at thermal energies to detect neutrons. The
detector, along with several other types of neutron detectors, is contained within
a large ~cm thick steel canister and surrounded by a 9.7 cm and 7.1 cm shielding
layers composed of lead and polyethylene, respectively, to moderate the 2.45 MeV
prompt deuterium-deuterium fusion neutrons down to detectable thermal energies.
The detector chosen for modeling in ACRONYM is Detector #5 in [102], where its
configuration is described in detail. Properties of the detector that were not made
available to the author were estimated as closely as possible from [53].

Deuteron-induced nuclear reactions

A core requirement of ACRONYM is that it must be able to simulate the produc-
tion of neutrons and gammas from the incident low-energy <2 MeV) deuteron beam
used in AIMS on the PFC surfaces, such as the nuclear reactions described in Chap-
ter 3. Unfortunately, while data-driven, channel-based neutron reactions have long
been incorporated into general purpose Monte Carlo particle transport codes such as
Geant4 and MCNP, charged particle induced reactions are either completely absent
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or based on parameterized models4 . For light ions on low-Z isotopes, especially at the
low energies < 2 MeV, as required in ACRONYM, there are at present no internal
models that simulate the nuclear reactions of interest in any general purpose Monte
Carlo code of which the author is presently aware.

Furthermore, from the point of view of simulating AIMS measurements, it is actually
undesirable to simulate the interaction of every incident deuteron with the PFC sur-
face. This is because a significant fraction of CPU time would be wasted in tracking
the deuteron beam through the magnetic steering fields and producing the enormous
number of incident deuterons (, 1016) needed to gain sufficient statistics from the
relatively small neutron and gamma production cross sections. Clearly, an alternate
approach for nuclear reaction modeling that accounts for low energy light ion reactions
on low-Z materials with high efficiency is required for AIMS.

Recent work in the IBA community has begun the implementation and testing of such
a model, using the incident beam parameters, material properties, and nuclear cross
section data to efficiently calculate the yield of exit channel particles [103, 104, 105].
For a uniformly dense material containing an isotope i of element e, the total yield,
of particle produced, Y, can be computed as

Edo

Y = NdA frfiNa J S dE (5.16)

0

where Nd is the number of incident deuterons, A is the atomic mass of e, fm is the
mass fraction of e in the material, fA is the isotopic fraction, NA is Avogadro's number,
and Edo is the incident deuteron energy. o(Ed) is the reaction cross section for isotope
i and is obtained from either standard nuclear databases or dedicated experiments.
S(Ed) is the deuteron stopping power in the material and is calculated by codes such
as SRIM [54] or Geant4 [87]. In practice, this expression is evaluated numerically
by stepping the incident deuteron through the material and aggregating the particle
yields for each reaction at each step. Materials that vary in composition or density
as a function of depth can be handled similarly although the numerical integration
is slightly more complex. The initial validation of these codes has shown excellent
agreement with experimental measurements of particle yield [104].

The nuclear reaction model in Eq. 5.16 has been incorporated into ACROYNM by
rewriting the internal Geant4 particle source module. After tracking a single deuteron
through the magnetic fields, the yield is computed using the RFQ current, PFC sur-
face composition, and nuclear cross section data to compute the yield of the particles
of interest. The computed number of particles are then launched as secondary par-
ticles in Geant4 for tracking to the detectors. An example for the calculation of

4"Channel-based" simulation of nuclear reactions considers the energetically available reaction
entrance channels and then uses continuous energy cross section data for each reaction to statistically
select a reaction exit channel; "Paraneterized" simulation uses mathematically models to correctly
capture reaction dynamics over many events.
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Figure 5-9: The neutron and gamma yield calculated by ACRONYM using Eq. 5.16
for 0.9 MeV deuterons incident upon a mixed deuterium-boron layer on a PFC surface:
(a) A cubic spline on SRIM data provides a continuous stopping power curve for
calculation; (b) The applicable deuterium and boron nuclear cross sections; (c) The
slowing down of the deuteron in the deuterium-boron layer; (d) The step-wise particle
yields for each accessible reaction.

the neutron and gamma yield from 0.9 MeV deuterons incident on a 15 pm thick
deuterium-boron surface film is shown in Figure 5-9, assuming RFQ deuteron beam
parameters of 2% duty cycle, 5 mA peak current, and 5 s of irradiation time.

5.3.2 Validation

Because ACRONYM played a central role in the design of AGNOSTIC and will play
a central role in interpreting experimental data, a series of validation test were carried
out to build confidence in the models of Alcator C-Mod and the neutron and gamma
detectors. Two of the validation results are presented in the following sections.

Validation of geometry and transport

To validate the volume geometry, material composition, and particle transport in
ACRONYM, a series of simulations was carried out in an attempt to replicate an ex-
perimental calibration of the Alcator C-Mod neutron diagnostic system (NDS). Due
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Figure 5-10: The (a) experimental setup for the neutron detector calibration experi-
ments is shown on a top-down view of the Alcator C-Mod geometry. The validation
results for each 252 Cf neutron source position are shown in (b), where the detector
efficiency results are given in counts per 252Cf source neutron. The lack of error bars
on both efficiencies is explained in the text.

to the rigorous operation schedule and extremely high-activity radioactive sources re-
quired for sufficient detector statistics, the NDS calibration experiments provide one
of the few closely controlled experiments against which these features of ACRONYM
may be validated. Neutron transport, which requires data-driven channel-based mod-
els to achieve high precision results, is far more complex than charged particle or
gamma transport, which are well described by parameterized models, making the
NDS calibrations particularly useful as validation comparisons.

Composed of several types of thermal neutron detectors that are distributed in four
neutron moderator stations within the experimental hall, the NDS is designed to
measure the global fusion neutron production rate during plasma shots. Each detector
must be calibrated before the start of each plasma campaign to account for all physical
changes to the tokamak superstructure and surrounding equipment that may effect
neutron transport. For the NDS calibration that was simulated for ACRONYM
validation, a 66.5 pug 252Cf neutron source was placed at various locations within
the Alcator C-Mod vacuum vessel. The source remained in position until sufficient
counting statistics were achieved on each detector. The count rate at each position
can then be computed in units of detector counts per 252Cf source neutron [102].

For implementation in ACRONYM, the coordinate locations of the chosen 235 U fis-
sion thermal neutron detector, described in Section 5.3, and three 252Cf source po-
sitions were extracted from [106]. The validation simulation setup is presented in
Figure 5-10a, which shows a top down view of Alcator C-Mod. Because higher res-
olution position data could not be obtained, there is some error associated with the
location of the detector and sources. Neutron events were generated until the statisti-
cal error in the Monte Carlo calculations of efficiency were negligible compared to the
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small nonstatistical error in the detector and source positions. Hence, the results of
the validation, which are presented in Table 5-10b, are shown without the statistical
error bars, which, in any case, are not given for the original calibration results in the
literature. The key takeaway is, despite the high complexity of the problem, that
the simulated results are in reasonable absolute agreement with the experimental re-
sults and very closely replicate the decreased count rate trend as the source is moved
further from the detector.

Given the complexity of the problem, which spans the entire Alcator C-Mod super-
structure, and the high statistics involved, the simulated detector efficiencies show
very good agreement with the experimental efficiencies. The results confirm that the
geometry and materials of Alcator C-Mod are well described in ACRONYM and that
Geant4 is accurately modeling the transport of the <8 MeV neutrons, which are pro-
duced by ...Cf. Furthermore, the principle modeling domain of interest for AIMS is
within the core of the device, where geometry will have significantly less effect on the
simulation of the LaBr 3-SiAPD and EJ301-PMT detectors.

Detectors

To validate the models of the LaBr 3 -SiAPD and EJ301-PMT detectors in ACRONYM,
the physical detectors were exposed to a variety of neutron and gamma sources in the
laboratory and then simulated under identical conditions.

Figure 5-11 shows one result from the validation work, in which the experimental
response of both detectors to 0.662 MeV gammas from a 131Cs check source was
compared to simulation results from ACRONYM. For the LaBr3 -SiAPD detector,
the shapes of all features of the gamma spectra are almost exactly replicated, in-
cluding the Compton backscatter peak, Compton continuum, and photoabsorption
peak. The matched spectra shapes indicate that the underlying gamma physics is
handled correctly and that the scintillation photon production, transport, and detec-
tion is correctly modeling the detector resolution to a high degree. The positions of
the Compton edge and the photoabsorption peak also occur in the correct place in
energy, indicating that the experimental calibration procedure is correct.

Similarly, the simulated response of the EJ301-PMT detector matches the experi-
mental response to better than a few percent over almost the entire spectrum; the
slight deviation from the experimental spectra at the lowest energy is attributed to
downscattered gammas from ambient physical geometry that were not modeled in
the simulations. The close match between the smeared "edge" centered 0.478 MeVee
indicates that ACRONYM is correctly simulated the detector resolution using the
new model for scintillation described in Section 5.2
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Figure 5-11: Comparisons between the experimental (Expt) and ACRONYM (Acro)
simulated responses to 0.662 MeV gammas for the LaBr 3 -SiAPD detector (top) and
EJ301-PMT detector (bottom) that were used in AGNOSTIC.
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Figure 5-12: An ACRONYM measurement of a pure boron film on a molybdenum
PFC surface in Alcator C-Mod. (a) A fitted photoabsorption peak at 0.953 MeV in
the LaBr 3-SiAPD spectrum can be used to quantify the boron on the PFC surface.
(b) The simulated correlation between 0.953 MeV peak area and the boron layer
thickness links experimentally determined peak area with boron layer thickness.

5.3.3 Simulation of AIMS measurements

As an example of ACRONYM's capabilities, Figure 5-12a shows the simulated LaBr 3-
SiAPD gamma detector response for the simulated AIMS measurement of a molyb-
denum PFC in the Alcator C-Mod lower divertor. AIMS is insensitive to the bulk
molybdenum because the ~MeV deuteron beam is not sufficiently energetic to pro-
duce nuclear reactions in high-Z metals. A 1 ym thick layer of pure boron was
specified on the PFC surface. The large scattering background that dominates the
response comes from deuteron-induced gammas that downscattered from the ambi-
ent geometry into the detector; however, despite the large background, the resolvable
photoabsorption peak at 0.953 MeV from the 'B(d,py) 2 B reaction confirms that the
LaBr3 -SiAPD detector can identify the presence of boron on the surface. A integral
of a fitted gaussian to the photoabsorption peak, combined with the deuteron beam
current, can be used to quantify the boron thickness under different assumptions
about the surface composition.

Figure 5-12b shows the correlation between the simulated change in photopeak area
and the change in thickness of an assumed pure boron layer on the PFC surface.
For measurement of the erosion and redeposition of boron on the PFC surface of
Alcator C-Mod, for example, this simulated calibration curve can be used to interpret
the experimentally acquired data, in which the known 0.953 MeV photoabsorption
peak area can be used to extract the absolute thickness of the boron layer from the
correlation curves.
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Chapter 6

Experimental validation activities

Au AIMS diagnostic such as AGNOSTIC is a complex system, involving aii RFQ
accelerator, beam transport system, multiple types of scintillation, detectors, a data
acquisition system, and other complementary hardware (RFQ high voltage and RF
racks, permanent magnetic quadrupoles for beam focusing, detector preamplifiers
and amplifiers for signal preprocessing). Before installing such a system on an even
more complex system like Alcator C-Mod, it was critical to validate the individual
performance of each component and the system performance of all components in a
controlled laboratory setting. Once installed on Alcator C-Mod, it was important to
attempt to replicate the validation results achieved in the more ideal ex-sita labora-
tory setup.

The purpose of this chapter is to present experimental work carried out ex-situ in
an accelerator facility and in-situ on the Alcator C-Mod tokamak to validate the
ability of AGNOSTIC to perform AIMS measurements of PFC surface composition.
The work focused on ensuring the ability of all the subcomponents of AGNOSTIC to
work correctly together and on acquiring neutron and detector spectra that contained
resolvable features for the identification and quantification of isotopes on the PFC
surfaces.

6.1 Ex-situ validation

Before AGNOSTIC was installed on Alcator C-Mod, a series of mock AIMS nea-
surements were performed in an ex-situ accelerator facility. The primary purpose
of the experiments was to verify the performance of each critical subcomponents of
AGNOSTIC - the RFQ accelerator, detectors, data acquisition (DAQ) system, and
data analysis, which are described in Chapter 4 - and validate the ability of the entire
diagnostic system to function together as designed. While it would have been opti-
mal to perform more detailed analysis of PFC surfaces under controlled laboratory
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Figure 6-1: Photograph of the experimental setup in the NW13 shielded vault for
validating the AGNOSTIC systems before installation on Alcator C-Mod.

conditions, the rigid schedule for installation of AGNOSTIC on Alcator C-Mod did
not provide sufficient flexibility to do so.

After moving all AGNOSTIC components into the RFQ cell, an optical imaging
experiment was carried out to ensure that the RFQ deuteron beam was focused and
centered in the beamline. The primary purpose of these tests was to ensure that an
optimized beam would be injected into the Alcator C-Mod vacuum vessel.

6.1.1 NW13 vault experiments

The experiments were performed in the MIT NW13 shielded vault , which measures
5.7 x 9.8 m in floor dimensions, 4.0 m in height, and has -1 m thick concrete walls
for radiation shielding. The experimental geometry is shown in Figure 6-1 The RFQ
accelerator was located in an adjacent room with the beamline penetrating the thick
concrete walls through a small circular opening. Near the end of the beamline, a small
chamber was installed to hold various test samples for irradiation, with the beamline
terminating in a Faraday cup to measure the amount of beam current that missed the
target. Several detectors were set up at various locations surrounding the target to
measure the deuteron-induced neutrons and gammas produced during target irradia-
tion: the LaBr3 -SiAPD detector from AGNOSTIC; a high purity germanium (HPGe)
detector for its excellent gamma energy resolution; and two NaI-PMT detectors for
additional gamma detection. The EJ301-PMT detector that was used in AGNOS-
TIC on Alcator C-Mod had not been assembled at this time and was unavailable for
neutron detection. The LaBr3 -SiAPD and HPGe detectors are shown in position in
Figure 6-1.

After successful tests of the individual subcomponents, a variety of targets were in-
serted into the beamline and irradiated with the RFQ deuteron beam to measure the
induced gamma spectra. Targets included a small graphite block, a copper mesh filled
with pure boron granules, and several PFC tiles that had been extracted from Alcator
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Figure 6-2: Selected results from the NW13 validation experiments. (a) The ap-
pearance of detector pulses only during RFQ accelerator pulses confirms detection of
deuteron-induced nuclear reactions and verifies the triggered operation of the DAQ.
(b) A gamma spectrum from the LaBr 3-SiAPD detector shows the detection of boron
on an Alcator C-Mod PFC tile. (c) A gamma spectrum from the HPGe detector
shows the detection of carbon and oxygen on a graphite tile.

C-Mod after a recent plasma campaign. The DAQ was triggered by a timing pulse
from the RFQ plasma source in order to save digitized waveforms only during the
RFQ deuteron beam pulse. Triggering during the RFQ pulse reduces the radioactive
background and amount of stored data by a factor of the RFQ duty cycle.

Figure 6-2 contains selected results from the validation experiments. One of the first
validation tests performed was to ensure that the gammas from deuteron-induced
nuclear reactions could be correctly acquired using the DAQ triggering method de-
scribed above. Figure 6-2a shows substantial detector counts rates only during the
time when the RFQ accelerator is pulsing its 50 ps deuteron beam into the target and
zero waveforms outside the pulse. This confirms that the DAQ triggering is correctly
acquiring prompt deuteron-induced gammas only from RFQ beam pulses.
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The next experiments were to acquire spectra for different targets to confirm the
measurement of the nuclear reaction ganima of interest. Figure 6-2b shows a gamma
spectrum acquired by the LaBr 3 -SiAPD detector for an Alcator C-Mod molybdenum
PFC tile that has a visible boron film on the surface. Three distinct peaks in the
spectra are immediately evident. The 0.511 MeV peak is the annihilation peak, corre-
sponding to the detection of gammas produced when high energy gammas (>2 MeV)
induce pair production in material close to the detector. The 0.871 MeV peak is a
result of the "O(d, p'y) 170 reaction, confirming the ability to detect and quantify
oxygen. The oxygen is present due to exposure of the boron films to atmospheric
conditions; the peak gradually disappears as the PFC tile outgasses over time un-
der high vacuum conditions. The 0.953 MeV peak corresponds to gammas from the
"B(d, py) 12 B reaction, which confirms the ability to detect and quantify boron on
PFC surfaces.

Similarly, Figure 6-2c shows a gamma spectrum acquired by the HPGe detector for
the graphite tile target. The 0.511 MeV annihilation peak is visible at the lowest en-
ergies. The peak at 0.847 MeV is caused by gammas from the 160(d, p'Y) 170 reaction,
confirming the ability to detector and quantify oxygen. An important consideration
is that the gammas from oxygen (0.847 MeV) may overlap the 0.847 MeV gammas
produced by the 5 Fe(n, n'y) 56 Fe reaction, where the incident neutrons come from
competing neutron-production reactions induced by the deuteron beam. In more iron-
dense scattering environments, such as the tokamak, the 0.847 MeV and 0.871 MeV
peaks may be unresolvable with the gamma detectors used in AGNOSTIC. This may
lead to complications in AIMS where the detection of oxygen must be performed in
high energy neutron fields.

Three peaks correspond to the 13C(d, py) 14C reaction, the high energy photoabsorp-
tion peak at 3.089 MeV and the first (2.578 MeV) and second (2.067 MeV) escape
peaks. While the statistics are too low to confirm unequivocal detection, a small
peak appears at 2.3 MeV that could correspond to the 2.313 MeV gamma from the
12 C(d, py) 13 C reaction. This would confirm the ability to differentiate carbon iso-
topes, which, as discussed in Chapter 3, would enable the study of plasma boundary
transport of impurities with isotopically tailored impurity gas puffing. Fimially, a
number of other small peaks in the spectrum, such as the peaks at 0.569 MeV and
0.596 MeV, correspond to fast neutron interactions with the HPGe crystal itself.

6.1.2 RFQ beam imaging

As the final step before attaching the RFQ to the Alcator C-Mod vacuum system,
the RFQ beam optimization was validated using a specially constructed optical imag-
ing beamline. The beanline was installed after the focusing permanent magnetic
quadrupoles and consisted of a short section of beam pipe terminating in a 2-3/4 inch
flange with a gold-plated quartz window, on which the impinging deuteron beam gen-
erates visible scintillation light. A 45 degree mirror in front of the window was used
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Figure 6-3: A CCD camera image of the optimized RFQ deuteron beam imping-
ing on a 2-3/4 inch gold-plated quartz window flange after the permanent magnet
quadrupoles. The visible beam spot is approximately 1-sigma of the 2D gaussian
beam distribution, showing that an optimally focused beam enters the Alcator C-
Mod vacuum vessel.

to reflect the light out of the confined diagnostic port space and into a CCD camera
for imaging.

An image of the 2-3/4 inch flange face, showing the optimized deuteron beam scin-
tillating on the window, is shown in Figure 6-3. Image analysis with background
subtraction showed the 1-sigma width of the gaussian beam to be approximately
4 mm. Because the injection aperture was approximately 12 mm, the results demon-
strate that more than 99% of the beam enters the Alcator C-Mod vacuum vessel and
confirm that an optimized arrangement of the RFQ and focusing permanent mag-
netic quadrupole system was achieved. The details of the RFQ accelerator alignment
procedure, beamline hardware, and optimization method can be found in [55].

6.2 In-situ validation

AGNOSTIC was successfully installed on Alcator C-Mod during late July of 2012, as
shown in the several photographs contained in Figure 6-4. Similar to the procedure
performed in the NW13 vault, the RFQ accelerator, detectors, DAQ, and supporting
hardware were each separately tested before integrated tests of AGNOSTIC were
performed. The principle purpose of the in-situ validation tests was to confirm the
ability of AGNOSTIC to acquire sufficiently resolved neutron and gamma spectra that
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(a) Craning in the RFQ

(b) View down the beamline (c) Installation at B-port

Figure 6-4: Photographs taken during the installation of AGNOSTIC on Alcator C-
Mod. (a) The RFQ is craned into the experimental hall. (b) Inner column PFC tiles
are visible through the RFQ beamline. (c) The RFQ installed at B-port horizontal
diagnostic port, where it fits tightly into a gap in the concrete radiation shielding
igloo and between 5 other major plasma diagnostics at B-port horizontal.
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would enable quantification of PFC surface compositions within hostile Alcator C-
Mod environment. A secondary purpose was to validate the magnetic beam steering
in order to demonstrate the capability of making measurements at different locations
on the PFC surface.

6.2.1 Triggering and prompt detection

To confirm that the beam was correctly entering the vacuum vessel and inducing
prompt gammas and neutrons that were measured by the detectors, the RFQ injected
50 pts pulses of deuterons into the vacuum vessel at 100 Hz. The injected current
of deuterons was measured with the transformer at the end of the RFQ beamline,
adjacent to the isolation gate valve on the Alcator C-Mod port flange. No steering
tokamak magnetic fields were used, causing the straight trajectory beam to impinge
upon a PFC surface on the inner wall, as shown in Figure 8-2c. A timing signal
was split from the RFQ plasma source to trigger a 60pIs digital window on the data
acquisition system; detector and REQ data are only stored during triggered windows
of fixed width, which is crucial for minimizing radiation background on the detectors
and minimizing the amount of stored digital data.

Detector and RFQ current signals during a single digital window are shown in Fig-
ure 6-5 Although the current rise time is somewhat slow, the RFQ consistently gen-
erates a steady-state ~40 ps pulse of deuterons, which can be integrated in post-
processing to determine the total number of deuterons injected into the vacuum ves-
sel. The LaBr3 -SiAPD and EJ301-PMT signals only show pulses during the RFQ
current pulse, indicating that the neutrons and gammas being detected are prompt
deuteron-induced nuclear reaction products. Because visual diagnosis showed the
beam to be centered on the injection axis and away from the isolation gate valve, the
neutrons and gammas must originate from the central column PFC tiles. Confirma-
tion of this was achieved by closing the gate valve and confirming that the detector
signals vanish as expected since the 0.9 MeV deuteron beam is not energetic enough
to induce nuclear reactions with steel. Finally, the digitized detector waveforms show
very little noise and essentially zero pulse pileup. The pulses can be operated on with
real-time or offline digital pulse processing in order to produce high resolution energy
spectra that facilitate the reconstruction of PFCs surface conditions.

6.2.2 LaBr3-SiAPD isotope identification

To validate the isotope detection capability of the LaBr 3 -SiAPD detector in Alcator C-
Mod, the deuteron beami was directed with zero magnetic steering field to a single PFC
location oni the inner wall and digital waveforms were acquired, which were processed
offline into a gamma spectrum; Figure 6-6 shows the calculated gamma spectrum.
The spectrum is primarily composed of a large background due to the unavoidable
Compton scattering of gammas off the dense structure of the tokamak before entering
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Figure 6-5: A 60 ps data acquisition window is triggered at t = 0 by a timing pulse
from the RFQ at 100 Hz. The 50 As RFQ deuteron pulse (bottom trace) induces
nuclear reactions on a PFC. The LaBr3 -SiAPD (middle trace) and EJ301-PMT (top
trace) detectors measure prompt gamma and neutrons, respectively.

the detector. While the background is substantial, four discrete gamma peaks are
statistically significant above the background, which show close similarities to the
same experiment that was performed ex-situ and is described above in Section 6.1.

The 0.511 MeV peak results when positron annihilation gammas from ambient ma-
terial are detected. The positrons are a result of high energy gammas (>2 MeV)
inducing pair production in material near the detector. The 0.662 MeV peak is
caused by a cesium-137 check source that is intentionally attached to the detector for
in-situ calibration during RFQ operations. The 0.847 MeV peak results from inelastic
neutron scattering off the significant amount of steel in the vacuum components of Al-
cator C-Mod via the reaction 56 Fe(n, n'y)56 Fe. Finally, for the purposes of diagnosing
PMI, the most important peak is the 0.953 MeV peak that is produced by unscat-
tered gammas from the "B(d, p-y)"B reaction. The area of the peak, calculated by
integrating a gaussian fit to the peak after subtracting a calculated background spec-
trum, can be used in conjunction with the beam and detector parameters to quantify
boron on the PFC surface. Boron is expected to be present in significant quantities
(~micron-thick layers) on Alcator C-Mod tiles due to the use of "boronizations" to
enhance plasma performance.

6.2.3 EJ301-PMT deuterium identification

To validate the ability of the EJ301-PMT detector to measure retained deuterium
on the PFC surfaces, the deuteron beam was directed with zero magnetic steering
field to a single PFC location on the inner wall and digital waveforms were acquired,
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Figure 6-6: A peak at 0.953 MeV in the experimental LaBr 3 -SiAPD detector spectrum
confirms the ability to observe boron on an inner wall PFC.

which were processed offline into a neutron spectrum.

Figure 6-7A shows the experimental EJ301-PMT detector neutron spectrum. Gamma-
induced events are excluded from the spectrum using digital PSD with a minimum
discrimination accuracy of approximately 99.87% at 0.34 MeVee, the energy deposited
by 0.511 MeV gammas in the detector and the lowest energies of interest for AIMS
measurements. With zero magnetic steering fields, the angle between the beam and
the detector was fixed at 157 degrees. For an incident deuteron beam of 0.9 MeV,
Eq. 3.6 predicts that unscattered neutrons from the 2H(d, n)3 He reactions will have
a kinetic energy of 1.86 MeV for 0.9 MeV deuterons. The neutron kinetic energy will
increase for reactions that are induced by lower energy deuterons that have slowed in
the material. The neutrons will appear in the EJ301-PMT spectrum at 0.41 MeVee
(for reactions at the surface) and 0.56 MeVee (for reactions at the end of the deuterons
range) in the EJ301-PMT detector response. Thus, because of the EJ301-PMT detec-
tor response to monoenergetic particles, the neutron detector spectrum should show
a smeared high energy edge in this energy region due to the presence of retained
deuterium on the PFC surface; in Figure 6-7, this region is shaded.

The EJ301-PMT energy spectrum in Figure 6-7A indeed shows a small, smeared
high energy edge at approximately 0.41 MeVee. The edge sits on top of a large,
smooth background caused by the downscattering of high energy neutrons from the
10B(d, n)"C (Q = 6.464 MeV) and 11B(d, n)"C (Q = 13.7 MeV) reactions. For
the measurement of deuterium, the neutrons from the boron reactions represent an
unavoidable background from which the identification and quantification of deuterium
must be extracted with careful analysis.

A more rigorous confirmation is shown in Figure 6-7B where the absolute value of
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Figure 6-7: (A) The smeared high energy edge at 0.41 MeVee in the experimental
EJ301-PMT detector response demonstrates the detection of retained deuterium on
an inner wall PFC. The deuterium signal sits on a large neutron scattering background
caused by deuteron reactions with boron. (B) The absolute value of the spectrum
derivative confirms the detection of unscattered monoenergetic 2H(d, n) 3 He neutrons.
The nuclear kinematics indicate that the neutrons originate from the PFC surface.
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Table 6.1: The nuclear kinematic predictions for where in the EJ301-PMT detector
response unscattered neutrons from the 2H(d, n)He reactions should appear for the
three different beam-detector angles shown in Figure 6-8.

Toroidal field Beam angle Eiicutron Detector edge
BO (T) 0 (0 ) (MeV) (MeVee)

0.00 157 1.86 0.41
0.05 143 1.93 0.45
0.17 124 2.13 0.52

the energy spectrum derivative is taken in the region of interest. As discussed in
Chapter 4, the absolute value of the derivative of the EJ301-PMT energy spectrum
will show peaks centered on the energy of incident monoenergetic neutrons. It is
evident that there is a statistically significant peak centered very close to 0.41 MeVee,
which is defined by the seven consecutive, statistically significant points that deviate
from the sriooth background spectrum. The peak is indicative of the detection of
nonoenergetic neutrons from the 2 H(d, n) 3 He reaction.

6.2.4 Magnetic steering and localized measurements

Validation of the magnetic beam steering was performed by exploiting the angular
dependence of the ejectile neutron kinetic energy given in Eq. 3.6. Due to present
limitations imposed by the magnet power supply, the toroidal field coils of Alcator
C-Mod can provide steady-state toroidal magnetic fields between 0.0 and 0.17 T,
sufficient to change the angle 0 between the incident deuterons and ejectile neutrons
by almost 35 degrees, which corresponds to a ~30 cm vertical displacement of the
beam impact location. The total corresponding neutron kinetic energy shift is ap-
proximately 0.25 MeV, as shown in Table 6.1. Therefore, as the magnetic fields are
increased to change the angle, the nuclear kinematics predict that the peak in the
EJ301-PMT detector response derivative will shift to higher energy in response to the
higher neutron kinetic energy.

The deuteron bean was steered to three fixed locations and neutron spectra were
acquired with the EJ301-PMT detector in order to look for the peak shift in neutrons
from the 2 H(d, n) 3He reaction, which also serves as a secondary confirmation of the
detection of deuterium. While, in principle, the higher energy neutrons from the
10 B(d, n) "C and " B(d, n)1 2 C reactions would provide more discernible edges, the
gain of the EJ301-PMT detector - optimized for the detection of deuterium - caused
the neutron-induced pulses from boron to saturate the digitizers of the DAQ and
prevented analysis in the high energy region of the spectra.

The absolute value of the derivative of the EJ301-PMT spectra at three different
angles appear in Figure 6-8. The shaded vertical bars represent the predicted peak
energy of neutrons from 2 H(d, n) 3He surface reactions at three incident deuteron-
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Figure 6-8: EJ301-PMT detector spectrum derivatives for increasing angles between
the deuteron beam and ejectile neutron. The 2H(d, n)3 He peak is defined by 7 con-
secutive, statistically significant points that deviate from the scattering background
trend. The peak clearly follows the predicted energy shift for surface reactions from
nuclear kinematic theory.
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ejectile neutron angles: 124", 143", 157". Despite some scatter at lower energies, the
key feature - the seven statistically significant, adjacent points that deviate from the
scattering background to form the peak - clearly shift higher in energy as the angle
changes in close agreement with the kinematic predictions. The degradation in the
peak structure with increasing angle is expected from the effects of steering a high
current charged particle beam in magnetic field, which results in a larger beam spot
size on the PFCs [85, 86].

The results demonstrate two key points. First, the beam dynamics codes, which were
used to calculate the angles between the incident deuterons and ejectile neutrons as
inputs to the nuclear kinematic predictions shown in Figure 6-8, correctly simulate
the trajectory of the beam in the magnetic steering fields and the impact location
on the PFCs. Second, the three measurements of deuterium show the feasibility
of providing spatially resolved maps of isotopic content across a large surface area
of PFCs, confirming the ability of steering the deuteron beam with the tokamak
magnetic fields.

6.3 Extracting PFC surface information from the
detector spectra

Gamma spectrum analysis

In AIMS, quantification of erosion/redeposition and material mixing is primarily ob-
tained from the LaBr 3-SiAPD gamma energy spectra since the involved isotopes have
strong gamma production cross sections with the incident 1 MeV deuterons from the
RFQ accelerator. The analysis of gamma energy spectra with scintillators is extremely
straightforward due to the presence of the photoabsorption peaks caused by full en-
ergy deposition of the gamma within the scintillator [53]. Combined with knowledge
of the detector absolute efficiency and nuclear reaction parameters, integration of the
photoabsorption peaks following a treatment of the background can provide absolute
quantification of the isotopes within the surface a material. IBA materials analysis
via gamma spectroscopy is a mature field [41].

An example analysis, using the 0.953 MeV gamma from the "B(d, py) 12 B reaction,
is shown in Figure 6-9. For AIMS, the gamma background - caused by ambient ra-
dioactive decay, downscattered gannas, or detector effects - is calculated with the
Sensitive Nonlinear Iterative Peak-clipping (SNIP) algorithm, a widely used, statisti-
cally robust treatment of background and peak finding in gamma spectra [107, 108].
The SNIP algorithm is applied to the gamma spectra in Figure 6-9 with the result
plotting in red; The result is a clear delineation between the background and the
0.953 MeV photopeak from the ' 1 B(d, py)12B reaction, which can be integrated to
provide quantification of the boron on the PFC surface.

111



-4-- Energy spectrum

-- Background
0.8 - Boron photopeak

C)

0
o 0.6-

0.4-

0.7 0.8 0.9 1 1.1
Energy [MeV]

Figure 6-9: PFC surface isotopes with gamma production cross sections can be quan-
tified in AIMS by analyzing the photopeak in the LaBr 3-SiAPD energy spectrum.
Here, an integral above the calculated background for the 0.953 MeV photopeak from
"B(d, p'y) 12B reaction can be used with the measurement parameters to quantify the
boron on the PFC surface.

Neutron spectrum analysis

In AIMS, quantification of the retained deuterium on the PFC surface is obtained
by analyzing the EJ301-PMT detector response. As usual, gammas must first be
filtered out of the response with digital PSD. For the EJ301-PMT detector, PSD has
a lower threshold for effectiveness of approximately 0.150 MeVee. As discussed above,
neutrons from the induced 2H(d, n)3He reaction appear as a scattering continuum in
the lower portion of EJ301-PMT spectrum superimposed on top of a large scattering
background from competing neutron-production reactions. A smeared edge at the
most energetic terminus of the scattering continuum - caused by neutrons elastically
scattering off hydrogen in the scintillator with a scattering angle of 1800 - can be
predicted with nuclear kinematics and used to identify the isotope target involved in
the reaction.

The analysis process is depicted visually in Figure 6-10, which shows an EJ301-
PMT neutron spectrum acquired from an AIMS measurement of an inner wall PMT
with zero magnetic steering field. The dominant feature in the spectrum is the
large scattering background caused by incident deuterons on boron surface film via
the 10 B(d, n)"C and "B(d, n)12C reactions. Both reactions have a high Q value
(6.464 MeV and 13.732 MeV, respectively) and produce neutrons at significantly
higher energy than the 2H(d, n)3He reaction. These deuteron-boron neutrons down-
scatter on the Alcator C-Mod superstructure before reaching the EJ301-PMT detec-
tor, leading to the large continuum that spans the entire spectrum energy range.
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Figure 6-10: Deuterium and boron can be quantified from the EJ301-PMT neutron
energy spectrum. An x- 1 -9 function is fit to the large scattering background; an
integral over the neutron energy range from the 2H(d, n)3 He reaction then measures
deuterium. An integral over an arbitrary range at high energy is proportional to the
total amount of boron since only neutrons from the 10 B(d, n)1 C and 11 B(d, n) 12 C are
energetic enough to exist in this region.

Although the deuteron-boron continuum represents a background that must be care-
fully handled in the analysis, it does provide a significant benefit. Because Alcator
C-Mod is a carefully controlled high vacuum environment,there are no other known
isotopes on the PFC surfaces in sufficient quantities to produce neutrons above ap-
proximately 0.5 MeVee in the detector spectrum. Therefore, integrating the neutron
spectrum at sufficiently high energy provides a quantitative but relative measure of
boron. The integration limits are arbitrary - provided they are above the neutron
energy from the 2 H(d, n)3 He neutrons, approximately 0.5 MeVee - but must remain
fixed for successive measurements since only the relative change in boron surface con-
centration can be quantitatively compared at present with AGNOSTIC rather than
an absolute measure. The integration region used in the analysis presented in this
chapter is shown in dark blue in Figure 6-10 and covers 1.8 to 2.5 MeVee.

In order to integrate only neutrons from the 2H(d, n)3He reaction, the deuteron-boron
neutron background must be quantified and removed from the EJ301-PMT spectrum.
In the absence of a known physical form, an x-'.9 functional form was chosen and fit
to the scattering background between 0.5 and 1.8 MeVee. There is nothing special
nor physically significant about the x-1 9 function; it simply provides a good fit to
the background and, when extrapolated to low energy, provides a clear delineation
between neutrons from the deuteron-boron background (below the fit) and neutrons
from the 2H(d, n) 3He reaction (above the fit). Thus, an integral of the EJ301-PMT
spectrum above the fit provides a quantitative measure of induced neutrons from
deuterium on the PFC surface; this integral is shown in dark green in Figure 6-10. At
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present, only the relative changes in deuterium concentration from measurement to
measurement can be obtained with the diagnostic; future improvements in the data
analysis techniques are expected to provide absolute deuterium concentrations. Nev-
ertheless, the present analysis provides an excellent relative measure of the change
in deuterium during successive measurements since the background fit establishes a
constant baseline above which deuteron-deuterium neutrons can be quantified inde-
pendent of changes to the deuteron-boron background. Thus, relative changes in the
boron and deuterium content on the PFC surface can be independently obtained from
the EJ301-PMT detector spectra.

A sanity check on the validity of extracting measurements of deuterium and boron
from EJ301-PMT spectra can be made by comparing the flux of neutrons from the
2H(d, n)3 He reaction to those from the 10 B(d, n)"C and "B(d, n)12 C reactions. For
this calculation, a randomly chosen EJ301-PMT neutron spectrum from an AIMS
measurement was used. Deuterium neutron counts are achieved by integrating the
spectrum from 0.2 to 0.55 MeVee above the background fit; boron neutron counts
are achieved by integrating the spectrum over the same range and subtracting the
deuterium neutron counts. The detector efficiency is identical due to integration over
the same incident neutron energy range. The result is 7608 ± 248 deuterium neutrons
and 26922 ± 310 boron neutrons, which provides a ratio of ~0.3. To zeroth order,
the ratio of the deuterium-to-boron neutron fluxes over this energy range weighted by
the elemental cross sections provide a crude estimate of the deuterium-boron atomic
ratio in the thin amorphous film layers on the PFC surface. For 1 MeV deuterons,
the ratio of the neutron production cross sections for deuterium over elemental boron
is ~3 (~95 b / -35 b), giving an order of magnitude estimate of the deuterium-boron
atomic ratio of ~0.1. Despite significant assumptions, the result is in good agreement
with deuterium-boron atomic ratios of 0. 1 that have been found experimentally with
ex-situ IBA of extracted PFC tiles in Alcator C-Mod [9] and provides confidence that
the diagnostic is measuring reasonable isotopic ratios on the PFC surface.

Measurement error and validation

Whether the analysis is performed via gamma spectroscopy with the LaBr3 -SiAPD
detector or neutron spectroscopy with the EJ301-PMT detector, the total detector
counts from the integrated regions of interest must be normalized to the perfor-
mance of the RFQ accelerator. The most important quantity is the total number of
deuterons injected into the vacuum vessel during the detector pulse collection time,
which is measured with a Pearson current transformer on the RFQ beamline. The
error in the RFQ deuteron measurement - typically between 4% and 8% - must be
propagated through the analysis, combining with error from the counting statistics,
background calculation, background subtraction, and division of results to get the
fractional isotope changes between successive measurements.

The combination of relatively small gamma production cross sections, low injected av-
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Figure 6-11: A comparison of the AIMS measurement of boron as quantified from
neutrons and gammas with the EJ301-PMT and LaBr3 -SiAPD detectors, respectively.
The key takeaway is that measurements from the two detectors agree very well with
each other at each of the three different PFC measurement locations.

erage beam currents, and only a single gamma detector during the proof-of-principle
phase of AIMS on Alcator C-Mod resulted in poor statistics on the LaBr3 -SiAPD
detector. The final measurement error of the fractional change in isotopes from the
LaBr 3 -SiAPD detector was typically between 30% and 40%, with the counting statis-
tics as the largest source of error. For the EJ301-PMT detector, the total counting
statistics were much better due to the large neutron production cross section and large
region of detector response integration. The final measurement error of the fractional
change of isotopes is typically between 10% and 20%. The exact error for either
measurement depends primarily on the total detector counts in the measurement and
the noise levels on the Pearson current transformer.

Measurements of fuel retention in AIMS can only be made through neutron spec-
troscopy of the 2 H(d, n)3 He and 3H(d, n)4 He reactions; however, there are isotopes,
such as boron in Alcator C-Mod, that have both neutron and gamma production cross
sections and exist in sufficient quantities to measure. AGNOSTIC provides for the
simultaneous detection of neutrons and gammas using the EJ301-PMT and LaBr 3-
SiAPD detectors, respectively, which have different data analysis procedures. Thus,
the measurement of the fractional change in boron between AIMS measurements can
provide a semi-independent experimental validation of the measured change in PFC
surface properties and the data analysis methods.

Figure 6-11 shows such a comparison between the EJ301-PMT and LaBr3 -SiAPD de-
tectors. The X-axis represents AIMS measurements acquired at three different PFC
locations; the Y-axis represents the fractional change in boron between two succes-
sive AIMS measurements at three different locations. The key result is that at each
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location the EJ301-PMT and LaBr3-SiAPD detector measure identical changes to
the PFC surface compositions well within statistical error bars. Such close agree-
ment confirms that AIMS can reliably quantify PFC surface composition changes at
multiple spatial locations. Furthermore, given that gamma-based IBA methods are
strongly favored over the far more complex neutron-based methods [41], the agree-
ment between the two detectors validates the use of neutron EJ301-PMT detector
response analysis methods to perform IBA on materials in AIMS.
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Chapter 7

The first AIMS measurements of
fuel retention

As discussed in Chapters 1 and 2, the retention of fusion fuel in plasma-facing mate-
rials is one of the most challenging aspects of PMI. It has also historically been one of
the most difficult to comprehensively diagnose in-situ. Measurements techniques have
tended to extremes in terms of spatial information, with global (i.e. zero spatial res-
olution) measurements such as static gas balance or thermal desorption spectroscopy
at one end and high spatial resolution measurements at only one or two remote loca-
tions such as laser desorption spectroscopy at the other end [4]. In contrast, AIMS
is capable is making fusion fuel retention measurements over large fractions of the
most relevant PFC surfaces with spatial resolution on the order of 1 cm. As a re-
mote measurement technique that does not interfere with the normal shot cycle of a
magnetic fusion device, AIMS is capable of providing such spatial information on a
plasma shot-to-shot time scale in order to study the dynamic system of PMI.

The purpose of this chapter is to present the first in-situ measurements of deuterium
retention using the AIMS diagnostic on the Alcator C-Mod tokamak. The measure-
ments were made during two phases of the FY12 experimental campaign: intrashot
during the final plasma experiments at the end of the campaign; and in between
wall conditioning operations carried out after the campaign. The AIMS measure-
ments were performed at the end of the campaign so that they could be linked to
ex-situ ion beam analysis of PFC tiles that were extracted during the post-campaign
maintenance period.
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Figure 7-1: A timeline illustrating the plasma operations and wall conditioning pro-
cesses that were carried out during the end of the FY12 Alcator C-Mod experimental
campaign. The GDC was the final PFC perturbing process before the vacuum vessel
was brought up to air for the maintenance period.

7.1 Overview of AIMS experiments during the FY12
campaign

The first substantive AIMS measurements of isotopic changes to the inner wall PFCs
in response to plasma operations were carried out at the end of the FY12 plasma cam-
paign. The measurements took place in two distinct phases: the first was throughout
the plasma run that took place on October 2 2012 (Alcator C-Mod Run 1121002); the
second was during wall conditioning experiments that took place between November
13-16 2012 after the plasma campaign concluded. A timeline depicting the history of
plasma operations during the AIMS measurement period is shown in Figure 7-1.

7.1.1 Plasma operations

The 1121002 plasma run was broken into three separate sessions to accommodate
three different physics experiments. The first two sessions were dedicated to issues of
plasma control, turbulence, and heating in high-performance I-mode plasmas (plasma
shots 1-24). Key plasma physics parameters and a representative magnetic flux sur-
face reconstruction are shown for five of these I-mode shots in Figure 7-2. Of the 24
plasma shots, 18 were successful, full-length discharges with the rest either fizzling or
disrupting early in the shot.

From the purposes of AIMS measurements that will be discussed below, the important
points are that the plasma was run exclusively in a diverted lower-single null (LSN)
configuration for all shots and that all shots were relatively similar in terms of the
key plasma parameters: plasma current (Ip), average electron density (no), central
electron temperature (T,), RF heating power (RF), radiated power (Prad), and energy
stored in the plasma (Wpiasma). The LSN configuration is important because previous
experiments on material migration in the boundary plasma have shown that the
plasma net deposits material on the inner wall and inner divertor [109, 110]; the
relative similarity between shots indicates that the deposition will be approximately
constant for each shot. Thus, the total deposition for all shots divided by the number
of shots provides a representative average of net deposition per shot.
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Figure 7-2: Time traces of key plasma parameters (left) and magnetic flux surface
reconstruction (right) of several representative shots taken during the first part of the
1121002 run. All eighteen shots were relatively similar, with target plasmas being
lower single null diverted I-Mode shots with 3 MW of RF heating and core densities
of approximately 1.25 x 1020 m 3 .

After the two I-mode sessions were complete, the final shots of the 1121002 run
were specifically dedicated for AIMS experiments (plasma shots 25-33). Key plasma
physics parameters and a representative magnetic flux surface reconstruction are
shown for the AIMS plasma shots in Figure 7-3. Of the 9 plasma shots, only four
full-length IWL discharges were successfully produced. A major disruption occurred
due to a molybdenum injection; the rest either fizzled or suffered issues with the
Alcator C-Mod data system.

For the AIMS shots, an inner wall limited (IWL) plasma configuration was chosen
rather than the standard diverted configuration. As evident from the magnetic flux
surface reconstruction, the IWL places the separatrix strike point on the inner wall,
which maximizes PMI in the region of inner wall PFCs that are accessible for mea-
surement with AIMS. In particular, the net erosion of accumulated boron layers or
molybdenum is expected in the strikepoint region. High levels of PMI activity can
be inferred from visible imaging of the interior of Alcator C-Mod. Figure 7-4 shows
a still image from the WIDE1 visible light camera that is located between A and B
ports and is nearly centered on the PFCs that can be measured with AGNOSTIC.
The horizontal band of visible light, which illuminates the individual PFC tiles on
the central column inner wall, is produced mostly by Balmer a transitions as neu-
tral deuterium recycles into the boundary plasma from the PFC surfaces, indicating
strong local plasma flux incident at the surfaces. The AIMS measurement location
used during intrashot measurements, as described below, is superimposed showing
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Figure 7-3: Time traces of key plasma parameters (left) and magnetic flux surface
reconstruction (right) of the five plasma shots dedicated for AIMS experiments in
the final part of the 1121002 run. Four successful inner wall limited plasmas were
achieved with identical conditions; one shot terminated early due to a molybdenum
injection.

Figure 7-4: A still image from the WIDE1 visible camera during shot 1121002031 on
Alcator C-Mod. The image is looking directly at the central column. Illuminating
the individual PFC tiles, the visible light is produced mostly by deuterium neutrals
entering the cool plasma boundary and indicates significant PMI on the inner wall
PFCs. The location of the intrashot AIMS measurement is superimposed, showing
the close proximity the region of maximum PMI.
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Figure 7-5: The inner wall PFCs of Alcator C-Mod are regions of net boron deposition
(a), accumulating <5 pum thick boron layers over several years of operation (Figure
adapted from [111]). As shown by the nearly identical tile-to-tile variation in ex-situ
ion beam analysis (b), the boron layer is saturated with deuterium (Figure adapted
from [109]). Deuterium/boron atomic ratios are typically found to be ~0.1 although
ratios as high as -0.4 have been measured [110].

its proximity to regions of high PMI activity during IWL shots. plasma to induce
detectable net erosion of the inner wall PFCs.

Again, as with the I-Mode shots, the relative similarity between successful IWL dis-
charges indicates that the PMI effects should be similar for each shot, enabling a
representative measure of average net erosion per shot to be obtained from measure-
ments across several plasma shots. The single IWL disruption terminated early in
the discharge with a sufficiently small core electron temperature (~0.75 keV) and
stored energy in the plasma (~30 kJ) to be minimally disruptive to the PFC surface
conditions when compared against previous studies of disruption-induced PMI [110].

The contrast between the expected PFC surface changes during LSN and IWL plasma
shots provides an excellent canvas upon which AIMS can paint its colorful intrashot
masterpiece. Ex-situ IBA on poloidal rows of tiles extracted after plasma campaign
have shown that the inner wall and inner divertor in Alcator C-Mod are regions of
net deposition during plasma operation due to material migration in the boundary
region from the outer divertor [109, 111]; the finding is consistent with experiments
in the JET and ASDEX-Upgrade tokamaks [20]. Figure 7-5a shows the buildup of
the amorphous boron films as a function of poloidal tile location on Alcator C-Mod.

Boron is eroded by the plasma from the outer divertor near the separatrix strike-
point and transported to the inner wall and divertor. Combined with the repeated
boronizations throughout several years of operations on Alcator C-Mod, the material
migration results in 5-10 pm layers of boron on the inner wall PFCs. The boron
layers have been found experimentally to be rich in retained deuterium as shown in
Figure 7-5b, where atomic ratios of deuterium to boron are ~0.4 immediately after
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boronization but decrease to -0.1 by the end of the plasma campaign in Alcator C-
Mod [9]. The strong poloidal correlation between deuterium and boron concentration
suggests that the plasma erodes and locally codeposits deuterium-saturated boron
layers. This is important for understanding deuterium retention mechanisms in Alca-
tor C-Mod. If the boron locally codeposits almost completely saturated in deuterium
then it cannot explain the large net retention of deuteriumn found in Alcator C-Mod
since there is not enough extra deuterium storage capacity in the already saturated
boron films [110].

By design, the IWL shots immediately following the LSN shots were intended to
induce exactly the opposite behavior on the PFC surfaces. Limiting the plasma
against the inner wall has the effect of directing the most energetic power exhaust
flux to the inner all PFCs accessible for AIMS measurement as possible, as shown
in Figure 7-4. In effect, the net erosion conditions that lead to the almost bare
molybdenum PFCs in the outer divertor in Figure 7-5b have been moved to the AIMS
measurement locations. In Alcator C-Mod, the beneficial plasma performance effects
caused by the -150 nun of boron deposited on the outer divertor during standard
boronizations disappear in 15-50 shots, leading to estimated boron erosion rates at
the strikepoint on the order of 1-10 nm shot- 1 .

7.1.2 Wall conditioning

Following the conclusion of the FY12 plasma campaign, the Alcator C-Mod vacuum
vessel was kept under vacuum for approximately five weeks in order perform a number
of routine diagnostic and instrument calibrations. The isotopic composition of the
PFC surfaces during this time remained frozen to that at the end of the plasma
campaign as no procedure was carried out during this time that has the ability to
modify the PFC surfaces. Once the calibrations were complete, a series of AIMS-
specific wall conditioning operations were performed in order to measure changes to
the inner wall PFCs.

As shown oii the timeline in Figure 7-1, three different wall conditioning procedures
were carried out: boronization (BZN), electron cyclotron discharge cleaning (ECDC),
and glow discharge cleaning (GDC). Boronization is a procedure that is used in Al-
cator C-Mod to deposit ~150 im boron films on PFC surfaces in order to achieve
substantial increases in plasma performance [9]. First, the vacuum vessel is filled
with a low pressure (<2 Pa) gas mixture of 10% deuterated diborane (D 2 B6 ) / 90%
helium-4. 2.5 kW of radiofrequency (RF) waves at 2.45 GHz are injected into the
vacuum vessel to ionize the gas molecules. The ionization occurs at the electron
cyclotron resonance (ECR) location, which is fixed in major radius by the value of
the toroidal field at B = 0.088T. In standard boronizations, the toroidal field is con-
tinuously varied in magnitude to sweep the ECR, location radially in an attempt to
deposit a uniform boron thickness poloidaly on PFCs [112].

122



2.0 -[- Bvert / B= 0.0 T
c- -g--Bvert / B13 ~ 0.1

1.5 - -- Extrapolation A 3 ECR Layer
E 1.5 AIMS ECR location B w Peak B Dep.

C
1.0D

.5 -AIMS
meas't

locationsM 0. 0 t
0 10 20 30 40

Rprobe - RECR [cm]

(a) Radial boron deposition profiles (b) Experimental geometry

Figure 7-6: Experimental measurements with a quartz-microbalance (a) show that
the peak boron deposition location is approximately 10 cm radial outboard of the
electron cyclotron resonance (ECR) location (Figure adapted from [113]). Shown in
both figures is the ECR location during boronization (BZN) and electron cyclotron
discharge cleaning (ECDC), where it was held at a major radius of 43-44 cm to
maximize induced changes to the inner wall PFC surfaces.

Recent experimental work with a quartz microbalance (QMB) in Alcator C-Mod has
shown that boron deposition is ionic, peaking approximately 10 cm radially outboard
of the ECR layer due to the influence of E x B drifts on the boron ions [113]. The radial
boron deposition profiles, shown in Figure 7-6a for two different vertical magnetic
field values, peak between 5 and 15 cm outboard of the ECR with peak deposition
rates of approximately 1.25 nm min~1 . Because of the composition of the deuterated
diborane, the deuterium/boron atomic ratio has been found to vary between 0.1 and
0.4 [9].

Two types of plasma techniques are used to condition the wall inside the vacuum ves-
sel. ECDC is nearly identical to boronizations with the exception that the vacuum
vessel fill gas is typically 100% helium-4. Singly ionized helium-4 nuclei bombard the
PFC surface and desorb impurities, which can be removed with the vacuum system
pumps [114]. GDC is a common technique in a variety of high vacuum applications
where it that is used to remove impurities from the chamber walls [115]. In Alcator
C-Mod, GDC is principally used after the conclusion of a plasma campaign to neu-
tralize and remove residual boron compounds before manned access [112]; the use of
boron is described below. GDC is performed by holding two invessel electrodes at
approximately +1 kV while the PFC metals are held at ground. Ionized atoms from
the helium fill gas are accelerated by the electric field, bombard the PFCs, and desorb
impurities, which can then be removed with the tokamak vacuum pumps.

It is important to understand the expected effects of each conditioning process on
regions that AIMS can presently interrogate. The AIMS measurement locations are
presently confined to a small (-35x -2 cm vertical section) of the inner wall PFCs.
Depositing boron and using ECDC on the inner wall, however, is problematic because
the radially outward E x B drift prevents ions from reaching the inner wall. For
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Figure 7-7: A timeline emphasizing the difficulty of using ex-situ IBA after a several
month plasma campaign to elicit the dynamics of PMI. Although the PFC surface
compositions are changing on a shot-to-shot timescale, only a single, post-plasma
campaign "snapshot" of the PFCs can be obtained with ex-situ IBA.

boronization, the effect is that the boron deposition rate rapidly falls to zero within
a few centimeters radially inboard of the ECR, as shown in Figure 7-6a. Coupled to
the scanning of the ECR, where the resonance is swept and only comes with a few
centimeters of the inner wall to prevent termination of the plasma, the boronization
should minimally deposit on the inner wall PFCs. For ECDC, the result is that ions
have a more difficult time reaching the inner wall PFC surfaces, making this region
particularly difficult to affect with ECDC. In GDC, ions are accelerated to the walls
electrostatically with no magnetic field present, and, therefore, we expect GDC to
perturb the inner wall PFC surfaces.

Given the potential low impact of wall conditioning to the PFCs accessible to AIMS,
the ECR resonance was held at a constant major radius of 43-44 cm during the
entire process rather than swept radially across the vacuum chamber as is normally
done; the position of the ECR radius during the boronization and two ECDCs is
shown in Figure 7-6b. The boronization lasted 120 minutes with a 10% diborane /
90% helium-4 gas mixture at an average vessel pressure of 2.7 x 10- 3 torr (vacuum
thermocouples). The two ECDC sessions were conducted with helium gas with at
an average invessel pressure of 2 x 10- 4 torr (vacuum ion gauges). During the first
ECDC, attempts to hold the ECR at a major radius of 43 cm led to continuous plasma
termination, resulting in only about 50 minutes of operational time. For the second
ECDC, the ECR location was moved to 44.1 cm, where a stable 120 minute discharge
was achieved. The twenty-four hour GDC was also conducted in helium gas with an
electrostatic potential of approximately 1000 V between the charged plates and the
PFC surfaces; average invessel pressure was 2 x 10-2 torr (vacuum ion gauges).

7.2 Post-campaign ex-situ ion beam analysis

Following the conclusion of the FY12 campaign, a module of molybdenum PFC tiles
was removed from the inner wall during the vacuum break and taken to an offsite fa-
cility for ex-situ IBA, as shown in the timeline that appears in Figure 7-7 The module
of 8 x 8 tiles encompasses AIMS measurement location two of the locations that were
routinely measured with AIMS during the plasma campaign and wall conditioning
experiments - locations "A" and "B" shown in Figure 7-6b.
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Figure 7-8: An inner wall 8 x 8 PFC tile module was removed from Alcator C-Mod
(left) after the conclusion of the FY12 campaign for ex-situ ion beam analysis, which
determined the average boron thickness on each tile (right). AIMS measurement
locations "A" and "B" , corresponding to toroidal field coil currents of 0.0 and 1.6 kA,
respectively, are superimposed on top of the tile grids for reference. Time constraints
prevented measuring the deuterium concentration.

Due to the demanding operation schedule of Alcator C-Mod, only twenty-fours were
available for analysis before the module had to be returned for installation before
vacuum pumpdown. Only a single module could be removed and analyzed due to time
constraints. While this time was sufficient to measure the boron layer thickness on
each of the sixty-four PFC tiles via gamma spectroscopy of the"0B(p, a-y) 7Be reaction,
deuterium retention was not able to be measured. The tile module also had to be
analyzed in air rather than vacuum, leading to relatively large measurement errors
(10-20%) due to ion beam slowing down in the air gap between beam window and
PFC surface. These resource-based restrictions on such ex-situ measurements provide
one of strongest motivations behind AIMS.

7.2.1 Measurements of absolute boron layer thickness

The results of the ex-situ IBA are presented in Figure 7-8, which shows the abso-
lute boron layer thickness covering each of the PFC tiles in the module. Several
features are immediately striking about the result. First, there is a strong variation
in the boron layer thickness in the poloidal and toroidal directions, approaching layer
thickness differences of almost two orders of magnitude on some adjacent tiles. Such
variation in the boron deposition cannot be explained by the physics of boroniza-
tion. The diborane gas is distributed uniformly in the vacuum vessel by a series of
toroidally symmetric gas valves and, and the ECR resonance is poloidally symmetric
on the inner wall PFCs [112]. Although there is a very small misalignment in the PFC
tiles that may account for some of the effect, the complex deposition pattern must
result from the anisotropic erosion and redeposition PMI processes that occur dur-
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ing plasma operation, which has been suggested by previous ex-situ IBA and plasma

studies [9, 116]. The AIMS analysis of boron erosion and redeposition are the primary

topic of another student's PhD and can be found in [55].

The second striking feature is the contrast between the dynamic PMI processes re-

sponsible for complex boron deposition over a six month plasma campaign and the

single, static "snapshot" of the deposition pattern provided by ex-situ IBA at the end

of the campaign. Such "archaeological" measurements have provided the majority of

experimental PFC surface information in PMI science despite the enormous disparity

in time resolution. By providing similar IBA-derived PFC surface data measurements

but on a shot-to-shot time resolution - and without requiring resource-intensive ex-
traction and offsite analysis - AIMS represents a quantum leap forward for the in-situ

diagnosis of PFC surfaces.

7.2.2 Application of ex-situ results to AIMS measurements

One of the principle motivations for performing ex-situ IBA on the same region of

PFC tiles that was accessible to AIMS was to be able to transform the relative AIMS

measurements of isotope concentrations to absolute measurements. This process can

be accomplished due to two reasons. First, AIMS measurements were acquired im-

mediately before the Alcator C-Mod vacuum vessel was brought up to air for the

post-campaign maintenance period. The composition of the PFC tiles measured by
AIMS must match the composition measured during ex-situ since there was no sur-

face perturbing process carried out in between. Therefore, the absolute boron layer

thickness determined by ex-situ IBA can be assigned to the final measurement in time

taken with AIMS.

Second, AIMS acquired over ten time-resolved measurements of the fractional change

in surface composition during the plasma operations and wall conditioning processes

at the end of the FY12 campaign. By pinning the final AIMS measurement to the

absolute boron layer thickness and knowing the fractional change in boron at over

ten points back in time, a post-mortem reconstruction of the absolute boron layer

thickness can be made with the AIMS data for the two PFC locations that were

measured by both techniques.

The absolute determination of changes in the boron layer thickness on a plasma shot-

to-shot timescale provides tremendous insight into the PMI dynamics of material

erosion and redeposition; the results of this branch of AIMS analysis is the subject

of another student's Ph.D. dissertation [55] and will only be briefly described briefly

here for validation purposes.

As will be discussed in detail in Section 7.4, AIMS measurements were acquired

for each wall conditioning process, including at the two locations that overlapped

the ex-situ IBA measurement. By pinning the final AIMS measurements at these

locations to the absolute boron thicknesses, the absolute boron deposited during the
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Figure 7-9: The comparison between AIMS and QMB measurements of the boron
deposition rate on the inner wall PFCs shows reasonable agreement, validating the
use of AIMS to measure absolute boron thicknesses when normalized against post-
campaign ex-situ IBA measurements.

120 minutes BZN can be calculated by stepping backwards in time with the fractional
boron changes measured by AIMS. Since the boron deposition rate has been measured
experimentally with the QMB (Figure 7-6a) for surfaces parallel to the plasma, the
AIMS-computed boron deposition rate can be experimentally validated.

The validation results appear in Figure 7-9, which compares the boron deposition
rates measured by AIMS and a QMB for surfaces between 0 and 1 cm radially inboard
of the ECR. The large uncertainty in the AIMS measurements is primarily a result
of combining and propagating the large error from the ex-situ IBA measurements
described above with the relatively modest error from the AIMS measurements. The
sensitivity of AGNOSTIC measurements at present are ~1 nm min- for the boron
deposition rate or -200 nm for the total boron deposited during the 120 minutes
BZN. Despite the large error, the AIMS measurements are certainly consistent with
the results from the QMB measurements, providing confidence in the use of the above
technique to correctly measure the absolute boron thickness.

For the issue of fuel retention, the ability to extract the absolute boron layer thick-
nesses actually provides AIMS with a crude measure of the absolute deuterium con-
tent. Analysis of these plasma-deposited boron layers from Alcator C-Mod [9], TEX-
TOR [117], and laboratory experiments [118] have all found consistent atomic ratios
of deuterium to boron, typically saturated up to ratios of 0.4 immediately following
a deuterated diborane boronization but as low as 0.1 during post-campaign analysis
[110]. Thus, the areal density of deuterium, pD, in the boron layers can be estimated
as

D ND PB NA
Pa = LB- ' NB rB (7.1)
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Figure 7-10: A timeline illustrating the intrashot measurement capabilities of AIMS
during plasma operations. The blue arrows indicate when AIMS measurements were
acquired, showing the ability to discern changes in the PFC surface composition on
a shot-to-shot timescale.

where LB is the boron thickness, NW is the deuterium-to-boron atomic ratio, pis
the mass density of boron (usually considered 2.37 g cm- for pure elemental boron),
NA is Avogadro's number, and AB is the atomic weight of elemental boron (10.811
g mol- 1 ). Combined with the absolute boron thickness changes measured with AIMS
and the ex-situ results, Equation 7.1 provides an estimate of local net fuel retention.

7.3 AIMS measurements of deuterium retention
during plasma operations

As shown on the timeline in Figure 7-10, four AIMS measurements of the inner
wall PFCs were acquired throughout the plasma run day on October 2, 2012. Each
measurement was assigned a sequential number, m, beginning with zero:

" m = 0 : Acquired before the 18 I-mode LSN shots

" m = 1 : Acquired before the AIMS-specific IWL shots

" m = 2 : Acquired after 2 IWL shots and 1 disruption

" m = 3 : Acquired after 2 IWL shots

In order to maximize the number of AIMS-specific plasma shots before the end of
the run day, only a single PFC location on the inner wall was interrogated during the
m = 2 measurements to avoid delaying plasma operations.1

'While the AIMS technique is, in principle, easily capable of scanning many PFC locations
in the approximately ten or so minutes in between plasma shots on Alcator C-Mod, the present
measurement time is limited by the number of detectors and the relatively low duty cycle of the
RFQ accelerator. In addition, the Pearson transformer coil, which is used to measure the deuteron
beam current entering the vacuum vessel, is susceptible to strong magnetic forces from the TF coils
during plasma shots. For reasons of experimental convenience, the transformer was not secured on
the beamline to withstand these forces; a time-consuming cell access was required to install and then
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Figure 7-11: The fractional change in deuterium and boron during plasma opera-
tions. Local codeposition of deuterium with boron during the eighteen lower single
null (LSN) diverted shots is evident. When the plasma configuration changes from
diverted to inner wall limited (IWL) at m = 1, the boron-deuterium deposition rate
becomes approximately essentially zero.

7.3.1 Results

7.3.2 Discussion

The most prominent feature of the measurements is the nearly identical trends in
the fractional change of deuterium and boron during both LSN and IWL plasma
shots. The result confirms the hypothesis that the plasma is eroding and redepositing
deuterium-saturated layers of boron, which is of critical importance for understand-
ing which potential physical retention mechanisms are responsible for fuel retention
in low-Z film-coated refractory metal PFCs. As discussed above, it has been hypoth-
esized that if the plasma were eroding and redepositing partially to fully saturated
boron film then the amount of available deuterium storage is insufficient to explain
the net deuterium retention experimentally found in Alcator C-Mod. The AIMS in-
trashot results corroborate this hypothesis, suggesting that alternative mechanisms
for fuel retention must be investigated. The intrashot, in-situ fuel retention mea-
surement capabilities of AIMS present one of the most compelling paths of future
investigation in this area.

Another prominent feature in the deuterium and boron trends is the distinct bifur-
cation from net deposition during the LSN shots to zero (with a hint of net erosion)

remove the transformer. Hardware upgrades in the next iteration of the experiment will reduce the
measurement times by a factor of 10 to 20 while the transformer coil will be structurally secured to
the beamline.
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deposition during the IWL shots. The first part of the trend is consistent with the
expectations of material migration and redeposition in the boundary plasma from the
outer divertor to the inner wall and divertor during LSN operation. Net deposition
ceases immediately with the conclusion of the LSN shots, leading to either zero net
deposition or more likely to net erosion of the boron layer that is too small to be
measured with the current sensitivity of AIMS. As discussed above, boron erosion at
the outer divertor strikepoint during LSN operation in high performance plasmas is
on the order of 1-10 nm shot-, resulting in a maximum erosion during the 4 IWL
shots of 40 m that is well below the present sensitivity of AGNOSTIC to changes
in boron layer thickness of a few hundred nanometers. Nevertheless, the null result
is another important demonstration of AIMS capabilities since the measurement of

no statistically significant erosion is consistent with the extremely low erosion rates
that could be achieved in only 4 IWL plasma shots.

The primary mechanism of fuel retention in a future fusion reactor may not be code-
position in low-Z films; however, tremendous insight into the enormous challenge of

fuel retention can be gain from a simple estimate. Consider a typical reactor-scale
device (R = 6 in, a = 2 in, total PFC area ~600 m2 ) that boronizes in between

deuterium-tritium plasma runs, leading to similar material migration and net deposi-
tion over most of the PFC surfaces as in Alcator C-Mod. For an assumed 5 pmn boron
layer with a saturated atomic deuteron-to-boron ratio of 0.4, Equation 7.1 gives areal

density of ~ 2 x 1023 fuel atoms retained per square meter. This corresponds to ap-
proximately 0.25 kg of tritium retained only in the low-Z film and does not account
for the other retention fuel mechanism in refractory metals. This simple exercise

provides strong motivation to study fuel retention in micron-level films. 0.25 kg of
in-vessel tritium is a serious nuclear hazard, potentially requiring suspension of device
operation for cleaning, and probably makes sufficient tritium breeding infeasible.

7.4 AIMS measurements of deuterium retention
during wall conditioning

As shown on the timeline in Figure 7-12, five AIMS measurements of the inner wall

PFCs were acquired throughout the series of wall conditioning experiments that took

place on November 13-16, 2012. As before, each measurement is assigned a sequential
number, m, beginning with zero:

" rn = 0: Acquired before the BZN

* m = 1: Acquired after the BZN

" m = 2 : Acquired after ECDC #1

" rn = 3 : Acquired after ECDC #2
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Figure 7-12: A timeline illustrating the AIMS measurements between wall condition-
ing experiments. The blue arrows indicate when AIMS measurements were acquired.

* rn = 4 : Acquired after GDC

7.4.1 Results

The results of the AIMS measurements are presented in Figure 7-13, which shows
the fractional changes in deuterium and boron relative to the rn = 0 measurement
at locations A, B, C, and D on the inner wall PFCS. Locations A, B, and C are
located at a major radius of R = 43 cm while measurement location D is located at
R = 46 cm due to the "skirt" region of the inner wall that extends radially outwards
approximately 3 cm from the rest of the PFCS. The deuteron beam trajectories in
the Alcator C-Mod vacuum vessel and PFC measurement locations are shown to the
right of the figure for reference. Vertical labels on the graphics indicate the wall
conditioning processes that occurred in between each AIMS measurement.

7.4.2 Discussion

Figure 7-13 experimentally demonstrates all of the key features of the AIMS tech-
nique, fulfilling the PFC surface diagnosing capabilities required to advance PMI
science as outlined in Chapter 3. The most important feature of the figure is the
ability of AIMS to produce localized, time-resolved measurements of the fractional
changes of isotopes over a nontrivial region of the inner wall PFCs; combining the
measurements with the ex-situ IBA results as described above enables the extraction
of the absolute boron thicknesses and estimated retained deuterium areal densities.

Of all the wall conditioning processes conducted during these experiments, boroniza-
tion is the most well understood in terms of the induced physical changes to the PFC
surfaces. For the upper three measurement locations (A, B, and C), the fractional
increase in boron as a result of boronization is relatively small: 1.13±0.09, 1.09±0.09,
and 1.16 ± 0.10. All three measurements agree closely and well within the statistical
error bars, reflecting the expected poloidally uniform deposition of boron for PFCs at
a constant major radius during BZN. The results also indicate that AIMS is measur-
ing a physical change to the PFC surface, i.e. it is unlikely that the three identical
measurements of boron increases - made at different locations and over the course of
two days - are due to random effects in the AGNOSTIC equipment or data analysis.
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Figure 7-13: The fractional changes in deuterium and boron at the locations A, B, C,
and D on the inner wall during the wall conditioning experiments that were performed
at the end of the FY12 campaign: boronization (BZN), electron cyclotron discharge
cleanings (ECDC), and glow discharge cleaning (GDC).
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From the ex-situ IBA results and the fractional boron change AIMS measurements in
Figure 7-13, the maximum thickness of boron before the BZN was on the order of a
few hundred nm. Given the ~10% increase due to BZN measured at the upper AIMS
locations, the result is that only a few tens of nanometers of boron were deposited
on the upper three AIMS measurement locations, despite holding the ECR, within
<1 cm of the inner wall PFCS for 120 minutes. The finding is consistent with the
hypothesis that boron deposits ionically during BZN and is largely prevented from
reaching the inner wall due to radially outward E x B drifts imposed by the toroidal
field during BZN.

Even more interesting is the significant difference between boron changes on locations
A, B, and C (R = 43 cm) and on location D (R = 46 cm), which extends radially
outward approximately 3 cm beyond the upper inner wall PFCs as shown in in the
cross section of the vacuum vessel in Figure 7-13. Unlike the upper three measure-
ment locations, which were -0.5 ciii inboard of the ECR, during the BZN, location D
is approximately ~2.5 cm outboard of the ECR. and should experience a significantly
higher boron deposition rate as shown in the radial boron deposition profiles of Fig-
tre 7-6a. The fractional increase in boron measured at the bottom most location was
1.65 ± 0.15, well above the previous measurement at the upper locations, which is a
strong confirmation of the QMB-measured radial boron deposition profiles.

Turning from boron to deuterium retention, it is evident that the fractional changes
of deuterium and boron are not tightly linked during wall conditioning as they were
during plasma operations. As discussed above, the intrashot AIMS measurement
corroborate the theory that the plasma erodes, transports, and redeposits deuterium-
saturated layers boron layers with atomic deuterium-boron ratios approaching 0.4;
however, as measured by AIMS, wall conditioning effects the boron and deuterium
on the PFC surface differently. This may, in part, explain why saturated boron layers
with atomic ratios of ~0.4 are deposited during BZN, but post-campaign measure-
ments measure only measure -0.1. Although the AIMS measured changes at locations
A, B, and C (R, = 43 cm) suggest that the atomic ratio increases (inconsistent with
hypothesis), location D (R = 46 cm) shows that boron increases significantly more
than deuterium in just a few wall conditioning experiments, consistent with a de-
creasing deuteriumn-to-boron ratio. Given that much of the PFC surfaces are radially
outboard of the ECR during wall conditioning, the R, = 46 cni result is probably
the more representative result and suggests a promising path of future research to
understand the deuteriuni-to-boron atomic ratios in amorphous films.

Finally, the results in Figure 7-13 demonistrate that the fractional increases of deu-
terium are larger than those of boron for the three R.= 43 cm measurement locations;
the reverse is true for the R, = 46 cim location, which shows a higher fractional increase
in boron compared to deuterium. The result suggests that the majority of deuterium,
unlike the ionic deposition of boron, deposits as neutral atoms on the PFC surface
after the diborane molecules are ionized during the BZN. Neutral deuterium atons
would not be subject to the E x B forces that effect the ionic boron, resulting in
deuterium deposition being a far more isotropic process than boron deposition. The
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fraction of deuterium that deposits radially inboard of the ECR, would be higher than
for boron, which is corroborated by the AIMS measurement of the PFCs at R, = 43 cm
(-0.5 cm inboard of the ECR). Conversely, roughly the same fraction of deuterium
deposits radially outboard of the ECR but, in this case, the fractional increase of
boron would be substantially higher due the peaked radial boron deposition profiles.
While the AIMS results are consistent with this explanation, further work is required
to understand the nature of deuterium deposition in Alcator C-Mod during BZNs.
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Chapter 8

Concluding remarks

This thesis has presented the scientific motivation for and a conceptual description
of AIMS, a new experimental technique for the in-situ interrogation of PFC surfaces

in magnetic fusion devices. The descriptions and performance of the experimental

components of the first AIMS diagnostics on Alcator C-Mod were examined as well as

computational modeling activities that were essential during diagnostic development.

Finally, the validation and first measurements of deuterium retention and boron ero-

sion and redeposition during plasma operations and wall conditions were presented.

The purpose of this concluding chapter is to summarize the key results, perhaps

most importantly, to illuminate the most important technical areas of the diagnostic

technique and experimental hardware that could be dramatically improved in the

near future for AGNOSTIC or in future implementations of an AIMS diagnostic at

another facility.

8.1 Summary of the key results

" The design, implementation, and validation of the first AIMS diagnostic on Al-
cator C-Mod has been presented. The diagnostic has been shown to be capable

of measuring localized isotopic PFC surface compositions at multiple locations

and on a plasma shot-to-shot timescale. The successful demonstration of the

diagnostic represents a significant advance in the experimental diagnosis of ma-

terials in magnetic fusion devices and could lead to new understanding in PMI.

" The feasibility of using the magnetic fields of a magnetic fusion device to steer-

ing an injected deuteron beam to the PFC surfaces of interest A 3D beam

dynamics code was shown to be capable of predicting the deuteron trajectories

in the magnetic fields. The use of nuclear kinematics and neutron spectroscopy

validated the code by denonstrating a shift in spectral features that agreed very

well with the predictions of the code.
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" The feasibility of using AIMS to identify and quantify several of the key isotopes
of interest for PMI, including deuterium and boron, was experimental demon-
strated. Agreement was demonstrated between the neutron (EJ301-PMT) and
gamma (LaBr 3-SiAPD) detectors for the measurement of boron changes on sev-
eral inner wall PFCs validating the spectra analysis methods.

" The development and validation of a comprehensive Monte Carlo synthetic di-
agnostic for AIMS (ACRONYM) was presented. The simulation played a key
role in determining the feasibility of neutron and gamma spectroscopy in Alca-
tor C-Mod, optimizing the detector design and location, and providing insight
into the spectral features of experimentally acquired detector responses.

" The development of a new method for the high-fidelity simulation of organic
scintillation detectors has been presented. For the first time, the method en-
ables the simulation of detector response functions and pulse shape discrimina-
tion capabilities for detectors of arbitrarily complex geometry and light readout
configurations; the simulation can be performed within a larger experimental
geometry to capture the realistic complexities of detection. Such capability is
critical for fully modeling AIMS measurements with ACRONYM. Importantly,
the method is now included in the world-leading Monte Carlo simulation toolkit
of particle, nuclear, space, and detector physics, Geant4.

" The first time-resolved, localized AIMS measurement of deuterium retention in
a magnetic fusion device during plasma operations have been presented. The
measurements provide experimental evidence to support the theory that the
plasma erodes and redeposits deuterium-saturated boron layers on top of the
PFCs. The finding is important because it eliminates deuterium codeposition in
boron layers as the responsible PMI mechanism for the net deuterium retention
observed in Alcator C-Mod.

" The first time-resolved, localized AIMS measurements of the changes in boron
and deuterium at four distinct locations on the inner wall PFCS of Alcator C-
Mod during wall conditioning experiments have been presented. The result is
important because it experimentally fulfills the promise of the AIMS technique
to provide cartographic mapping of the changes of the isotope content on the
accessible PFC surfaces as a function of time. Such data will be crucial to ad-
vance experimental PMI science and to use in the development of computational
PMI codes that are critical for magnetic fusion energy reactor development.

8.2 Recommendations for AIMS development

This sections contains several key suggestions for the continuing development of the
AIMS technique. While several recommendations are somewhat obvious - the need to
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increase the number of detectors to reduce measurement times, to improve the per-
formance of the RFQ, to maximize the signal-to-noise ratio of the detectors through
geometry - the following recommendations are much more involved. In each case,
work has already begun, and it is hoped that this section provides enough infor-
mation to continue these developments at Alcator C-Mod or other magnetic fusion
devices interesting in deploying an AIMS diagnostic.

8.2.1 Develop an EJ301-SiPM detector

As discussed in Chapters 3 and 4, a key requirement for particle detection in AIMS is
the capability to operate in the relatively strong magnetic fields - <0.1 T in Alcator
C-Mod, that are used to steer the incident deuteron beam. This capability enables the
detectors to operate as close to the PFC measurement surfaces as possible, maximizing
the detector solid angle and signal-to-noise ratio. While the EJ301-PMT detector
performed admirably, producing most the of results in this thesis, its sensitivity to
magnetic fields required it to be located at the entrance of the reentrant tube, almost
half a meter further away from the PFCs than the LaBr3 -SiAPD detector. Increasing
its proximity to the PFCs would have results in a much more prominent deuterium
signal in the EJ301-PMT spectrum by increasing the detected unscattering neutrons
from the 2H(d, n) 3He reaction compared to the large scattering background.

An upgrade to the neutron detection capability in AGNOSTIC has already begun
and should continue as part of future AIMS development work. The new detector is
composed of a 2.5 x 2.7 cm cell of EJ301 but is coupled to a large area SiPM array
for optical readout. An important aspect of large area SiPMs are their high output
capacitance, which is typically 1-2 nF. When coupled to standard commercially avail-
able current-sensitive preamplifiers, the high output capacitance couples with the
input impedance to slow the time response to the SiPM-preamplifier combination.
Although the time degradation is on the order of only a few hundred nanoseconds, it
is sufficient to preclude the discrimination of neutron- and gamma-induced pulses for
PSD for EJ301, which has principle scintillation time constants of 3.2 and 32 ns.

The proposed solution is to use an extremely fast (<1 ns) current-sensitive preampli-
fier that has been recently been developed for photonic readout in medical imaging
applications [1191. Figure 8-1 shows the circuit now under development in the lab-
oratory. Successful tests have been carried out with the preamplifier and the next
steps should be the evaluation of the circuit with different SiPMs.

8.2.2 Install an in-situ beam target

One of the principle limitations of AGNOSTIC was the lack of in-situ diagnosis of the
RFQ deuteron beam. While extremely careful alignment and beam spot optimization
was conducted before the RFQ was attached to the vacuum vessel, the unequivocal
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Figure 8-1: A photograph of the fast current preamplifier now under development for
the AGNOSTIC EJ301-SiPM neutron detector.

imaging of the beam spot on the inner wall PFCs and direct visual confirmation of
the magnetic beam steering would provide a far more substantial degree of confidence
than the validation tests presented in Chapter 6. Optical imaging of the beamline
would also enable visual optimization of the beam focusing optics and validation of
the computational codes currently used to setup the permanent magnetic quadrupole
focusing magnets.

A second limitation of AGNOSTIC was the inability to make control measurements
of a fully known, unchanging PFC surface inside of Alcator C-Mod. Using a target
with both neutron- and gamma-production cross sections would enable validation of
the entire experiment in Alcator C-Mod as well as routine energy calibrations of the
particle detectors. It would also enable the conversion of the AIMS measurements
from relative to absolute isotopic concentrations. To provide a constant surface com-
position for measurement, the target should be protected from exposure to plasma
conditions by pneumatic shutters that are used for other sensitive invessel equipment.

Both limitations could be simultaneously addressed by installing a dedicated in-situ
beam target on the inner wall. By careful selection of the target material, bright
scintillation light from the incident deuteron beam could be produced for visual beam
diagnosis and magnetic steering while neutrons and gammas could be produced for
the validating and calibrating the particle detectors. Of the materials considered,
Boron Nitride (BN) is probably the most optimal: it scintillates in blue in response
to energetic charged particle beams; it has neutron- and gamma-production cross
sections (See Chapters 3 and 6); is relatively easily to machine; and is rated for high
vacuum fusion applications.

The in-situ target must be designed to be completely nondisruptive to plasma op-
erations, extremely robust, and within view of a visible imaging camera inside the
vacuum vessel. An engineering design of in-situ target was completed and proposed
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for installation as part up the AGNOSTIC upgrade during the FY13 plasma camn-
paign but was not implemented due to the - currently in effect - shutdown of Alcator
C-Mod. An image of the design proposed for AGNOSTIC appears in Figure 8-2. For
any future AIMS diagnostic, Such a target would substantially enhance the diagnostic
optimization, code validation, and ieasurement capabilities.

8.2.3 Continue developing computational IBA

ACRONYM, the synthetic diagnostic for AIMS on Alcator C-Mod, played a key role
in exploring the diagnostic design, optimizing the position of the detectors within the
myriad constraints, and providing insight into the experimental detector spectra. In
the future, however, it is foreseen that developments underway in the IBA comnmu-
nity may enable ACRONYM to extract absolute measurements of the PFC surface
composition rather than just the relative measurements it is currently capable of
obtaining.

The key development in this area is the IAEA-led initiative to utilize developments in
computational power and nuclear data productions to replace standards-based IBA
with standardless, computational IBA [42]. The nuclear reaction module written for
ACRONYM is already capable of simulating the nuclear reactions of interest in AIMS
although the dearth of differential angular cross section data is a - hopefully short-
lived - hindrance. Cross sections for several of the deuteron-induced nuclear reaction
of interest for AIMS are now underway at MIT, and new advances in the analysis of
material composition using a combination of the EJ301-PMT detector responses and
computational IBA are now being pursued.

8.3 Prospects for AIMS in PMI science

AGNOSTIC on Alcator C-Mod was the first AIMS diagnostic to be implemented
oin a magnetic fusion device. With the impending shutdown of the Alcator C-Mod
tokamak and cessation of plasma operations that followed immediately after the AIMS
plasma run on October 2, 2012, AGNOSTIC - the status of Alcator C-Mod remains
unclear as of this writing - AGNOSTIC was a novel diagnostic that was given a single
opportunity to prove its potential: no upgrades, no second chances, no "do overs."
As demonstrated from the measurements and analysis presented in Chapters 6 and
7, as well as those found in [55], AIMS demonstrated its potential to revolutionize
PMI science in just one third of a plasma run day on Alcator C-Mod.

For the first time in experimental PMI science, one can imagine routinely produc-
ing time-resolved maps of fuel retention, net erosion and deposition, and isotopic
composition over a majority of PFC surfaces with a remote-sensing diagnostic that
is adaptable to any magnetic fusion device. Such a capability would provide the
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Figure 8-2: The engineering solid model for the AGNOSTIC in-situ beam target. The
BN target plate is robustly secured in place in a stainless steel frame with two stainless
target hold plates; the frame is then bolted to the inner wall backplate module. The
BN target extends radially beyond the stainless frame but is set 5 mm behind the
radius of the inner wall PFCs to prevent contaminating the plasma. Neighboring
PFCs are beveled to prevent the plasma from encountering leading edges.
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first true comprehensive look at the dynamic interactions of confined thermonuclear
plasma and the plasma-facing boundary materials, integrating centimeter-scale reso-
lution measurements into a true global picture of PMI. The result would be a trernen-
dous advance in experimental PMI science as well as a wealth of experimental data
to guide the development and validation of PMI modeling codes that are considered
essential for magnetic fusion reactor development.

One of the most exciting prospects for AIMS is the operation of a significantly up-
graded AGNOSTIC with the proposed Advanced Outer divertor (AOD) on Alcator
C-Mod would have combined the most comprehensive ex-situ PFC surface diagnostic
with the most forward-looking solution to reactor-relevant PMI issues. The AOD is
ail approved design for a toroidally continuous, tightly aligned tungsten divertor that
operates at initial temperatures up to 875 K in order to understand the impact of
high temperature surfaces on PMI, particularly fuel retention, and, in turn, on plasma
confinement. AGNOSTIC would be the perfect complement to the AOD, providing
time- and space-resolved measurements of the hot tungsten PFC surfaces that could
be coupled to the suite of planned plasma and boundary diagnostics.

The successful demonstration of AIMS on Alcator C-Mod holds tremendous potential
for the experimental advancement of PMI science in magnetic fusion tokainaks, and
a clear path exists for the continued development of the measurements techniques
and deployment of diagnostics on other magnetic fusion devices. It is the hope of
this author that AIMS becomes one of the standard PMI diagnostics found on every
magnetic fusion device and is considered to be one the principal keys in the unlocking
of the science of PMI. Ultimately, the proof-of-principle AIMS diagnostic on Alcator
C-Mod is analogous to the shore of the cosmic ocean in one of Carl Sagan's most
famous quotes, an embodiment of the sentiment that with AIMS "on this shore,
we've learned most of what we know. Recently, we've waded a little way out, maybe
ankle-deep, and the water seems inviting [1201."
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Appendix A

ROOT-based data acquisition and
analysis framework

A major challenge of the thesis was to implement a data system that facilitated the
collection and analysis of all experimental data, primarily digitized detector and ac-
celerator signals for offline analysis. The bespoke, evolving nature of the experiment
demanded an adaptable system that could be custom modified to meet any desired
new functionality, which precluded the use of commercial data systems. We also
required the ability to run the experiment independently of the tokamak, in order
to achieve maximum operational flexibility for equipment debugging, experimental
validation, system optimization, and tokamak-independent experiments, as well as
to account for a scenario where we needed to move and operate the system in an
offsite location. This requirement precluded the use of Alcator C-Mod's preexisting
MDSplus' data storage framework. Therefore, we decided to develop a custom data
acquisition and analysis framework from scratch using ROOT that would be tailored
to meet the specific needs of our experiment. The result was a robust, customiz-
able, well-understood framework for acquiring, storing, and analyzing the data that
seemlessly integrated into the experiment's data acquisition hardware, which is de-
scribed in detail in Section . The following section is intended to provide a detailed
explanation of the software-side of the data acquisition system.

A.1 ROOT

ROOT 2 is a C++ object-oriented framework conceived at the European Center for
Nuclear Research (CERN) developed by the high-energy particle physics community

1MDSplus is a set of software tools for data acquisition, storage, and management
of complex scientific data commonly used in magnetic fusion experiments. Available at
http://www.mdsplus.org/index.php/Introduction

2 ROOT is available at http://root. cern. ch/drupal/
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in order to meet the massive data storage and analysis challenges posed by the Large
Hadron Collider and other next-generation experiments [601. It should be noted,
however, that despite its principle application in large collider experiments, ROOT
provides a comprehensive, cost free, open source, and immensely powerful framework
for almost any small- and mid-size physics experiment. ROOT contains an efficient
object-orient database for parallel data writing/reading, advanced statistical anal-
ysis methods (multidimensional histogramming, data fitting packages, peak finding
algorithms, etc), data visualization tools, a C++ interpreter environment for dynamic
access to the ROOT framework, and a large toolkit of C++ classes that can be folded
into the user's custom C++ code. Of particular interest to the development of our
experiment, ROOT provides the ability to construct complex graphical user inter-
faces (GUI) by using either the native ROOT GUI environment or by integrating the
ROOT framework into a Qt-based project.

A.2 Overview

The purpose of the data acquisition framework is threefold: first, it must allow the
user to program and operate the the DAQ hardware; second, it must enable the user
to acquire digitized data and store in persistently onto a hard drive; third, it must
provide the user with the ability to access and analyze the data after the experiment
has concluded.

An overview of the data acquisition framework is shown in figure X. In order to aug-
ment their data acquisition hardware, Caen provides firmware and a set of C libraries
that provide for a basic interface to and control of the data hardware, which forms
the foundation of the data acquisition framework. The next layer consists of the
custom ADAQ library that uses the CAEN C libraries to provide a high-level inter-
face to each piece of hardware for intuitive control and maximum data acquisition
functionality, as well as "wrapper" functions using Boost .Python3 to enable Python
control of the hardware. Next, (ADAQAcquisition) is built on top of the ADAQ li-
brary. As described in the following section, it provides the user full control of the
DAQ hardware, real time viewing and data analysis, and persistent storage of dig-
itized waveforms via the ROOT file input/output framework. Finally, as described
in Section A.3, ADAQAnalysis enables access to the stored ROOT files and provides
comprehensive examination, analysis, and visualization, of the data stored in them.

Finally, it should be noted that combining the high-level ADAQ library with the tools
provided by CAEN results in a flexible development platform that extends beyond
ADAQAcquisition and ADAQAnalysis. For example, a number of ADAQ applications,
using C++ and Python to perform simple tasks from the command line and in batch
mode, have been developed, as well as a prototype ADAQ interface to the MDSplus
data system. Furthermore, the user can use these tools to develop new graphical

3Boost. Python is available at http: //www. boost. org/doc/libs/1_53-0/libs/python/doc/ index. html
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interfaces using Python, Qt, or other application of their choosing.

A.3 Acquisition tools

ADAQAcquisition is a standalone, graphical user interface for ADAQ that is built
primarily with custon C++ classes and the native ROOT GUI environment. Its main
purposes is to enable the user to effortlessty acquire and store digitized data using
ADAQ; it has the additional benefit of obscuring the low-level details of accessing the
DAQ hardware and using ROOT file input/output, which enables any user, regardless
of programming experience, to successfully use ADAQ. Its main features are to

" establish a connection to the ADAQ system

" read/write values to any register on the ADAQ hardware

" set, operate, and monitor of the ADAQ high voltage supply

" set, operate, and monitor of the ADAQ digitizers

" provide a real-time digital oscilloscope

" perform real-time analysis of digitized waveforms into spectra

" output publication-quality images of waveforms, detector spectra

" store digitized waveforms persistenly in ROOT files

The main window framnic of ADAQAcquisition provides tabbed access to three main
subfranes: the "VME Connection" tab contains general DAQ functions; the "High
Voltage" tab contains all voltage supply functions; and the "Oscilloscope" tab con-
tains all of the real-time acquisition, analysis, and data storage functions. A screen-
shot of ADAQAcquisition, with the "Oscillocope" tab displaying an acquired detector
waveform, is shown below:

A.4 Analysis tools

Similar to ADAQAcquisition, ADAQAnalysis is a standalone, graphical user interface
for ADAQ that is built primarily with custom C++ classes and the native ROOT GUI
environment. Its main purpose is to provide the user with an intuitive, powerful
engine that streamlines the process of ADAQ data analysis while at the same time
obscuring the underlying ROOT file storage architecture and input/output methods.
Its main features are to provide
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- spectra calibration
- peak finding
- peak fitting
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* calculation of detector count rates
" calculation of incident deuterons on target from RFQ current
" generation of publication-quality images of analyzed data

In addition, because many of the digital operations on waveforms are embarassingly
parallel, ADAQAnalysis has been parallelized using Open MPI4 , which greatly reduces
processing time for CPU-expensive tasks like peak finding and spectra creation on
large data sets.

As for ADAQAcquisition, the main window of ADAQAnalysis provides tabbed access
to five main subframes. The "Waveform" and "Spectrum" tab provide settings for

4 Open MPI is an open source implemention of the MPI2 (Message Passing Interface) standards.
Available at http: //www. open-mpi. org/
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creating and analyzing these objects, while the "Analysis" tab provides settings for
various waveform analysis algorithms, such as pulse shape discrimination and count
rate calculation. The "Graphics" tab handles the creation and output of graphical re-
sults, and the "Processing" tab controls sequential or parallel waveform handling and
other features. A screenshot of ADAQAnalysis, showing a two-dimensional histogram
containing the result of a pulse shape discrimination algorithm, is shown below:
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