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Abstract

Measuring Nuclear Lifetimes with Two Gamma-Ray Imaging Techniques
by
Robert David Crabbs
Doctor of Philosophy in Engineering — Nuclear Engineering
University of California, Berkeley

Professor Kai Vetter, Chair

The GRETA collaboration has developed a large position-sensitive HPGe detector
array for both stable and radioactive beam experiments, called the Gamma-Ray Energy
Tracking IN-Beam Array (GRETINA). The array’s primary purpose is for high-efficiency,
high-precision gamma-ray spectroscopy. Its position sensitivity allows experimenters to se-
quence photon tracks via Compton kinematics. This tracking is used, among other things,
to estimate the emission angle of a gamma ray relative to its parent nucleus’s velocity. This
is key for spectroscopy because it gives a way to correct for Doppler shifts in photon energy.

Because GRETINA can measure both energy and position of individual photon in-
teractions, it also opens the door for gamma-ray imaging. I sought to use these capabilities
to measure the lifetimes of short-lived nuclear states produced by in-beam experiments. The
current approach to this problem — called the “Recoil Distance Method” (RDM) — requires
large amounts of beamtime, a resource which is in short supply. With gamma-ray imaging,
on the other hand, we can theoretically extract these lifetimes “for free”, using the same data
taken during spectroscopy runs. Where RDM generally requires multiple measurements to
find a lifetime, imaging delivers full de-excitation curves from a single run. Lifetimes can be
extracted directly by fitting to these curves.

The research presented here provides a feasibility study of two gamma-ray imaging
techniques: traditional Compton imaging, and a new method based on Doppler shifts. Where
Compton imaging depends on the first two hits in a photon track, “Doppler-Shift imaging”
requires only the first. This is extremely promising, as I found that GRETINA’s position
resolution greatly limits the fidelity of Compton imaging. Doppler-shift imaging is more



sensitive to detector energy-resolution, but largely insensitive to position resolution. In both
cases, finite imaging resolution causes an imaged de-excitation curve to deviate from the
ideal, purely exponential shape. To improve accuracy, curve fitting must account for the
detector imaging response.

Many parameters affect the overall imaging response of GRETINA. I evaluated several
of them here through a series of detailed Geant4 simulations, and explored several data cuts
to improve imaging quality. In general, Doppler-shift imaging offers 5-6x better imaging
resolution and 2-3x better imaging efficiency. With data filters, Compton imaging resolution
can deliver comparable resolution at the expense of 85-90% of counts.

The end goal of this imaging work is to understand how imaging response translates
to precision in lifetime measurements. Imaging resolution, counting statistics, and the life-
time of the nuclear state in question all have significant effects on this precision. I studied
each parameter using detailed simulations built in Geant4, calculating sensitivity ranges for
lifetime measurements using gamma-ray imaging. I found that even very poor imaging reso-
lution can be corrected for if the detector response is accurately characterized. For example,
with 25.0 mm imaging resolution and 50K samples per lifetime curve, we can achieve < 5%
relative uncertainty on measured lifetimes between 29 ps and 5.2 ns at 0.3c parent velocity.

However, while the simulations are extremely encouraging, an experimental validation
with 92Mo was ultimately unsuccessful. At 35 ps, the lifetime of the isotope’s 740 keV
transition is on the lower edge of our sensitivity range — especially when combined with the
very low 0.085c¢ recoil velocity of the parent nucleus. I also ran into complications from
Compton background counts in the experimental spectrum, which made it very difficult to
characterize the imaging response reliably. Knowing this, however, we now have a better
idea of the requirements for using gamma-ray imaging in lifetime experiments.
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Chapter 1

Introduction

1.1 Problem Statement and Motivation

This project seeks to not only measure nuclear lifetimes, but also expand scientific work in
general by reducing the need for beamtime in lifetime measurements. Lifetime is an important
test of our models of the strong force, but obtaining data is currently quite laborious and
expensive. I propose using gamma-ray imaging for these measurements. Doing so may
extend the range of lifetimes that can be studied with in-beam experiments. In addition, if we
can cut down on the required beamtime, it will allow us to measure lifetimes for more states,
as well as free up time at accelerator facilities for other experiments.

The lifetime of an excited nucleus is critical to our understanding of subatomic forces.
Quantum mechanics dictates that all systems have a non-zero probability to transition into
another allowed state. (See pages 40-41 in Reference [21].) This law is quantified in Fermi’s
Golden Rule, which gives the probability per unit time Ay; of observing a transition from an
initial nuclear state to some other final state:

2w
Api = ?‘Mfi‘Qp(Ef) (1.1)

where p(Ey) is the density of final states at energy Ef, and My; is the transition ”"matrix
element” of the transition operator V. The initial state of the system is represented by
the wave-function W;, while the final state is represented by W;. These wavefunctions are
predicted by nuclear models — in other words, the theoretical forms and relative strengths
of the forces in the nucleus. For any given theory of the strong, weak, and electromagnetic
forces, one can use quantum mechanics to predict everything from excitation energies to
nuclear spins to decay pathways.

References [21] and [16] go into more detail about nuclear structure calculations. For
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our purposes here, the important thing is that Equation can be re-arranged to solve for
My; in terms of the nuclear lifetime:

h

Myl = 4 | ——
| f‘ ZWP(Ef)Tfi

(1.3)

where 7; = 1/\y; is the lifetime of transition from the initial to final state. By measuring
this lifetime, one obtains a data point to compare against the theoretical predictions of a
given nuclear model.

Reference [35] provides an excellent example. The article focuses on low-lying ex-
cited states and their transitions in the “halo” nucleus C. By measuring the lifetime of the
first 3/2% state, they found that the M1 transition is greatly suppressed. This confirmed
expectations they had from the shell model for light halo nuclei, and has suggested further
lifetime measurements in other mass regions. (Halo nuclei form near the neutron or pro-
ton drip-lines, where an overabundance of one type of nucleon produces lower-than-average
binding energy. The nucleons form a “halo” orbit around the tightly-grouped nuclear core,
which expands the effective radius of the nucleus significantly beyond that predicted by the
liquid-drop model. [36])

Reference [18] details another nuclear structure experiment, this time focused on
collectivity and deformation in the ?Kr nucleus. As discussed in pp. 134-149 from Reference
[21], nucleons can act in groups to produce patterned energy levels, called bands. The specific
type of collective behavior yields different transition strengths between the states. Here, the
experimenters concluded that “The rapid increase of collectivity in the 47 — 2% transition
relative to that for the 2% — 0" transition suggests that the onset of the oblate-prolate shape
transition occurs at low spin in ?Kr, presenting an extreme example of the shape transition
in atomic nuclei.”

We could also use a measured lifetime to deduce the spin-parities of a nucleus’s en-
ergy levels. The transition strengths between levels depend on the transitions’ energies and
angular-momentum transfers. In general, it is very unlikely for a photon to carry more than
one unit of angular momentum. This means, for example, that a transition from J™ = 9/2%
to J™ = 3/2" is highly-suppressed (with M3 as the lowest permitted multipole mode). On
the other hand, a transition from J™ = 9/2% to J™ = 7/2 would be far stronger. Measuring
the partial lifetime of a specific transition tells how relatively strong that transition is, and
hence sheds light on the final state’s spin-parity. [21]

Our models are most reliable near the so-called “Valley of Stability”, where nuclei
have lifetimes of at least a few seconds. It’s near the proton and neutron drip-lines that the
models fail. We have a lot less data for these exotic, short-lived nuclei. Studying them is
the mission of multiple facilities, such as MSU’s Facility for Rare Isotope Beams (FRIB).
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In these facilities, rare nuclei are produced by accelerating a high-energy projectile
(like *®Ca or ¥ Kr) into a thin target (like '*C or ?Be). In some experiments, the reaction
products are themselves projectiles in a secondary beam that produces even more exotic
isotopes. The products are typically created in an excited state, and will therefore de-excite
some time later as they travel downstream. The recoil velocity of the products is dictated
by reaction kinematics, and is typically between 0.05-0.45¢c. (This velocity is limited by the
energy per nucleon that can be delivered by the facility’s accelerator.)

To measure a lifetime in a beam experiment, we need some way to reconstruct the
de-excitation curve. (Figure When the nuclei de-excite, they emit gamma-rays at var-
ious distances downstream of the target. Because the recoil velocity is measured, distance
travelled translates directly to time of flight, and hence emission time. The distribution of
emission times will follow an exponential decay:

A(z) = Age (1.4)
— A06*2/750T0

where 3 is the parent nucleus’s speed in the lab frame, v is the corresponding Lorentz factor,
7o is the proper lifetime of the nuclear state, and pu = 1/vf8ecry gives the probability of
de-excitation per unit length.

Ideal De-Excitation Curve

E
E .
P
‘E 2
=
=]
(3]
z (mm)
Photon Emitted at Angle © Distribution of Emission Points
Hits multiple times in detector Locate emission points of many different photons;
before absorption distribution follows an exponential decay function

Figure 1.1: Hlustration of the lifetime measurement problem

The current state-of-the-art for measuring lifetimes is the Recoil Distance Method,
or RDM. The technique is discussed in detail in Section The important point is how
intensive the process is — building a de-excitation curve through RDM requires multiple
runs, each of which can take hours or even days of beamtime. Beamtime is a very scarce
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and costly resource, and so there is marked interest in alternative methods for measuring
lifetimes. My work here investigates using gamma-ray imaging for the purpose. One of
the primary attractions to this approach is that the de-excitation curve is built in a single
measurement. In addition, where RDM requires several dedicated runs, imaging can use data
from a standard spectroscopy experiment. This means using significantly less beamtime.

Lawrence-Berkeley National Labs has developed a state-of-the-art photon detector
array called GRETINA, which is used (among other things) for RDM measurements. This
array consists of many large-volume segmented HPGe crystals. Because of its extraordinary
efficiency and resolution, the array presents a very promising opportunity for gamma-ray
imaging, specifically for lifetime measurements. More details on the GRETINA array are
included in Section 2.4l

This work was made possible by a generous grant from the National Nuclear Security
Consortium, or NSSC. One of the missions of this organization is to prepare young scientists
for careers in nuclear security. While lifetime measurements are not directly related to
securing our nuclear stockpile or defending against radiological threats, gamma-ray imaging
is a technique with broad applications in the field. Through my work with Compton imaging,
I have gained skills that would be readily transferrable to security applications, and have
added to the body of knowledge surrounding this valuable technique.

1.2 Chapter Overviews

In this section, I provide the reader with a general guide to the rest of the dissertation. The
theory and background is all contained in Chapter|[d, while Chapters[d thru [0 represent the
new contributions my work brings to the field.

This body of work seeks to use gamma-ray imaging to measure lifetimes of rare excited
nuclei. There are several pieces to this puzzle — Compton Sequencing (Chapter [3), Comp-
ton Imaging (Chapter [4)), Doppler-Shift Imaging (Chapter [5)), and Lifetime Measurements

(Chapter [6).

Chapter [2| provides the background and theory upon which the remaining chapters
rest. In it the reader will find discussions of Compton Scattering and relativistic Doppler-
Shifts, including derivations of some of the most important formulae involved. There is also
a section on gamma-ray detector physics, with an in-depth look at the GRETINA detector
array. Much of this discussion focuses on the signal decomposition which enables GRETINA
to determine the locations of photon interactions within its crystals. The chapter concludes
with a brief description of the simulation tools used in this study.

GRETINA’s position sensitivity is a powerful asset. Combined with the array’s excel-
lent energy resolution, this sensitivity provides the basis for Doppler-shift correction, Comp-
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ton sequencing, and two different gamma-ray imaging modes. On top of that, it enables us
to perform lifetime measurements in a variety of ways. Chapters [3] thru [6] explore in detail

how I implemented these techniques, and represent the new contributions this work brings
to the field.

Chapter |3| is dedicated to interaction grouping and Compton tracking — the methods
used to identify and sequence individual photon tracks. The detector’s time resolution is
not nearly good enough to sequence directly, so instead we take advantage of the physics of
Compton scattering. Each potential sequence of measured energy depositions and scattering
angles is tested against the kinematics described by the Compton formula. The one that
best matches the kinematics is deemed the “correct” sequence.

Chapter {4] discusses the mechanics of Compton Imaging. Much of my research focused
on optimizing the resolution achievable with this technique. There are multiple parameters
that we can tune during post-processing. Some of the choices can be made independently
of the imaging problem; but some, like the “Compton lever arm”, are simply empirical
optimizations of the end results. Imaging resolution and efficiency are also highly-dependent
on the details of a given beam experiment, including beam velocity, CM-frame photon energy,
and detector resolution (for both position and energy). I investigated the effects of these
parameters on the final “detector imaging response”, a distribution reflecting how well a
given imaging modality locates the true photon emission points along the beamline.

Chapter 9| introduces a new gamma-ray imaging method, called Doppler-Shift imag-
ing, which seems very promising for lifetime measurements. If we know the correct CM-frame
emission energy, we can use the detected lab-frame energy to determine the emission angle.
Combined with the location of the photon’s first interaction in the detector, this uniquely
determines the emission location. Requiring a single interaction point is an enormous advan-
tage over Compton imaging, which requires both the 1st and 2nd hits. Compton imaging is
therefore much more sensitive to detector position resolution. I evaluated this new imaging
method using a similar approach to the one in Chapter [4

In Chapter [0} I tackle the problem of measuring nuclear lifetimes through imaging.
There are three main considerations: the imaging resolution, the number of counts available
to build the de-excitation curve, and the “de-excitation parameter” (determined by the beam
velocity and nuclear lifetime). Imperfect imaging resolution smears the true shape of an ideal
de-excitation curve, and should be corrected for. Doing so requires calibration measurements
to determine the detector imaging response for a particular setup. The chapter ends with
an experimental validation of the two imaging techniques using two known states of >Mo.

Finally, in Chapter[7], I discuss my conclusions, with a comparison of the two imaging-
based lifetime measurement techniques. The chapter concludes with refinements to imaging
we could implement if given more time.



Chapter 2

Theoretical Basis

This chapter provides background and the theoretical basis of our work here. In it, we
cover the prerequisite physics for Compton tracking and Doppler-shift corrections. The next
sections describe the GRETINA detector array in some detail, including an overview of the
signal-decomposition algorithm that enables its position sensitivity.

All of the information presented here is the result of others” work — it is included for
reference and to provide a complete background for the work introduced in the next chapter.
Much of it can of course be found in textbooks. However, it took a good while for me to
reach my current understanding of everything that goes into the larger lifetime measurement
problem. My hope is that by including all this material in one place the people who read
this work won’t have to go through such great lengths.

2.1 Physics of Compton Scattering

Compton scattering occurs when a photon scatters off an electron. The kinematics of this
process allow us to properly sequence a photon track, a fact we will use extensively later on
m gamma-ray imaging. Because these sequencing techniques rely on a track having three or
more interactions, photonic cross-sections in HPGe can be used to estimate the energy range
for which these techniques are most useful.

The deriwvation of the famous Compton Scattering formula is fairly straightforward
and is presented here for reference. However, it makes an important simplification, assuming
the electron is initially at rest when struck by the incoming photon. Because electrons in real
materials are bound to atoms and thereby have non-zero energy and momentum, there is
some inherent uncertainty in the energy transferred during the scatter.

There are three primary reactions for a photon traveling through a material. One
such interaction is photoabsorption, wherein the photon transfers its full energy to an atomic
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electron. The reaction will leave the electron in an excited atomic state or potentially liberate
it from the nucleus entirely (photoionization). A photon can also scatter off an electron while
imparting only some of its energy in the process. This is called Compton scattering, which
forms the very basis of my work here. The last of the common interactions is pair-production,
wherein a gamma-ray of sufficient energy scatters off the nucleus and produces a matching
electron-positron pair.

The famous Compton energy formula gives the final energy of a photon of initial
energy after it has scattered off an electron at a given angle. The derivation is straightforward

(see Appendix |A.1), and the familiar result is:

o
E. = 12 2.1
(A (Ei/mec?)(1 — cosb) (2.1)

Here, F. ; is the photon’s initial energy, F., ; is its post-scatter energy, and ¢ is the scattering
angle. The above equation makes an important assumption, though — that the scattering
electron is initially at rest. In reality, this is certainly not the case. Electrons are bound to
parent atoms with energies from several eV to several 10’s of keV (and for high-Z elements,
even more). In HPGe, the inner K-shell electrons have 14.1keV binding energy, and because
e are massive particles, even relatively small kinetic energy can correspond to significant
initial momentum relative to the photon. Reference [40] gives an expression for Compton
scattering that accounts for this momentum:

E,;(1—/fcosay)

E, ;= 2.2

T 1= Beosas + (Eyi/ymec?)(1 — cosf) (22)

cosay = PeiPut o Pei Pri g PritPul (g
[Pe.il [P~ [Peil [Pyl [P+il[Pr ]

where fc is the electron’s speed and 7 is its Lorentz factor. p.; is the inital photon momen-
tum, p-, 7 is the final photon momentum, p.; is the inital electron momentum, and pe, ¢ is
the final electron momentum. (See Figure [2.1])

Figure shows the relative cross-sections for the three primary photon interactions
in Germanium. As we can see, photoabsorption dominates in the low-energy region (£, <
150 keV). Compton scattering becomes the most probable interaction between 150 keV
< E, < 8 MeV, with pair production dominating the total cross-section at higher energies.
The differential cross-section for Compton scattering is given by the Klein-Nishina formula:

g—g = o’r¢.P(E,,0)* [P(E,,0) + P(E,,0) " — 1+ cos 0] (2.4)
1

P(E,,0) = 1+ (E,/m.c?)(1 — cos )

(2.5)
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Figure 2.1: Hlustration of Compton scattering
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Figure 2.2: Photon cross-sections in HPGe

where « is the fine structure constant, rc = ii/mec is the classical electron radius, m, is the
electron mass, F, is the initial photon energy, and 6 is the photon scattering angle. The
derivation is beyond the scope of this work, but details are available in Reference .

Equation above can be used to find the relative probability that a photon will
scatter at a given angle. From there, we can use Equation to find the probability that a
photon scatters with final energy E, ; (see Figure . R. Ribberfors took this a step farther,
combining the corrected Compton formula (Eq. [2.2)) with the Klein-Nishina formula:

0? T2 E E.; E
(—U ) = Jn(p.) (m rc) ( C 4T gip? 0) 7.
0IE, ;) 2E,; ) \E,; Ec \/ E?, + E? ; — 2E,,E,  cos{

(2.6)
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Here, F¢ is the ideal post-scatter photon energy given by Equation Jn(p.) represents
the distribution of electron momenta for the nth electron shell, also known as the Compton
profile. For a given scattering angle, we can use a weighted average of Equation for each
shell to arrive at an energy distribution like the one shown in Figure [2.4] The width
of this distribution sets a physical minimum on the effective energy resolution of a detector.
For example, K. Vetter et al. found this physical limit to be 1.7keV for 662keV photons in
HPGe. [33]

Distribution of Compton Energy Depositions
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Figure 2.3: Some ideal AE distributions in Compton scattering
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Figure 2.4: AF distribution for 140keV photons scattered at 45°

[27]
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Equation forms the basis of my imaging work. Photons typically interact several
times in a detector before being fully-absorbed, but the detector electronics are not fast
enough to resolve timing of individual interactions. Consider — from Figure [2.2] the total
interaction cross-section for HPGe is between 10 and 20 barns for photons of energy 150 keV
< E, < 8 MeV. Germanium has a molar mass of 72.63 g/mol and mass density of 5.323
g/cm?, or a number density of 4.413E22 atoms/cm®. The macroscopic cross-section yields
the mean-free-path: MFP = 1/3 = 1/on. Taking ¢ = 10 b gives an MFP of 2.27 cm,
a distance the photon can cover in 75.5 ps. Considering semiconductor detectors produce
signals on 100 ns timescales, the entire track appears simultaneous to the detector. However
— the kinematics relating photon energy and scattering angle provide a way to sequence
tracks, which in turn allows us to image photon sources in GRETINA’s central cavity. We
will discuss this in much more detail in Chapter 3.

2.2 Physics of Doppler Shifts

Gamma rays emitted from moving sources are shifted both in energy and angular distribution.
These changes are due to the relativistic Doppler effect. I derive the governing formulas for
the shifts here.

GRETINA’s primary purpose is as a high-efficiency, high-precision gamma-ray spec-
trometer. It serves to measure the emissions from excited exotic nuclei created in accelerator
fusion experiments. In traditional spectroscopy applications, the parent nuclei are typically
at rest in the lab-frame. But with in-beam experiments, the sources are moving relativisti-
cally — which means the emissions can be significantly up- or down-shifted in energy due to
the relativistic Doppler effect. For a nucleus moving with speed fc in the lab frame:

Eyom
By pgy=——"12— 2.
T (U= Feos ) =0

where 7 is the nucleus’s Lorentz factor and ¢ is the measured emission angle relative to the
parent velocity in the lab frame. (See Appendix for a derivation of this equation.)

The Doppler shift can be quite pronounced. For a parent nucleus moving down the
beam axis with a speed of 0.30c, a 1.00 MeV emission in the CM-frame can range anywhere
from 1.36 MeV (¢ = 0°) down to 0.73 MeV (¢ = 180°). Obviously, we would want a much
better level of certainty than that for spectroscopy, where 0.25% energy resolution is typical
of an HPGe detector for stationary 1.0 MeV sources.

We can correct for the Doppler-shift if we can determine the source velocity and
emission angle. The source velocity is readily measured using multichannel plate detectors
downstream of the detector array (see Appendix . The emission angle is more difficult
— we need the emission location on the beamline (Xj), plus the coordinates of the first
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interaction in the detector (X). This defines the emission vector, Vo = X3 — X, which in
turn provides the emission angle:

Vo - B
. 2.8
S AT (28)

where B is the vector representing the source velocity. (We generally assume that the source
is a pencil beam, and use B = £ by convention.)

Because GRETINA’s detectors are position-sensitive, we can directly measure the
coordinates of each interaction. Determining which is X is discussed more in Section [3.2]
Finding Xy is the subject of much of Chapters |4 and [5| (see Sections and . A
common assumption is to simply set X¢ = (0.0 mm, 0.0 mm, 0.0 mm) or the target location
in GRETINA’s inner cavity.

However, this is a good assumption only when the lifetime is very short. Consider a
photon that registers its first hit at X; = (0.0 mm, 190.0 mm, 190.0 mm) and deposits a
total of 1.00 MeV in the detector. Suppose the parent nucleus moves with g = 0.3. Using
Xo = (0.0 mm, 0.0 mm, 0.0 mm), we obtain a Doppler-corrected, CM-frame photon energy
of 0.827 MeV. Using Xo = (0.0 mm, 0.0 mm, 10.0 mm) — a position just 1 cm downstream
— yields a Doppler-corrected energy of 0.833 MeV. The nucleus travels this distance in 111
ps in the lab-frame, or 117 ps in proper time. So, lifetimes longer than this will introduce
even larger uncertainties in the CM-frame photon energy.

A final note on Doppler shifts — the lab-frame emission angles tend to be far from
isotropic. Let the photon’s lab-frame momentum be p, = (p;, py, p.) and its CM-frame
momentum be pl = (p), p,, p.). We can define the emission angle in the lab frame by

tan ¢ = p,/p., and in the CM-frame by tan ¢' = p; /p.. From Equation we have:

P, =p- — 1BE, (2.9)
= 7|p4| cos ¢ — vB|ps| (2.10)
= I[Pyl (cos ¢ — ) (2.11)

Similarly, pj, = p, = |p,|sin ¢. Therefore:

tand’ = gl /7. (2.12)
o |p’7| sin ¢

" Tpalleons — 5) 21

sin ¢ (2.14)

~ (cosd — B)
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With some algebra, we can solve for the lab-frame angle, ¢:

—b+Vb? — 4dac

sin ¢ = 5 (2.15)
a =7 tan® ¢’ — 1 (2.16)
b= —2yftan ¢’ (2.17)
c=*tan® ¢'(1 — B%) (2.18)

With g = 0.3, a 45.0° emission in the lab frame corresponds to a 58.8° emission in the CM-
frame. In general, the lab frame angle will be less than CM-frame angle, an effect called
“Doppler focusing”. This has important repercussions for detection efficiency in GRETINA,
where we have less than 47 coverage and must choose where to place detector modules to
maximize counts. The geometric efficiency is a complex function of both Doppler focusing
and the lifetime of the parent nucleus.

2.3 Lifetime Measurements with RDM

This section describes a process by which lifetimes of nuclear states are currently measured.
The technique s called the “Recoil Distance Method”, or RDM.

Recall that a photon emitted with a given energy in the CM-frame of its parent will
exhibit a Doppler-shifted energy in the lab frame. (See Section ) The magnitude of the
shift depends on the emission angle and the parent velocity. By placing a degrader foil at
a set distance downstream of the target, we can separate the emissions into two categories
— those that occur upstream of the degrader, and those that occur downstream. With a
thick enough foil, the parent nuclei can be slowed significantly, and thus exhibit noticeably
different Doppler-shifts for the two categories.

The next step is to apply an estimated Doppler-shift correction to each emission,
using:

Ecy = (1 — BeosO)Era (2.19)
= OéELab (220)

where E¢jy is the CM-frame photon emission energy, Fr,, is its corresponding lab-frame
energy, 0 is the emission angle, and the overall Doppler-shift correction factor is o = (1 —
B cosf). The emission angle is not known exactly, but it can be estimated by measuring
the location of the first interaction of the photon in a nearby gamma-ray detector. (The
emission point itself is generally assumed to be at the target.) Note that the velocity at
emission is also not generally known, but can be calculated from the reaction kinematics in
the target. This means that the recoil velocity 5 will be overestimated and emission angle 0
will be underestimated for the nuclei that de-excite downstream of the degrader.
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We can see from Equation that these two effects will tend to underestimate the
Doppler-shift correction factor. So, for any given measured lab-frame energy, the photon’s
CM-frame energy will be under-reported. Consider, for example, an emission downstream
of the degrader with true parent velocity 0.1c and 90° emission angle. Suppose the parent
velocity calculated from kinematics is 0.3c, and the estimate for emission angle is 60°. Then

the true correction factor would be alphas .. = 1.005, but the guess would be alphagyess =
0.891.

Figure illustrates this. RDM will populate two peaks in the corrected energy
spectrum. The emissions downstream of the degrader (in green) will fall into the lower-
energy peak, while the emissions from between the target and degrader (in blue) will fall
into the higher-energy peak. By comparing the ratio of counts in the two peaks, then, we
have a measure of how many of the parent nuclei de-excited prior to reaching the degrader.
Each choice of degrader position gives a data point on the overall de-excitation curve.
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Figure 2.5: Ilustration of the RDM lifetime technique

17]

2.4 The GRET(IN)A Array

This section briefly describes the technical specifications of the GRET(IN)A detector array,
including crystal size, segmentation, and arrangement.

GRETA, the Gamma-Ray Energy Tracking Array, is a yet-unbuilt set of detec-
tor modules that provide (nearly) full 47 coverage around a gamma-ray source or target.
(Figure The array is comprised of 30 separate detector modules, each containing 4
highly-segmented hexagonal HPGe crystals sharing a single cryostat. These modules are
closely packed to form a spherical shell with 36 cm inner-diameter and 9 cm thickness. (An
aluminum frame holds the modules in several concentric rings centered about and perpen-
dicular to the beam axis.) Each crystal is segmented along 6 axial and 6 radial lines, giving
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36 segments per crystal and 4,320 total segments across the array as a whole — each with
separate readouts. The axial segments have varying thickness, with boundaries chosen to
give approximately equal counts for 1.0 MeV gamma rays in the front 4 layers. Due to
attenuation in the HPGe, the segments near the outer edge see far fewer photons per unit
volume than those near the front face.

Figure 2.6: GRETA schematic
5]

The design makes use of two distinct, tapered crystal shapes, necessary to achieve
the close hexagonal packing of the HPGe shell. The shape and segmentation of the Type A
and Type B can be seen in Figure 2.7 Both crystal types are 9 cm deep with 4 cm radii at
their bases, but have different tapering. More technical details can be found in References

and [5].

GRETINA, or the Gamma-Ray Energy Tracking IN-beam Array, is a proof of con-
cept of the larger GRETA array. The current iteration includes 8 of the 30 detector modules,
covering approximately 17 of solid angle. Additional modules are currently under construc-
tion, but the work presented here uses a version of GRETINA with 7 modules. The in-
complete nature of GRETINA therefore adds a geometric dependence to our results. As
discussed in Section [2.2] the observed photon count rate is heavily influenced by Doppler
focusing. While GRETINA was hosted at MSU in April 2013, the geometry clustered detec-
tors near the exit beam pipe to maximize the detected countrate due to this focusing effect.
(Figure But there are other detector geometries available, such as populating the ring at
90°. This geometry yields the best imaging performance, for reasons that will be discussed

in Sections .1l and [5.1]

In GRETA’s lab-frame coordinate system, the Z-axis points downstream along the
beam axis. The g-axis points towards the floor — that is, in the same direction as gravity.
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Figure 2.8: GRETINA with 7 modules populated (at MSU, Apr 2013)
[26]
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(This assumes of course that the beam runs parallel to the floor.) & is a horizontal vector
chosen such that & x § = 2. The origin is placed at the center of the inner cavity.

Note, however, that interaction coordinates are actually recorded in the “crystal
frame”. Each crystal places its origin in the center of its front face. The Z-axis runs along
the crystal’s axial dimension, with & and ¢ defining the radial plane. There exist separate
transformation matrices for each crystal frame back into the larger GRETA lab frame.

2.5 Detectors and Signal Decomposition

GRETINA aims for 2.0 mm spatial resolution for the first hit in a photon track. This
section describes how the array performs this localization, and goes into the many challenges
facing the signal decomposition algorithm. A more complete discussion of GRETINA’s signal
decomposition can be found at Reference [2§].

Traditionally, semiconductor detectors are used to gather information about the emis-
sion energy of radiation sources. GRETINA’s HPGe detectors are finely segmented, so we
can also measure the locations of interactions using pulse-shape analysis. This capability
enables multiple applications that would not be possible from an energy measurement alone.

First, consider how signals are produced in a semi-conductor detector. When a pho-
ton interacts in HPGe, it deposits some amount of its energy at the site of the interaction.
This elevates electrons to the conduction band and creates electron-hole pairs. Applying
a bias voltage to the crystal’s electrodes sets up an electric field which sweeps the charge
carriers towards their respective electrodes. The charges induce a current (and correspond-
ing voltage) in a coupled pre-amplifier as they move through the crystal. Solving for the
exact time-dependent shape of this pulse is beyond the scope of this introduction, but is
discussed in much greater detail in [13] and [20]. We must solve the Laplace Equation to
calculate weighting potentials for a specific electrode geometry. From there, the Shockley-
Ramo Theorem gives the instantaneous current (or charge) induced on an electrode by a
charge ¢:

i(t) = qu(t) - Eo (2.21)
Q(t) = qAg¢o (2.22)

where v is the charge’s velocity, Eg = —V ¢, is the “weighting field”, and ¢ is the weighting
potential found by the Laplace Equation.

Figure 2.9 shows sample induced signals for two different interaction locations within a
detector segment. [7] Note that signals are actually induced in both the primary segment that
was struck, but also (to varying degrees) the other segments in the crystal. The integrated
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area of the current pulse in the struck segment is linearly-proportional to the total charge
collected. Of course, this total charge is also proportional to the energy deposited by the
photon in that segment, AE:

Qiot = —qn = —qAE /W (2.23)

where n is the number of free carriers produced, W is the average energy required to create an
electron-hole pair, and ¢ is the charge on the respective carrier (-1.6 x 10! C for electrons).
Charge-sensitive pre-amplifiers integrate each pulse, giving a signal whose height corresponds
to the energy deposition. There is usually some loss of charge while the carriers move towards
the electrodes, though, due to recombination with impurities in the crystal. Ideally, the loss
is small enough such that the measured energy deposition does not change based on where
an interaction took place.
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Figure 2.9: Ilustration of signals produced in neighboring segments
7]

Obtaining position information requires a more complex signal-processing algorithm.
As mentioned above, the Shockley-Ramo Theorem allows us to calculate the current (or
charge) induced by electron-hole pairs drifting in a weighting potential. The shape of these
pulses depends on where the charges are created, as well as their drift velocities. (Figure
. Theoretically, we can then construct idealized “basis signals” for an energy deposition
at any point in a crystal. A single basis “supersignal” is formed from the signals produced
in each segment, not just the one that the photon struck. Note that the shape of a pulse
is independent of the magnitude of energy deposited, assuming all charges from Equation
[2.2T] are created at a single point. This means we can normalize each basis set to the energy
deposited in any given interaction. Then, by breaking each crystal into a grid of points and
computing characteristic basis signals for each, finding the position of an interaction becomes
a non-linear best-fit problem. We take the measured signal set and search for the closest
match among the calculated basis signal sets.

In GRETINA, signal decomposition begins with a coarse 600-point grid search, fol-
lowed by a fine 6000-point grid search around the point found by the first iteration. Theoret-
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ically, we could achieve further precision by interpolating between points, but that approach
has not been implemented. There are many significant challenges to the decomposition
algorithm which limit the effective position resolution more than the grid spacing does. [6]

It is relatively straightforward to match signals for single interactions. But when a
photon interacts twice or more in the same detector, the output is a sum of overlapping
signals. This is a complex problem — the overlapping signals are produced nearly simultane-
ously in the detector, and can only be distinguished by pulse shapes such as the rise time.
(Again, the shape of the signal depends on where an energy deposition is made relative to
an electrode.) To compare against the computed basis set, we must first separate the signals
and determine where each begins in time. However, we do not know a priori the number of
hits in any given segment (called the hit “multiplicity”). GRETINA’s algorithm starts by
assuming each trigger corresponds to two separate hits. The measured signals are fit against
three independent parameters — the location of the first hit (X3 ), the location of the second
hit (X32), and the ratio of the two hit energies, F/FE,. If the two best-fit interactions are
located within a certain distance of each other (typically 6.0 mm), they are coalesced into
a single combined interaction. However, by assuming a hit multiplicity of 2 like this, sin-
gle physical hits will sometimes be erroneously decomposed into two unphysical hits. This
is called “position bifurcation”. The additional hits are typically low-energy (< 50 keV),
serving as small adjustments to improve the quality of the fit between measured and basis
signals. Conversely, two physical hits can also sometimes be regrouped into a single unphys-
ical interaction. Both types of errors are highly detrimental to tracking and imaging. The
addition or loss of hits from a track prevent it from being reliably sequenced with Compton
kinematics (Section [3.2)).

The accuracy of signal decomposition furthers depends upon the position sensitivity
of the detector weighting field. As we can see from Figure [24], ¢ changes sharply near
the segment boundaries, but much more gradually in the middle of the active volume. This
makes it more difficult to resolve differences in signals away from the edges. Two hits of
equal energy might be spaced a few mm apart but produce very similar signals. On top of
this, differences in crystal impurities cause slight variations in charge velocity and trapping,
and hence in the measured signals.

The detector electronics present other difficulties. “Differential cross-talk” is a prob-
lem that arises from tightly-packed wiring on the pre-amplifier outputs. Each crystal has
36 segments, each with their own pre-amplifier. Capacitance between wires and other elec-
tronics components induces noise that closely mimics the true induced signals in the crystal,
both in shape and amplitude. The pre-amplifiers for each crystal also have slightly different
capacitances, resulting in slightly different signal amplitudes for events of the same energy.
This requires independent energy calibration for each crystal. Differences in trigger thresh-
olds also cause some crystals to report significantly less counts than their neighbors. Trigger
thresholds pose an especially difficult problem to tracking — many low-energy hits go unde-
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Real potential

Figure 2.10: Illustration of weighting potentials in GRETINA crystal segments

tected. The loss of hits from this, and the hit multiplicity issues discussed above, is quite
apparent. (Geant4 simulations of a stationary %°Co source produce full-energy tracks with
an average of 3.21 & 0.12 hits each, while in real-world %°Co calibration runs, the average
track length is only 2.13 £ 0.02 hits.)

To correct for these effects, each crystal and its attendant electronics are characterized
separately in a laborious process. There are two approaches — illustrated in Figure [2.11]
Scanning and characterizing an entire crystal, millimeter by millimeter, can takes weeks to
months.

To benchmark the end-to-end signal decomposition process, we can point a highly-
collimated pencil beam of gamma rays through the detector, perpendicular to one of its
crystal-frame planes (i.e. XY, XZ, or YZ). This creates a linear distribution of detected
interaction points, each of which most likely corresponds to the first hit in a photon track.
(The photons will scatter away from the central beam for all subsequent interactions.) By
comparing the projected interaction locations from signal decomposition with the known
location of the beam spot, we obtain the effective 2D detector position resolution in a given
crystal plane. Fully characterizing the crystal requires scanning the beam across fine grids
on multiple crystal planes.

It is possible to assay the position resolution in all three dimensions simultaneously
with a different test. A pencil beam is again used, pointed axially down the detector. A
finely-pixelated planar detector sits next to the GRETINA crystal, and both run on a synced
clock. This second detector looks for photons that scatter in the GRETINA crystal at 90°
and subsequently escape. Such photons will leave two coincident hits (one in either detector)
with the same vertical position. The 90° scattering angle can be verified using Compton
kinematics and the measured energy deposition in the GRETINA crystal. Between the beam
spot location and the now-known vertical position, all three coordinates of the primary hit
are known. This location can then be compared with the results from signal decomposition.
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Note that this method requires very long counting times — it is very rare for a gamma-
ray to scatter 90° and then escape the GRETINA crystal, subsequently hitting the planar
detector. As before, fully characterizing the detector requires scanning the beam across a
grid of points, though only one plane need be scanned. Currently, GRETINA delivers close
to 2.5 mm resolution for the first interaction in a photon track. [6]

The detector electronics are characterized indirectly through simulation. A °Co
source is placed in front of the crystal, creating a flood-field of gamma-rays. The system saves
the 3D position, energy deposition, and signal traces for each hit. These same hits are then
entered into a simulation that calculates corresponding idealized signals from the Shockley-
Ramo theorem. The idealized signals are compared with the measured traces, and used
to fit 650+ independent electronics parameters (such as differential cross-talk coefficients).
Once complete, the fit defines a transform from idealized signal traces to more realistic ones.
This allows us to compute more realistic basis signals for any given hit position and energy
deposition.

Yet for all these efforts, the search for the ideal signal match sometimes does not
converge on a solution. In such cases, the hit is placed at the edge of a segment bound-
ary. These edge effects are plainly visible when plotting interactions across a given crystal.
Figure shows reconstructed interaction positions in a few different crystals for a ®Co
flood-field measurement. We expect to see fairly uniform distributions, with a loosely ex-
ponential reduction in counts with increasing crystal depth. Some crystals are much worse
than others; this highlights the individual differences in crystal properties and electronics,
and the challenges that decomposition poses to Compton tracking and imaging. Note, how-
ever, that GRETINA is optimized for detection efficiency and spectroscopy, not imaging.
More stringent fitting criteria would necessarily reduce the number of counts available for
this.

GRETINA stores data in three main formats or “modes”. Mode 3 contains raw signal
traces, and requires by far the most storage space. Consider that a 100 MHz, 12-bit ADC can
generate 150 MB of data every second, and each crystal segment has its own ADC. Storing
5.0 ps per trace requires 500 samples, multiplied by 36 to store traces for each segment in
the crystal. One million events would thus require 27 GB.

These storage considerations make it advantageous to run the traces through signal
processing in real time. The output is Mode 2 data, which contains coordinates and energy
depositions for each interaction, as well as other miscellaneous information (like the y? metric
from the basis fit). In total, each record is 288 bytes and can store up to 16 interactions.
(Each struck detector will produce its own 288-byte data block.) Note that photon tracks
that cross crystal boundaries will produce multiple separate triggers. One million Mode 2
events require approximately 288 MB, a "94x reduction. Even still, longer runs will still
produce datasets in the 10’s of GB’s.
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Figure 2.12: Reconstructed interaction positions in multiple crystals
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Mode 1 requires the least space but the most processing power. A tracking algorithm
combines events from a Mode 2 dataset to produce full, sequenced photon tracks. Because
a 1.0 MeV photon track typically has fewer than 5-6 hits, a Mode 1 dataset can be 1/3 the
size of its Mode 2 counterpart (which always reserves space for 16 hits per event).

Complete descriptions of GRETINA’s data formats can be found at Reference [11].

2.6 Geant4 Simulations of GRETINA

This section describes the simulation tools I used for the majority of this study. The GRETINA
team has developed a detailed model of the array for Geant4, called UCGretina. It allows us
to simulate detected photon tracks from both stationary and moving sources. (Many thanks
to C. Campbell, L. Riley, and H. Crawford for helping me with the simulation software.)

Much of my work rests on simulation results generated by a Geant4 model of the
GRETINA detector. This detailed model was developed jointly by at LBL and MSU. [29]
The Geant4 simulations allow us to generate “detected” photon tracks for a wide range of
experimental scenarios. For example, we can specify the CM energies for photon emissions,
their parent velocities and lifetimes, and the particular geometric loadout of the GRETINA
detector modules.

I make use of a combination of stationary and moving sources throughout this study.
In Section [3.2] I place a stationary 1.0 MeV photon point source at the origin to evaluate the
effectiveness of Compton tracking. For Sections [4.1] 5.1 and [6.1] T use the same 1.0 MeV
CM-frame photons, but emitted from nuclei traveling at various speeds in the lab-frame. For
example, in one such test, the source nuclei have 859 ps proper lifetime. The source velocity
is set at 0.3 & 0.001 c, with a beam spread of oy = 0.25° and spot size of Oveam,z = Tbeam,y =
0.25 mm. The target is placed at z = 0.0 mm. In all tests the geometry is kept constant;
Figure shows a stereographic projection of the detector modules as seen from the target
position in the center of GRETINA’s inner cavity.

The Geant4 model accounts for Compton profiles but otherwise follows basic Compton
scattering kinematics. (Refer to Section ) The output photon tracks are pre-sequenced,
and the detector is assumed to have perfect energy and position resolution. To simulate a
more realistic detector scenario, I randomly reshuffle the tracks and apply uniform Gaussian
noise to the position and energy at each hit. A typical run might have o,,, = 3.0 mm spatial
resolution and op = 2.0 keV energy resolution (standard deviation, not FWHM). The 2.0
keV energy resolution here is slightly worse than what was measured for ®*Co engineering
runs performed on 12Jul2011. And as noted earlier, GRETINA yields roughly 2.5 mm
resolution on the first hit in a track, but degrades for subsequent hits. I chose a uniform 3.0
mm resolution to better represent the track as a whole, which is obviously a simplification.
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Because the simulations return the true emission locations for each photon, we are able
to directly compare the true source distributions with the results from gamma-ray imaging.
From this information we can deduce the “detector response”, P(z, zy), or the probability
that a photon emitted at zy will be traced back to z from imaging. We also get picosecond
timestamps for each interaction, which allows us to evaluate the results of Compton tracking
directly. From the timestamps, we know the true sequence of events, and can compare this
to the sequences given by the tracking algorithm.

Detector Placement
Geant4 Simulations

=

Axial angle (@)

0 w3 2n/3 m 4n/3 om/3 2n

Radial angle (0)

Figure 2.13: Stereographic projection of detector loadout in simulations
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Chapter 3

Sequencing and Tracking

3.1 Interaction Grouping

Hits from a single photon track are often split across multiple crystals and segments, and
therefore need to be regrouped to assemble the full track. This section discusses the motiva-
tions for doing so, as well as an algorithm that accomplishes the task. FEvents are first grouped
by their timestamps, forming tracks from their combined photon hits. These composite tracks
can be broken down again if groups of hits are more than several cm’s apart.

As discussed in Section 2.2 GRETINA is primarily used for gamma-ray spectrscopy
in beam experiments. The array combines excellent energy resolution and high efficiency.
More importantly, its position sensitivity allows researchers to correct for Doppler shifts in
emitted photon energy. Once we know the locations of both the emission point and the
first hit in the detector, we can calculate the emission angle and translate the emission’s
lab-frame energy back into a true CM-frame photopeak energy:

Ecy = (1 — BeosO)Era (3.1)

where (c is the relativistic speed of the parent nucleus in the lab frame, v is the corresponding
Lorentz factor, and 6 is the emission angle relative to the parent’s velocity (as measured in
the lab frame).

One difficulty is determining which hit in a photon track is actually first. A 1.0
MeV photon traveling through HPGe has a mean-free-path of several centimeters, and this
decreases exponentially for lower energies. Moving at the speed of light, the photon covers
the distance between interactions in mere picoseconds (1.0 cm = 33 ps). Yet the electronics
for the detector operate on timescale of 10’s to 100’s of nanoseconds. Because of this,
the detector cannot distinguish the time sequence of interactions directly — all the photon
hits, from the initial scatter to the final photoabsorption — appear to happen more or less
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simultaneously. Figure[3.1]illustrates the general sequencing problem, which will be discussed
in much greater detail in Section [3.2]

Is it this one... ...or this one... ...or this one?

Figure 3.1: Hlustration of the sequencing problem

The simplest approach is to assume that the first hit is the one with the highest
energy deposition. Based on Compton kinematics and scattering cross-sections, this is valid
much of the time, but is far from certain. For example, a 1.0 MeV photon that scatters at
30° deposits 208 keV in the detector. The scattered 792 keV photon has a 36% chance to
make a greater deposit with the next hit.

Knowing the interaction sequence is useful for another reason — reduction of Compton
background. Previous-generation gamma detector arrays use Compton suppression layers to
reject partial-energy counts. In such setups, detector regions are surrounded by a thick
shell of secondary detector material. If a photon scatters out of the sensitive HPGe region
and subsequently interacts in the secondary layer, the array rejects the event as Compton
background. This is crucial for accurate and precise measurement of photopeak energies,
especially in complex spectra with multiple peaks. (Note that the peaks may overlap by tens
of hundreds of keV due to the Doppler-shifting discussed above. This of course makes it
difficult to distinguish Compton background from Doppler-shifted photopeak counts, hence
the need for Compton suppression.) The downside to this approach is a drastic reduction in
counts.

Thanks to GRETINA’s position sensitivity, another option is available — one which
can reject background without throwing out nearly so much data. Recall that each crystal
in the GRETINA array is heavily segmented into 36 individual regions. These segments
are relatively small (approx. 1.5 cm in depth), which means it’s unlikely for a high-energy
gamma-ray to deposit its full energy into any single segment. However, because the array
is position-sensitive, it is possible to group interactions from nearby segments to re-form a
photon track as a whole. We refer to this process as interaction “grouping” or “clustering”.

The clustering process consists of several steps, illustrated in Figure [3.2] First, in-
teractions are grouped by trigger time. GRETINA’s electronics sample at 100 MHz, with
all segments are synced to the same clock. When a photon scatters from one segment into
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another, GRETINA records separate events for each triggered segment. Note that an event
can contain multiple hits when the photon interacts multiple times within a single crystal
segment. Because the clocks are synced, we can then apply a timing gate to group ”simul-
taneous” events and hits. (As discussed in Section , determining multiple hits within a
segment is very challenging work. This is currently one of the primary focuses of the signal
decomposition team.)

1. Compare ) 2. Group Nearly )
Timestamps Coincident Events
. . t; = 2310ns . . Temporal
. . Group #2
t; = 10ns (] o
® no ¢ ® T G #1 ¢
® PY ® emporal Group PY
® @ t; = 150ns ® o
3. Compare Spatial ’ 4. Ungroup Distant .
Separation = .-~ 7y Interactions ® Spatial
.’ . Group #3
. ' Spatial .
d‘ . °® Group #1 ®
:.\_\ “,.;Q& 5’5 . a . Spatial
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Figure 3.2: Illustration of interaction grouping

A secondary effect arises from this, though. Any coincident gamma rays will be
falsely clumped together, producing a single track with a completely unphysical energy. To
mitigate problems from such event pileup, a secondary layer of clustering can be applied to
re-separate interactions by spatial proximity. Basically, if two interactions are more than
several MFP’s apart, then they most likely do not belong to the same track. The software
algorithm to accomplish the separation is somewhat complicated, but the end result is that
temporally-clustered events are regrouped into a larger number of spatially-distinct tracks.

Implementations differ based on how “proximity” is defined. We can define it in a
solid-angle sense, or by using the 3D lab coordinates of each photon hit. My analysis uses
this second approach. I set a hard gate on the physical distance between points in a given
group. As long as a point is close enough to any other point in the group, it remains in
the group. However, my approach is somewhat simplified — it is based on absolute distance
between points. This can incorrectly ungroup tracks for which the photon scattered from
one detector into another by crossing GRETINA’s inner cavity. A more correct algorithm
would use only the travel distance in the HPGe.

Optimal timing gates and spatial clustering thresholds can be obtained through energy
spectra. We would expect interaction grouping to improve P/T ratios, because it assembles
photopeak tracks from events that would otherwise have fallen into the Compton background.
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Spatial re-separation recovers some of the photopeak counts that are erroneously grouped
with other tracks.

Because the distance between hits depends on cross-section, spatial clustering should
vary by photon energy. We used several different calibration sources to study this depen-
dence:

Source Photon Energies GRETINA Dataset
2Fu 121.8, 344.3, 1408.0 keV  MSU_May2013_90deg__R29
60Co 1173.3 keV MSU_May2013_90deg__R16
88y 898.0, 1836.1 keV MSU_May2013_90deg__R44
22Na 511 keV MSU_May2013_90deg__R48

Table 3.1: Sources used to optimize clustering thresholds

Tables and list the P/T ratios we obtained for a range of temporal and spa-
tial clustering thresholds. For the spatial threshold study, we kept the temporal threshold
constant at 250 ns, while for the temporal threshold study, we kept the spatial threshold
constant at 70.0 mm. (Peak counts were taken from 10-12 keV regions centered about the
known photopeak energies. Background was defined by averaging counts over the regions
immediately to the left and right of the peaks, and was then subtracted from the peak counts
using a trapezoidal approximation.)

Figure illustrates how the peak-to-total (P/T) ratio improves with both types of
clustering. The improvements are modest but welcome — in this case, a 26% total improve-
ment in P/T and 22% reduction in the Compton background for a %°Co source. The effect
of spatial clustering threshold on the P/T ratio is not as pronounced as we had expected,
and generally, 300ns / 80mm thresholds will work well for all photons between 120keV and
1.8MeV. The bolded elements in the tables show where a P/T ratio reaches 99% of its max-
imum value for a given peak energy. One can see there are strong diminishing returns here.
We also looked at signal-to-noise (SNR) ratios, defined as:

[Gross Peak Counts| - [Background Counts]
[Background Counts]

SNR = (3.2)

Background under each peak was estimated with a trapezoidal approximation, using average
counts to either side of the peak. As we saw, the effects were fairly small for thresholds above
80mm. For example, the SNR for the 1836.1keV %Y peak showed a maximum of 68.8 at
40mm, but fell to 57.1 at 120mm. Therefore, we conclude that the data quality is not harmed
by excessively large clustering thresholds.

A final note — interaction clustering only applies for measured Mode 2 data. (See
Section ) However, the majority of our imaging work uses data simulated by a Geant4
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Effects of Interaction Grouping on Spectra
%9Co Source (2.78M events) 1173keV 1332keV
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Figure 3.3: Energy spectra for no grouping, temporal grouping
and temporal+spatial grouping

model of GRETINA. The simulations produce pre-sequenced photon tracks akin to Mode 1
data, and therefore do not require subsequent clustering.

3.2 Compton Sequencing

HPGe detectors are simply not fast enough to measure the sequence of hits in a photon track.
Hits are generally a few centimeters apart, which translates to 100 picoseconds or less of
travel time. Drift times in HPGe are on the order of 100’s of nanoseconds, and GRETINA’s
100MHz digitizer takes samples every 10 ns. However, by clever use of Compton kinematics
and GRETINA’s position sensitivity, it becomes possible to resequence the detected tracks.
There are multiple ways to do this, using different algorithms and figures of merit to select
the best order of interactions.

While we cannot measure the sequence directly, we can deduce it using the energy and
position sensitivity of the detector. The technique, called Compton Tracking, is now widely
used in astrophysics, nuclear security, and other scientific work. As discussed in Section [2.1]
photons undergo three main types of interactions: pair production, photoabsorption, and
Compton scattering. It’s this last one that we take advantage of in Compton Tracking.

Consider a photon track with N total interactions. For each of these interactions,
we measure its 3D coordinates X; = (z;,y;, z;) and energy deposition AE;. X; and AE);
correspond to the first hit in the detector, X, and AFy with the second, and so on. The
total track energy is defined as Ey,; = Y, AE;. Note that below a photon energy of about 4.0
MeV, pair production is rare (refer to Figure for a comparison of relative cross-sections
in HPGe). For energies between 200 keV and 4.0 MeV, then, we can assume the track is
composed of one or more Compton scatters, possibly ending with a photoabsorption.
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Threshold 121.8.1 keV 344.3 keV 511.0 keV
10.0mm 0.03568 £ 0.00013 0.01408 £ 0.00008 0.01822 £ 0.00005
20.0mm 0.06614 £ 0.00017 0.03919 £ 0.00012 0.06001 £ 0.00009
30.0mm 0.09503 £ 0.00021 0.06328 £ 0.00017 0.10762 £ 0.00014
40.0mm 0.10613 £+ 0.00023 0.07390 + 0.00018 0.13327 £ 0.00016
50.0mm 0.10999 + 0.00024 0.07865 £ 0.00019 0.14599 £ 0.00017
60.0mm 0.11215 #+ 0.00024  0.08124 + 0.00020 0.15319 £ 0.00018
70.0mm 0.11332 4+ 0.00024  0.08255 + 0.00020 0.15694 + 0.00018
80.0mm 0.11388 + 0.00024 0.08312 £ 0.00020 0.15866 + 0.00018
90.0mm 0.11411 £ 0.00025 0.08337 £+ 0.00020 0.15940 £ 0.00019
100.0mm 0.11414 £ 0.00025 0.08347 £ 0.00020 0.15967 £ 0.00019
110.0mm 0.11410 &£ 0.00025 0.08349 £ 0.00020 0.15972 £ 0.00019
120.0mm 0.11403 &£ 0.00025 0.08344 £ 0.00020 0.15963 £ 0.00019

Threshold 898.0 keV 1173.3 keV 1332.5 keV
10.0mm 0.00888 + 0.00003 0.00858 + 0.00004 0.00768 £ 0.00004
20.0mm 0.03443 + 0.00007 0.03518 £ 0.00010 0.03179 £ 0.00009
30.0mm 0.06885 + 0.00011 0.07328 £ 0.00017 0.06758 + 0.00015
40.0mm 0.09160 £ 0.00013 0.09966 £ 0.00021 0.09265 £ 0.00019
50.0mm 0.10461 £ 0.00014 0.11545 £ 0.00023 0.10777 £ 0.00022
60.0mm 0.11236 £ 0.00015 0.12493 £ 0.00024 0.11691 £ 0.00023
70.0mm 0.11665 + 0.00016 0.13029 £ 0.00025 0.12201 £ 0.00024
80.0mm 0.11883 + 0.00016 0.13303 £+ 0.00026 0.12465 + 0.00024
90.0mm 0.11988 + 0.00016 0.13433 &+ 0.00026 0.12589 4+ 0.00024
100.0mm 0.12033 £ 0.00016 0.13489 £ 0.00026 0.12644 £ 0.00025
110.0mm 0.12051 &£ 0.00016 0.13517 £ 0.00026 0.12669 £ 0.00025
120.0mm 0.12055 + 0.00016 0.13526 £ 0.00026 0.12677 £+ 0.00025

Threshold 1408.0 keV 1836.1 keV
10.0mm 0.00253 £+ 0.00002 0.00487 + 0.00002
20.0mm 0.01018 + 0.00005 0.02051 £ 0.00005
30.0mm 0.02118 £ 0.00009 0.04588 £ 0.00008
40.0mm 0.02848 £ 0.00010 0.06454 £ 0.00011
50.0mm 0.03273 £ 0.00011 0.07554 £ 0.00012
60.0mm 0.03525 + 0.00012 0.08220 £ 0.00013
70.0mm 0.03668 + 0.00012 0.08595 + 0.00013
80.0mm 0.03746 £ 0.00013 0.08789 £ 0.00013
90.0mm 0.03788 £ 0.00013  0.08885 + 0.00013
100.0mm  0.03810 £ 0.00013  0.08928 £ 0.00013
110.0mm 0.03823 + 0.00013 0.08948 £ 0.00013
120.0mm 0.03833 £+ 0.00013 0.08955 + 0.00014

Table 3.2: P/T ratios vs. spatial grouping threshold
Temporal threshold set at 250ns

30
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Threshold

121.8.1 keV

344.3 keV

511.0 keV

50ns
100ns
150ns
200ns
250ns
300ns
350ns
300ns
450ns
500ns

0.10762 £ 0.00024
0.11031 £ 0.00024
0.11160 £ 0.00025

0.11290 £ 0.00025

0.11332 £ 0.00025
0.11344 £ 0.00025
0.11341 £ 0.00025
0.11341 £ 0.00025
0.11343 £ 0.00025
0.11347 £ 0.00025

0.07470 £+ 0.00019
0.07820 %= 0.00019
0.07994 £ 0.00020
0.08178 £ 0.00020
0.08255 £ 0.00020

0.08324 + 0.00020 0.15897 4+ 0.00018

0.08350 %= 0.00020
0.08373 £ 0.00020
0.08383 £ 0.00020
0.08393 £ 0.00020

0.13428 £+ 0.00016
0.14269 £ 0.00017
0.14770 &= 0.00017
0.15423 £ 0.00018
0.15694 £+ 0.00018

0.15958 %= 0.00018
0.16004 £+ 0.00019
0.16023 £ 0.00019
0.16042 £+ 0.00019

Threshold

898.0 keV

1173.3 keV

1332.5 keV

50ns
100ns
150ns
200ns
250ns
300ns
350ns
400ns
450ns
500ns

0.09379 £+ 0.00013
0.10356 £ 0.00014
0.10881 £ 0.00015
0.11443 £ 0.00015
0.11665 £ 0.00016
0.11825 + 0.00016
0.11869 £ 0.00016
0.11901 £ 0.00016
0.11914 £ 0.00016
0.11925 £ 0.00016

0.10276 £ 0.00021
0.11471 £+ 0.00023
0.12089 = 0.00024
0.12752 £+ 0.00025
0.13029 £ 0.00025

0.13230 + 0.00025 0.12401 4 0.00024

0.13282 £+ 0.00026
0.13321 £ 0.00026
0.13336 4 0.00026
0.13349 £+ 0.00026

0.09577 £ 0.00020
0.10715 £+ 0.00022
0.11298 £ 0.00022
0.11932 £ 0.00023
0.12201 £ 0.00024

0.12452 £ 0.00024
0.12488 £ 0.00024
0.12503 = 0.00024
0.12514 £ 0.00024

Threshold

1408.0 keV

1836.1 keV

50ns
100ns
150ns
200ns
250ns
300ns
350ns
400ns
450ns
500ns

0.02944 £ 0.00011
0.03269 £ 0.00012
0.03427 £+ 0.00012
0.03598 4 0.00012
0.03668 4 0.00012

0.03714 £ 0.00013

0.03724 + 0.00013
0.03732 £ 0.00013
0.03736 = 0.00013
0.03739 £+ 0.00013

0.06653 £ 0.00011
0.07500 £ 0.00012
0.07915 %= 0.00012
0.08386 4 0.00013
0.08595 4 0.00013
0.08757 + 0.00013

0.08800 £ 0.00013

0.08830 £ 0.00013
0.08841 £ 0.00013
0.08850 %= 0.00013

Spatial threshold set at 7T0mm

Table 3.3: P/T ratios vs. temporal grouping threshold

31
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The kinematics of Compton scattering are well-defined. That is, if we know the
incident photon energy and the scattering angle, we can deduce the outgoing photon energy
and the energy imparted to the scattering electron. This energy deposition is measured by
the detector and is equal to:

E;
1+ -Zip(1 —cosh)

mec

AE=FE;,— E; =E; — (3.3)

Alternately, if we know the incident photon energy and the energy deposition for the scatter,
we also know the cosine of the corresponding scattering angle:

(3.4)

pw=-cosh =1—m. L LYo meC AL
€ E

5 E)" GG - AD)

Note that there is a one-to-one mapping of energy deposition to scattering angle — no two
angles will yield the same energy deposition for the same initial photon energy. This fact is
the crux of Compton sequencing.

So, suppose the first Nyeqirers = Npits — 1 interactions are all Compton scattering. We
don’t necessarily know where the photon originated from, so we can’t (yet) say anything
about the original photon heading vector V4, from the emission point to the first hit in the
detector. However, the locations of subsequent hits are known. We can define the photon’s
incidence vector on X; as V; = X; — X;_1. If X is not the last hit in the track, we can
further define the outgoing photon vector at X; as V;11 = X411 — Xj;. Point X represents
a Compton scatter, and the measured scattering angle is simply equal to:

V- Vin

Mmeasj = Ter—To - (3.5)
T Viallvi

In other words, fimeqs,; is the angle between the incident and outgoing photon directions as
given by the coordinates of points X;_; to X ;1. This gives us a direct comparison to the
theoretical value given by the incident photon energy and energy deposition at V;. Note
that because a scattering interaction is anchored by three points, this approach necessarily
only applies to tracks with three or more interactions. For a track of length Ny, we only
have Np;s — 2 anchored scatterings for which the comparison to theory can be made.

Of course, we don’t know the track sequence & priori. But using the combination of
theoretical Compton kinematics and the measured coordinates and energy depositions, we
can decide which sequences would not make physical sense. Essentially, we can simply try
all possible sequences and find the one that best matches the Compton formula. This means
evaluating a Figure of Merit (FoM) for each permutation of the track sequence.

This approach can become very computationally-intensive, because the number of
possible sequences scales factorially with the length of the track. An 8-hit track (5,040
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permutations) takes 210 times longer to sequence than a 4-hit track (24 permutations).
However, 8-hit tracks are also fairly rare at the energies where Compton tracking applies
(below 4.0 MeV). For example, they account for less than 1.4% of all full-energy tracks at 1.0
MeV. The real worry is if interaction grouping registers a track with 12 or more hits, which
will effectively halt a sequencing algorithm. For this reason, it is wise to limit the length of
tracks. In this study I have limited the scope to tracks with 6 or fewer interactions.

There are multiple figures of merit we can use to deduce the sequence of interactions.
One common FoM compares the cosines of the measured and theoretical scattering angles
(Eq. and Eq. respectively) for each scattering in the track:

1 Npits—1

FoM = ——— meas,j cac'2 3.6
(Navattors — 1) ]22 (u J — Heal ,J) (3.6)

This figure of merit is unitless and normalized to the number of compared scattering points.
Heaic,j 1s the angle predicted by the incident photon energy and measured energy deposition

(Eq. , and depends on FE;;_;, the incident photon energy at Xj;. E;; ; is calculated
from the total energy of the track, minus all previous energy depositions:

k=j-1 k=Npits
Eijo1=FEq— Y AE,= ) AE (3.7)
k=1 k=j

This is where incorrect sequences get thrown out. Suppose we are testing a 4-hit track
sequence with hits #2 and #3 swapped. (Figure In this case, the incident headings
on X, and X3 are both incorrect. This means F, = AF,; + AFE, instead of the correct
Ey = AE3 + AFE,, and the calculated scattering angles at X9 and X3 will reflect the
inaccuracy.

We can define a second FoM using the energy depositions instead of scattering angle:

Npits—1
1 3 (AEmeas; — ABegic ;)
F M _ meas,j catc,y 38
¢ (Nscatters - 1) j=2 AETQneas,j ( )

Here, AF,cqs,; is the measured energy deposition at X;. AFq.; is the measured energy
deposition at X;. To obtain a unitless figure of merit, the observed difference in measured
vs. calculated energy depositions is divided by Fj,eqs,;. Normalizing in this fashion weights
each scatter equally, regardless of the magnitude of the energy deposition. However, in most
cases we want to prioritize accuracy on the first (and sometimes second) interactions. As
noted earlier, these early interactions tend to have much higher energy depositions than
subsequent hits in the track. Normalizing by total track energy weights these high-energy
scatters over the small-energy ones near the end of a track:
1 Nhits—1
FoM = > (AEncasj — ABearc;)? (3.9)

EtQOtal(Nscatters - 1)

Jj=2
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Figure 3.4: Evaluating two different sequences

This is the normalization and figure of merit used for sequencing in this study. However, there
certainly may be better choices. An ideal figure-of-merit would provide better discrimination
between Compton background and photopeaks counts. We might also choose a different FoM
based on the reliability of sequencing it provides.

Note that other sequencing methods are sometimes used. Appendix gives a brief
discussion of some of them.

3.3 Sequencing Efficiency and Effectiveness

The ability to use Compton kinematics for sequencing depends heavily on photon energy.
Higher energies give longer tracks and hence more data to work with, but also more potential
sequences from which to choose. Below a certain energy, Compton sequencing cannot be used
because too many tracks will have one or two hits. We can map the fraction of sequenceable
tracks as a function of energy, and determine the probability of a critical sequencing error
based on detector resolution and track length.

While these sequencing methods may sound straightforward in theory, in practice
they are not full-proof. Real detectors have finite position and energy resolution. This
means that the measured interaction coordinates X are only approximations of the true
locations. Therefore, the measured scattering angles we compute from these positions are
themselves uncertain, and the FoMs calculated in Equation will be nonzero — even for
the correct sequence of hits.

On top of that, even with perfect detector resolution, basic Compton kinematics
are also only an approximation. As discussed in Section [2.1] electrons in real materials
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are not at rest in a vacuum. They have characteristic binding energies that give them
nonzero momentum prior to an interaction with a photon. This extra momentum can cause
a scattered photon to have significantly different energy from that predicted by the Compton
formula. Because the electron momentum is inherently stochastic in nature, a deterministic
calculation is impossible — we can never be completely certain of any sequence deduced from
kinematics. This is especially true of the two Maximum-Likelihood methods discussed, which
are based on probabilities in the first place. In other words, there is always some probability
that a track has been mis-sequenced.

The severity of the problem depends on the goal of sequencing. Mis-sequencing errors
cause serious problems in gamma-ray imaging. (A more detailed discussion of this will follow
in Sections and ) Doppler-shift corrections are also affected — a mis-sequenced track
changes the calculated emission angle. Consider — hits in a 1.0 MeV track will typically be a
few cm apart. Therefore, a mis-sequenced interaction will result in an angular deviation of
10° or less with GRETINA’s 18 cm inner radius. The Doppler correction (from Equation
for a 90° emission from a nucleus moving at 0.3c is Ecpr/FEra, = 0.962. The same correction
for a 80° emission is Eoy/FEra, = 1.01, i.e. a difference of 4.8%. In this particular case, the
corrected photon energy is nearly 50 keV off.

As discussed, if the source location is unknown, then Compton sequencing requires
three or more photon hits to work. The more hits in a photon track, the more scattering
points we’ll have to compare to kinematics. Intuitively, this should allow us to sequence
longer tracks with more certainty. However, longer tracks also have more potential ways
to be mis-sequenced. (All things being equal, the probability of guessing a 6-hit sequence
correctly is only 0.14%, versus 17% for a 3-hit track.) Longer tracks also have more low-
energy hits, which are disproportionately affected by the detector’s finite position and energy
resolution. While we might be able to sequence the first few interactions reliably, the tail
end of a photon track is more difficult.

It’s important to note that the percentage of sequenceable tracks depends heavily
on photon energy. Low-energy photons tend to leave shorter tracks with fewer scatters.
On the other hand, high-energy photons have a lower probability of full-energy deposition
in the detector. Because we assume full-energy deposition in sequencing, these Compton
background counts may not sequence properly.

To study the effects of finite detector resolution on sequencing, I used the GRETINA
Geant4 model (Section to generate pre-sequenced photon tracks from a stationary
1.0MeV point source. Only the full-energy tracks were accepted for processing (£6keV),
or approximately 39% of the 100K simulated tracks. Figure shows the breakdown of the
simulated tracks by length and energy. Note that a 1.0 MeV photon typically must scatter
3-4 times before being of low enough energy for photoabsorption. A large majority of the 1-
and 2-hit tracks correspond to partial-energy detections (shown in green). The full-energy
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detections become more common above three hits. However, the tracks we can sequence
with our Compton tracking algorithm account for only 29.9% of the total. (Recall that we
disregard tracks with 7 or more hits for computational efficiency.) Including 2-hit tracks
increases this number to 34.4%, though such tracks cannot be sequenced through tracking
(unless the source location is known).

Breakdown of Track Lengths in GRETINA
Simulated 1000.0keV Photons

Partial-Energy
M All Tracks

Percentage of Tracks

m Full-Energy

1hit  2hits  3hits  4hits  Shits  Ghits  7hits  8+hits
Track Length

Figure 3.5: Track breakdown by length
(Relative errors are all within 0.15%)

To better reflect the response of a real detector, I randomly re-ordered the interactions
in each track, then added uniform Gaussian noise to the position and energy of each hit.
The intentionally randomized tracks were then run through the sequencing algorithm. I
compared the known tracks with the Compton-sequenced versions to see how frequently
errors arose. Tables[3.4and[3.5show the mis-sequencing probability as functions of simulated
detector resolution for tracks with 2 to 6 hits. Table [3.0] gives similar numbers for a typical
detector as a function of the photon track length. (For these runs, detector resolution was
kept constant with standard deviations of 0,,, = 3.0 mm and o = 2.0keV for position
and energy resolution, respectively.) Note that we’re generally most interested in the first
interaction, because this is what is used for Doppler-shift corrections. Additionally, the
second interaction comes into play when using the sequence for Compton imaging. All 3
tables give separate probabilities for mis-sequencing the first hit alone, the first and second
hits together, and for the track as a whole.

The results of Table suggest some important points. First, given 3.0 mm position-
and 2.0 keV energy-resolution in the detector, nearly half of all full-energy tracks — 46% —
show an error in the first two hits. This has serious repercussions for Compton imaging —
without some kind of filter, every other track will contribute noise to the final image. The
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situation is somewhat improved for Doppler-shift correction and imaging (Section , both
of which only require the first hit in a track. Still, a full 1/3rd of tracks yield incorrect results
here. Note that the situation is greatly improved for 2-hit tracks, which are sequenced by
assuming the higher-energy hit came first. (The ratio of correctly-sequenced to mis-sequenced
2-hit tracks is 5.5, whereas for 4-hit tracks it is 0.78.) Because of this, Compton sequencing is
ignored entirely in some implementations. If all we care about is getting the first interaction
right, it can be advantageous to assume it’s simply the highest-energy hit.

While a photon’s emission point is an unknown in lifetime experiments, using sta-
tionary point sources allows us to benchmark the sequencing algorithm further. Here, the
emission point is known, which establishes the initial photon heading. This lets us to now
use the first scatter in each track for sequencing. In the Geant4 simulations discussed above,
I placed the 1.0 MeV source at the origin. For a detector with perfect position and energy
resolution, I found that a mere 1.17 & 0.06% of 3- to 6-hit tracks had an incorrect vertex after
Compton sequencing. Additionally, only 3.81 £ 0.12% had errors affecting Compton imag-
ing while a full 93.88 £ 0.78% were correctly sequenced in their entirety. This is certainly
encouraging.

Position Error in Error in Error in Correctly

Resolution Hit 1 Hits 1-2 Any Hit Sequenced
0.0 mm 10.15 £ 0.18 % 13.07 £ 0.21 % 14.68 + 0.22 % 85.32 + 0.68 %
0.25 mm 13.64 +£0.21 % 18.00 £ 0.25 % 20.78 + 0.27 % 79.22 + 0.64 %
0.50 mm 17.28 £ 0.24 % 23.06 £ 0.29 % 26.86 = 0.31 % 73.14 + 0.61 %
0.75 mm 2032 £ 027 % 2731 £0.32% 31.83+£0.35% 68.17 £ 0.58 %
1.0 mm 22.89 £ 0.29 % 30.87 £0.34 % 35.96 + 0.38 % 64.04 + 0.55 %
1.5 mm 26.89 + 0.31 % 36.70 + 0.38 % 42.37 £ 0.42 % 57.63 + 0.51 %
2.0 mm 29.75 + 0.33 % 40.66 + 0.41 % 46.83 £ 0.45 % 53.17 + 0.49 %
2.5 mm 31.78 £ 0.35 % 43.60 £ 0.43 % 50.07 £ 0.47 % 49.93 £ 0.47 %
3.0 mm 33.54 £ 0.36 % 45.98 £ 0.44 % 52.76 + 0.48 % 47.24 £ 0.45 %
4.0 mm 36.35 + 0.38 % 49.85 £ 0.47 % 56.70 + 0.51 % 43.30 £ 0.42 %
5.0 mm 3818 £0.39 % 5253 £048 % 59.32 £ 0.52 % 40.68 + 0.41 %
7.5 mm 41.05 £ 041 % 56.51 £ 0.51 % 63.21 £ 0.55 % 36.79 + 0.38 %
10.0 mm 42.63 £ 042 % 5898 £ 0.52 % 65.55 + 0.56 % 34.45 + 0.37 %

Table 3.4: Probability of sequencing errors vs. position resolution

1000.0 £ 6.0 keV track energy, 2.0 keV energy resolution

Not having that first scattering point available for FoM calculations may be the largest
issue with our approach. As discussed earlier, the first hit usually corresponds to the highest
energy deposition. This also means that the first hit is also likely to contribute the largest
amount to the sequencing FoM. At high photon energies, small deviations in scattering angle
can yield 10’s of keV difference in energy deposition. Not so with lower-energy photons. Since
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Position
Resolution

Error in
Hit 1

Error in
Hits 1-2

Error in

Any Hit

Correctly
Sequenced

0.0 keV
1.0 keV
2.5 keV
5.0 keV
7.5 keV
10.0 keV

33.73 £ 0.36 %
33.60 + 0.36 %
33.59 + 0.36 %
33.67 £ 0.36 %
34.07 £ 0.36 %
34.60 £ 0.37 %

45.93 £ 0.44 %
45.95 + 0.44 %
46.04 + 0.44 %
46.28 + 0.44 %
46.72 + 0.45 %
4744 + 0.45 %

52.59 £+ 0.48 %
52.72 £ 0.48 %
52.81 + 0.48 %
53.11 £ 0.49 %
53.67 + 0.49 %
54.47 £ 0.49 %

4741 £ 0.45 %
4728 +0.45 %
4718 £ 0.45 %
46.90 + 0.45 %
46.33 + 0.44 %
45.53 + 0.44 %

Table 3.5: Probability of sequencing errors vs. energy resolution
1000.0 £ 6.0 keV track energy, 3.0 mm position resolution

Track
Length

2 hits
3 hits
4 hits
5 hits
6 hits

Error in
Hit 1
15.31 £ 0.62 %
28.18 4+ 0.66 %
38.03 £ 0.74 %
40.67 + 0.87 %
40.68 £ 1.14 %

Error in
Hits 1-2
15.31 £ 0.62 %
38.88 & 0.80 %
52.56 £ 0.91 %
56.89 £+ 1.09 %
58.34 £ 1.45 %

Error in
Any Hit
15.31 £ 0.62 %
38.88 £ 0.80 %
56.20 4+ 0.96 %
70.20 £ 1.26 %
80.79 £ 1.82 %

Correctly
Sequenced

84.69 + 1.85 %
61.12 + 1.08 %
43.80 £ 0.81 %
29.80 +£ 0.72 %
19.21 £ 0.72 %

(AT

33.54 £ 0.36 %

45.98 + 0.44 %

52.76 + 0.48 %

4724 +£ 045 %

Table 3.6: Probability of sequencing errors vs. track length

1000.0 + 6.0 keV track energy, (3.0 mm, 2.0 keV) detector resolution

38
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our FoM is normalized to the total track energy, this means sequencing mistakes for low-
energy hits are less noticeable in the final FoM. This is by design, since we want to priotize
getting the first (i.e. higher-energy) hits right.

Table [3.7] shows a sample mis-sequenced track. Note that sequencing on this 6-hit
track gave an incorrect location for the first interaction, despite perfect detector position and
energy resolution. This rare occurrence would have clearly been avoided if we had been able
to use our & priori knowledge of the source location. The FoM contribution from the first
hit in the computed sequence is enormous relative to the rest of the FoM contributions. The
remaining hits happened to be arranged in such a way to allow the subsequent hits to still
match Compton kinematics. This may not be as unbelievable as it appears at first glance
— it can take fairly large deviations in angle to skew the energy deposition more than a few
keV. Consider that the measured scattering angle is calculated thus:

emeas,i = COS_l (‘A/i—l : ‘A/z) (310)
Vi=(Xit1 — X3)/| Xig1 — X (3.11)

Again, X, is the photon emission point and X, is the first hit in the detector. We find
Omeas1 = 2.285 radians at X7 in the true sequence, while the angle calculated by Compton
kinematics is 6.4.1 = 2.204 radians. This is a difference of 3.51%, yet the corresponding
difference in measured vs. calculated energy deposition is only -0.93% (757.012 keV vs
764.042 keV). Even a 10.00% difference in the initial scattering angle would only produce a
3.00% in energy deposition (779.726 keV vs. 764.042 keV).

I explored a few modifications to the FoM definition. Table|3.8 summarizes the results
for four different FoMs:

FolM, = Z(,umeas,i — teated)? | Nscatters (3.12)
FoMy = (AEmcasi — AFeaie)’ | (Necatters Epppar) (3.13)
FoMz = (AEmeasi — AEeatcd)*/(Nocatters AE) (3.14)
FoM, = Z(AEmea&i — AECQZCJ)Q/(NscattersEfowl), with a guess for X (3.15)

FoMs 1, 2, and 3 used hits 2 to Ny;;s — 1, while FoM 4 took all hits 1 to Ny;;s —1. I found that
comparing energy depositions and normalizing to the total track energy (FoM 2) provides
better results than comparing cosines of scattering angles (FoM 1). Normalizing to total
track energy is also better than normalizing to the measured energy deposition at each hit
(FoM 3). FoM 4 did offer some improvement for (3.0 mm, 2.0 keV) detector resolution. For
this test, I placed the guess for Xy at (0.0 mm, 0.0 mm, 60.0 mm), or 60.0 mm away from the
true source location. I did not study this approach in great detail, although the performance
numbers in Table [3.8] are promising. The results improved markedly as the guess for Xj
came closer to the true source location at (0.0 mm, 0.0 mm, 0.0 mm), approaching near-
100% accuracy when the guess was spot-on. However, in lifetime measurements the emission
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Hit ‘ X Y Z ‘ E; Mmeas ‘ AEpeas AEcale ‘ FoM
True Sequence
(Src) | 0.000 0.000 0.000 - - - - -
1 -77.921 170.052 103.876 | 1000.000 -0.654642 | 757.012 764.042 | (9.885E-06)
2 -77.193  168.620 96.225 | 242.988  0.855815 | 34.633  15.591 7.252E-05
3 -81.571 165.890 87.314 | 208.355  0.727474 | 21.966  20.837 2.549E-07
4 -81.686 166.218 86.609 | 186.389 -0.637781 | 82.652  69.705 3.352E-05
5 -81.948 166.648 87.717 | 103.737  0.651133 | 8.124 6.861 3.189E-07
6 -81.976 166.710 87.737 | 95.613 - 95.615 - -
Computed Sequence
(Src) | 0.000 0.000 0.000 - - - - -
1 -77.193  168.620  96.225 | 1000.000 0.632993 | 34.633  418.000 | (2.939E-02)
2 -77.921 170.052 103.876 | 965.367 -0.944982 | 757.012 758.845 | 6.722E-07
3 -81.948 166.648 87.717 | 208.355  0.885275 | 8.124 9.311 2.818E-07
4 -81.686 166.218 86.609 | 200.231 -0.637860 | 82.652  78.272 3.835E-06
5 -81.571 165.890 87.314 | 117.579 -0.021635 | 21.966  22.380 3.422E-08
6 -81.976 166.710 87.737 | 95.613 - 95.615 - -
Table 3.7: Sample Compton-Sequenced Photon Track (1000.0keV, 6 hits)
All positions in mm and energies in keV.
FoM Error in Error in Error in Correctly
Type Hit 1 Hits 1-2 Any Hit Sequenced
Type 1 4022 +0.43 % 47.91 +£ 049 % 52.25 £ 0.52 % 47.75 + 0.49 %
Type 2 3328 +£0.38% 45.11 £ 047 % 51.27 £ 0.51 % 48.73 +£ 0.49 %
Type 3 56.16 + 0.54 % 62.47 £ 0.58 % 67.91 £ 0.62 % 32.09 £+ 0.38 %
Type4 13.79 £ 0.23 % 34.10 £ 0.39 % 43.44 £ 0.46 % 56.56 + 0.54 %

Table 3.8: Performance of multiple FoM definitions

Error in
Hit 1

Error in
Hits 1-2

Error in
Any Hit

Correctly
Sequenced

Full-Energy

33.54 £ 0.36 %
Partial-Energy 47.31 4+ 0.44 %

45.98 + 0.44 %
58.81 + 0.50 %

52.76 + 0.48 %
61.13 £ 0.52 %

4724 +£ 045 %
38.87 +£ 0.38 %

Table 3.9: Probability of sequencing errors for full-energy vs. partial-energy tracks
1000.0 & 6.0 keV track energy, (3.0 mm, 2.0 keV) detector resolution
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points can be spread over a wide range (100 mm or more). This FoM type can actually
degrade sequencing performance if the guess is too far off, so I chose to use FoM 3 as the
working definition for all subsequent work.

A final observation about sequencing — the figure-of-merit ought to be correlated with
whether or not a track deposits its full energy in the detector. We’d expect partial energy
tracks to match Compton kinematics relatively poorly and thus have a worse FoM than a
full-energy track. Because of this, the figure-of-merit is a potential way to further reduce
background counts, thereby improving P/T ratios for imaging or spectroscopy purposes.
Receiver-operating characteristic (ROC) curves are a standard method for evaluating the
effectiveness of a given filter. [37] We are interested in the system sensitivity (true positive
rate) and specificity (true negative rate) as functions of a maximum FoM limit. In this case,
tracks were accepted if their sequencing FoM is under a given threshold. A true positive is
a full-energy event for which the first two hits are sequenced correctly; a true negative is
any partial-energy or incorrectly-sequenced track. Unfortunately, as Figure [3.6] shows, the
method’s sensitivity is not very high for realistic values of detector position resolution. The
ROC curve for (3.0 mm, 2.0 keV) resolution is barely above the “random guess” line. This
is consistent with Table 3.9, which shows that roughly 45% of full-energy tracks contain
sequencing errors in the first two hits. Tightening the sequencing FoM limit greatly reduces
the number of accepted counts, but has little affect on the sensitivity. A different choice of
FoM might yield more promising results.

There are a number of metrics we could use to select an optimal filtering parameter.
The Youden index is one such metric, and is given by the sum of sensitivity and specificity.
[38] [39] The maximum value of this index provides a reasonable choice for the parameter
value. As we can see in Figure , this gives an “ideal” FoM limit of 2.66 x 107 for 1.0 MeV
tracks with (3.0 mm, 2.0 keV) detector resolution. We will discuss this choice in more detail
in Sections and Optimizing image quality provides another empirical approach to
setting the FoM threshold.
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Figure 3.6: ROC curves and choosing a sequencing FoM limit
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Chapter 4

Compton Imaging

4.1 Introduction to Compton Imaging

This section describes the fundamentals of Compton imaging, and how it can be used to
locate the emission points of photons produced during in-beam experiments. What makes
Compton imaging so powerful is that we get the data for “free” from other experiments. But
while 1t’s potentially useful for lifetime experiments, this approach also has its limitations
— including the Compton profile in HPGe, non-idealities in the ion beam, and imperfect
detector resolution.

The ability to sequence a photon track not only makes it possible to correct energy
spectra, it also enables the use of gamma-ray imaging. Knowing the complete path a photon
takes through a detector allows us to backtrack to where the photon originated from before
entering the detector. Consider a track with interaction locations Xj, ..., Xy and energy
depositions FEi, ..., Ex. Applying Compton tracking to hits 2 through N-1 gives a best-
fit interaction sequence. Below a photon energy of several MeV, Hit 1 is generally also a
Compton scatter. We can use kinematics here, too, to deduce the initial scattering angle.

The total energy of the track, assuming the photon deposited its full energy in the
detector, is equal to:

N
Etotal = Z AEﬁn (41)

n=1
This is the initial energy of the photon before it enters the detector. Because we also know
the energy deposition at the first scattering point, we can calculate the cosine of the initial
scattering angle from Equation [3.4}

m.c*AF,
Etotal (Etotal — A-El )

po=1- (4.2)
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This is the cosine of the angle between the photon’s final and initial headings at X;. Note
that the final heading is simply defined as a unit vector from X; towards X, i.e.:

~ X, — X,

_ 22— A1 4.3
YT IX, - Xy o

We can thus say that: o
Vo-Vi=m (4-4)

where Vp is the unit vector that defines the photon’s incident heading on X;.

Equation defines a cone of possible directions for the incident photon vector. This
is referred to as the “Compton Cone”, with opening angle 0o = cos™! jic = cos™! i1, central
axis VC = —Vl, and vertex X¢c = X;. Note that the photon must have originated from
a point somewhere on the forward sheet of this cone. This observation is the essence of
Compton imaging.

In imaging, the goal is to determine the source locations for emitted photons — the
“source distribution”. In many experiments, this is limited to an angular distribution, be-
cause the distance to any emission point is unknown. By projecting the cones from many
events onto a containing sphere, we obtain a set of overlapping ellipses (a stereographic pro-
jection). Point sources can be picked out by noting where the ellipses intersect; the more
ellipses that intersect a given pixel in the projection, the stronger the source in that direc-
tion. Note that in near-field imaging applications, we can voxelize space in a similar manner
in order to localize sources in 3D. (See References [14], [15], and [3] for many more details
on stereographic projections and Compton imaging.)

GRETINA’s source geometry is uniquely constrained compared to other applications
of Compton imaging. In lifetime experiments, an accelerator delivers high-energy projectiles
to a thin target, creating exotic excited nuclei through fusion or other nuclear reactions.
These products recoil out of the target in a highly-collimated beam travelling at relativistic
speeds (typically 0.05-0.4c, depending on kinematics). They de-excite a short time later,
emitting one or more characteristic gamma-rays. This means, for our imaging problem, we
can assume our photons originate somewhere along the beamline, downstream of the target.

Instead of trying to locate arbitrary source points in 3D, we just need to find the
intersections of our Compton cones with the beamline. Assuming a pencil beam, there can
only be up to two such locations per cone. Ideally, one of these intersections is upstream of the
target, ruling it out as unphysical. In such case, reconstruction yields a single unambiguous
origin for the photon. See Figure4.1|for an illustration. Note that it is quite possible for both
intersections to be downstream of the target. In these ambiguous cases, the reconstruction
is simply thrown out.

Appendix gives a detailed derivation of the cone-beam intersection points. In the
end, we arrive at a quadratic equation that depends on the beam axis and the Compton
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1. Ideal Compton Imaging
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Figure 4.1: Ideal Compton imaging and detector effects
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cone axis, vertex, and opening angle. The intersections are Xo1 = ;B and Xo,2 = tQB,
where t; and ¢, are the solutions to that equation and B is the beam axis.

While on paper this is very promising, Compton imaging with real detectors is not
nearly so clean. Finite detector position and energy resolution limits how well we know the
hit coordinates X7y, ..., Xn and energy depositions Fj, ..., En. Both the Compton cone axis
(Ve = X1 — X32) and the cone angle (Equation are directly affected by these quantities.
Figure illustrates the effects that detector performance has for the imaging problem.

Energy resolution changes the cone angle, but the difference is generally very small.
Consider a 1.0 MeV photon that initially scatters at 45° in the detector, leaving a 364 keV
energy deposition at X;. Suppose with 0.2% energy resolution, this deposition registers as
363keV while the full photon energy registers 1002 keV. The scattering angle computed in
this scenario would then be 44.7° (shifting the cone-beam intersection by approximately 0.3°
or 0.7 mm).

Position resolution creates much more serious problems for Compton imaging. Figure
[4.2] shows a simple estimate for angular resolution based on how position resolution skews
the Compton cone axis. Consider a track where the first two hits are X; and X,. Suppose
the detector registers hits at X and X}, which are a distance L” apart. (Here, L’ is referred
to as the “Compton lever arm”.) In the worst case, the shifts are perpendicular to the new
beam axis V4 = X7 — X. The maximum angular error can be simply expressed as:

Af¢ = arctan v/20,,. /L’ (4.5)

where 0, is the position resolution and L' = || X; — X,||. (Note that the position resolution
at both points sums in quadrature.) With typical o,,, = 3.0 mm position resolution and a
measured lever arm of L' = 30.0 mm, the shift is 8.0°. At a 90° nominal emission angle and
a cone vertex 180 mm from the beamline, this corresponds to a 25.2 mm shift from the true
emission point.

Mis-sequencing errors can also shift the cone axis. (Any sequence that mis-identifies
Hit #1 or Hit #2 will do so.) However, the errors may be even more severe, as the distance
between points is generally several times greater than the position resolution.

Beam properties present another complication to imaging. In my analysis I've as-
sumed an ideal pencil beam, but real beams have a finite angular divergence and spot size
on target. Typically, the divergence is < 1° and the spot size can be modeled as a 2D Gaus-
sian with ¢ = 4 mm in both dimensions. Because I assume all nuclei travel along the z-axis
in my calculations of the cone-beam intersections, this can lead to significant errors in the
imaged source distribution. With the proper instrumentation downstream of GRETINA, it
is possible to measure the true beam heading and correct for these effects. [4] However, this
instrumentation is not always available, and so I’ve ignored this complication for this study.
Please refer to Appendix for more details.
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Angular Resolution Estimate

= | Xz - X4|
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Figure 4.2: Estimate of angular resolution from position resolution and Compton lever arm
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In all these cases, it is possible for a Compton reconstruction to yield ambiguous,
incorrect, or unphysical solutions, or no solutions at all. (A Compton cone may not intersect
the beamline when it is too far off-axis.) It is easy to see that the errors become more
pronounced at shallower emission angles. As the distance between the cone vertex and the
calculated emission point increases, the angular resolution translates to larger shifts along
the beamline.

Still, before dismissing Compton imaging for these potential issues, it is important
to have a quantitative handle on what they mean for final imaging resolution. I explored
this analytically using error propagation on the solutions to Equation Appendix [A.7]
provides the derivation of the error formulas, which involves a very large set of complicated
partial derivatives. (I studied only the effects of detector energy and position resolution for
simplicity.) To get a realistic picture of the imaging errors, I simulated a set of 1.0 MeV
photon tracks using the Geant4 model introduced in Section 2.6, Running the tracks through
sequencing gave me a set of Compton cones to plug into the error formulas from Appendix
[A.7 This let me compute uncertainty estimates for a range of detector resolutions.

Figure shows the distribution of errors calculated for a detector with o, = 3.0
mm position- and o = 2.0 keV energy-resolution. The colormap shows the normalized
contributions from detector position and energy resolution, which I denote 04y, and
Oimg.B, Tespectively. (These contributions sum in quadrature to get the total analytic error,
Timgitotal = TimgayzOaye T Timg 505 ) As noted before, 0. and op are applied uniformly to
each photon hit, regardless of hit energy. Appendix[A.7] discusses these calculations in detail.
We can immediately see that position resolution dominates as the major factor in the final
imaging resolution — by a factor of about 20x. The distribution peaks around iy 2y. = 10
mm/mm and Gpe g = 0.4 mm/keV. As discussed in Section 2.5 detector resolution depends
on the magnitude of the energy deposition, but I ignored this for simplicity.

4.2 Detector Performance

Compton imaging is affected by several experimental factors, including detector resolution
and beam properties. As expected, detector position resolution is much more limiting than
energy resolution. The results can be used to get a sense of performance requirements for
effective Compton imaging.

It is clear that Compton Imaging is not without its challenges. Much of this study
was therefore dedicated to optimizing the image quality achievable with GRETINA. There
are many experimental parameters that can affect this image quality, as shown in Table
below. Some are intrinsic characteristics of the experiment, such as the resolution of the
detector. Others, however, are tunable parameters that are used in data post-processing.
We can try to improve imaging quality by selecting appropriate values for these analytical
parameters.
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To test the effects of these parameters, I used the GRETINA Geant4 model to generate
idealized track data for a beam source. The source nuclei had an 2.7525 ns lifetime and
emitted 1.0 MeV CM-frame gamma rays. The source speed was set at 0.3 + 0.001c, with
a beam spread of oy = 0.25" and spot size of Gpeamaz = Opeamy = 0.20 mm. The target
was placed at z = 0.0 mm. Each track was then sent through the Compton sequencing and
image reconstruction algorithm to obtain a computed emission point, Xo cqre. As Geantd
provided the true emission point Xg ¢rqe for each track, I readily obtained the imaging error
A Xy = Xo,cale — Xo,true Of each reconstruction. For simplicity, I ignored beam deviations
and used only the z-component of the errors to evaluate imaging. (The properties of the
beam certainly affect the quality of the output image, however — see Appendix [A.6 for details.
For all of my simulations, though, I assumed a near-pencil beam with very little angular,
spatial, or velocity spread.)

Experimental Parameters Analytical Parameters

Photon energy Compton “lever arm”
Position resolution Sequencing FoM
Energy resolution Corrected CM-frame energy

Beam velocity Proximity to segment bounds

Table 4.1: Parameters that affect Compton imaging quality

Image quality is characterized by two factors — imaging resolution and efficiency. I
estimated resolution by fitting Gaussians to the distributions of imaging errors, A Xq. While
Compton imaging responses are not completely Gaussian, the simplification yielded fairly
accurate FWHMSs. The fitting process and a few sample Compton images are shown in Figure
. From there, I defined the imaging resolution as o;,, = FWHM/2v/2In2. Appendix
provides details about the uncertainty calculations for the fits.

Photon tracks can be rejected for use in an image for many reasons. For example, a
track may be too short or too long, or result in ambiguous or unphysical emission points.
Before sending a track through sequencing and subsequent imaging, however, we first check
its measured lab-frame energy. This helps remove Compton background counts. Because
sources move relativistically in lifetime measurements, the emission energy can be broadened
by up to several hundred keV (see Section . However, we can still reject tracks whose
energy lies outside the range of possibilities set by the imaging window. Consider a track with
first hit at X; = (200.0 mm, 0.0 mm, 100.0 mm). For these experiments, I restrict emissions
to GRETINA’s central cavity, where the upstream limit is the beam target, generally at
Xo,z, = (0.0 mm, 0.0 mm, 0.0 mm), and the downstream limit is X¢ g = (0.0 mm, 0.0 mm,
180.0 mm). The emission vectors Vo 5, = X1 — Xo,r and Vo, g = X1 — X g define the
minimum and maximum possible emission angles, respectively, relative to the beam axis.
This angular range corresponds to a range of permissible lab-frame energies for the photon,
so that any tracks outside that window can be rejected.
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This first data filter sets the baseline number of tracks that we have to work with for
imaging. In my simulations, I began with Ny, = 2.365M total tracks, of which Neompton =
1.529M tracks were rejected by the above energy filter. This left Njpqging = 0.836M tracks
for imaging. From there, subsequent data filters further reduce the number of counts used
to create the output Compton image (Nyooq). We define the absolute imaging efficiency as
the ratio € = Nyood/Nimaging- Tables and below also provide ‘“relative” efficiencies.
These numbers represent quantities normalized to the ideal cases in their respective tables.
As detector resolution degrades, it becomes more likely for Compton imaging to produce
ambiguous or unphysical emission points, resulting in fewer counts in the final image. For
example, at 3.0 mm position resolution, the output image contains only 70.0% as many
counts as a detector with perfect position resolution.

Detector resolution is perhaps the most critical of the experimental properties for
imaging resolution. As shown in Figure [{.1] detector resolution can cause multiple errors in
Compton reconstruction. The deviations between true and calculated emission points can
range from several millimeters to several centimeters or more. Table and Figure 4.5 show
the effects of detector position resolution (o,,.) on the imaging resolution and efficiency,
while Table 4.3 and Figure [4.6| show similar data for varying detector energy resolution
(o). We can see that position resolution dominates for realistic values of energy resolution
in HPGe. In fact, energy resolution hardly affects imaging resolution or efficiency. It is
important to note that detector resolution was applied uniformly to each hit, regardless of
energy deposition. This approach could be improved — detector position resolution depends
on the energy of a photon hit. While the effect was demonstrated in the AGATA array (the
European cousin to GRETA) [32], similar effects are expected for GRETINA. I ignored this
energy-dependence for simplicity.

There were a couple effects I did not have time to investigate in great detail, but
which may further affect imaging quality. The first of these is the lab-frame energy of the
photon. 200 keV photons yield fewer hits per track than 1.0 MeV ones, and the hits from
the lower-energy tracks leave smaller energy depositions. This reduces not only the detector
resolution, but also the accuracy and efficiency of sequencing. (As pointed out in Section
3.3 only 29.9% of 1.0 MeV photon detections are full-energy events with between 3 and 6
hits.) By simulating datasets for many photon CM-frame energies, we could identify a range
for which Compton imaging would be most effective.

Detector geometry plays a role, too, further complicating the imaging problem. Con-
sider a photon that is emitted nearby a detector (as opposed to one emitted near the center
of the GRETINA inner cavity). The total distance traveled from emission to the first hit is
then relatively small, which means angular resolution translates to a smaller spatial devia-
tion on the beam-line. Because of this, emissions from either end of the inner cavity will be
located more precisely than those in the center.
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Imaging

Efficiency

Resolution (mm) (Absolute, %)

Efficiency
(Relative, %)

0.0 mm
0.25 mm
0.50 mm
0.75 mm
1.0 mm
1.5 mm
2.0 mm
2.5 mm
3.0 mm
4.0 mm
5.0 mm
7.5 mm
10.0 mm

6.57 + 0.27
8.28 £ 0.33
9.62 £ 0.35
10.88 &= 0.36
13.01 £ 0.42
15.51 £+ 0.49
18.78 £ 0.57
22.00 £ 0.64
25.17 £ 0.65
31.75 £ 0.81
36.53 £ 0.87
48.26 £ 1.11
63.89 £ 1.21

42.818 £ 0.086
40.972 £ 0.083
39.017 £ 0.081
37.391 £ 0.078
36.006 £ 0.077
33.848 £ 0.074
32.259 £ 0.071
30.985 £ 0.070
29.957 £ 0.068
28.325 £ 0.066
27.126 +£ 0.064
25.263 £ 0.062
24.084 £ 0.060

100.000 £ 0.283
95.690 £ 0.272
91.124 £ 0.262
87.331 £ 0.253
84.092 £ 0.245
79.052 £ 0.234
75.341 £ 0.225
72.366 £ 0.218
69.964 £ 0.212
66.152 + 0.203
63.353 £ 0.196
59.002 £ 0.186
56.248 £ 0.179

Table 4.2: Compton image quality & efficiency vs. position resolution
Ecpy = 1000 keV, 8 = 0.3, 19 = 2.7525 ns, op = 2.0 keV

Imaging Resolution vs. Position Resolution

60
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Figure 4.5: Compton image quality & efficiency vs. detector position resolution
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See Table [4.2]
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Total Tracks: 2.365M, Plausible Energy: 0.832M-0.836M, Imaged Tracks: 0.200M-0.359M
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Energy Imaging Efficiency Efficiency
Resolution | Resolution (mm) (Absolute, %) (Relative, %)
0.0 keV 24.76 £ 0.71 30.057 £ 0.068  100.000 £ 0.322
0.25 keV 25.19 £ 0.74 30.019 £ 0.068  99.874 + 0.322
0.50 keV 23.50 £ 0.66 30.018 £ 0.068  99.870 £ 0.322
0.75 keV 25.06 £ 0.75 29.983 £ 0.068  99.751 + 0.321
1.0 keV 24.17 £ 0.72 30.070 £ 0.068  100.042 £ 0.322
1.5 keV 25.09 £ 0.68 29.961 £+ 0.068  99.680 + 0.321
2.0 keV 25.17 £ 0.65 29.957 £ 0.068  99.666 + 0.321
2.5 keV 26.32 £ 0.67 29.947 £ 0.068  99.631 + 0.321
3.0 keV 25.42 £+ 0.65 29.893 £ 0.068  99.453 £ 0.320
4.0 keV 25.83 £ 0.67 29.809 £+ 0.068  99.172 + 0.320
5.0 keV 27.16 £ 0.65 29.705 £ 0.068  98.829 + 0.319
7.5 keV 28.21 £ 0.61 29.339 £ 0.067  97.609 £ 0.316
10.0 keV 31.85 £ 0.71 28.959 £ 0.067  96.344 + 0.312

Table 4.3: Compton image quality & efficiency vs. energy resolution
Ecy = 100 0keV, 8 = 0.3, 1o = 2.7525 18, 04y, = 3.0 mm

Imaging Resolution vs. Energy Resolution

Imaging Resolution (mm)

Imaging Efficiency vs. Energy Resolution
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Total Tracks: 2.365M, Plausible Energy: 0.834M-0.835M, Imaged Tracks: 0.242M-0.251M
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Figure 4.6: Compton image quality & efficiency vs. detector energy resolution
See Table [4.3]
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4.3 Image Quality Cuts

There are several data quality cuts we can make to improve imaging resolution in post-
processing. 1 studied imaging filters using the Compton lever arm, sequencing FoM, and
corrected CM-frame energy. As with all such filters, there is a trade-off between data quality
and imaging efficiency (i.e. the fraction of tracks used in the final image reconstruction). In
this section I show the effects of the various cuts and optimize for a 1.0 MeV beam source.

The factors discussed in Section are intrinsic to the experiment and the detector
used. There are also multiple data cuts that can be made in post-processing to improve
image quality. Using the same simulation data as before, I studied the effects of a few of
these factors, keeping detector position and energy resolution constant at o,,. = 3.0 mm
and og = 2.0 keV. For each run, I modified a single data filter at a time, keeping the others
constant at their most permissive values (discussed below).

As illustrated already in Figure [£.2] the angular resolution not only depends on the
detector position resolution (o,,.), but also the distance between the first and second hits in
a photon track, L' (the Compton “lever arm”). From Equation , the larger L' is compared
to 04y., the smaller the average angular error is expected to be. Therefore, the Compton
lever arm is a convenient filter to remove tracks with high imaging uncertainty (see also
Appendix . Of course, there is a trade-off between data quality and imaging efficiency.
Requiring lever arms to exceed a certain threshold sets a maximum angular deviation for a
given Compton reconstruction. The larger this threshold, the better-constrained the cone
axis is. However, the distance a photon travels in the detector is a function of photon cross-
section. The probability that a photon travels at least a distance x in the detector before
interacting is:

P(z,E) =1 — ¢ /4E) (4.6)

where d(F) is the attenuation length (or mean-free-path) for a photon of energy E in HPGe.
Note that the decrease in counts will not be a simple exponential, though, since the photons in
question will not be mono-energetic after the first scatter at X;. Still, it is plain to see that as
we increase the lever arm threshold, fewer photon tracks will qualify for use in the final image.
(Setting the minimum Compton lever arm to L,,;, = 0.0 mm accepts all tracks.) Table
and Figure provide results gathered for our typical setup. The improvements in imaging
quality are noticeable but modest. For example, imposing a minimum lever arm limit of 20.0
mm improves resolution by a factor of 1.31x. Imaging efficiency is simultaneously reduced
by 56.9%, which makes for a somewhat unfavorable trade-off. (Statistical uncertainty is
increased by a factor of 1.52x in this case.)

The sequencing FoM provides another such filter. We found in Section that
tracks with larger FoMs are less likely to have been sequenced properly, thereby introducing
potential error in the Compton reconstruction. So, by rejecting tracks with sequencing FoMs
over a set limit, we should see an improvement in image quality. (Setting the maximum
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sequencing FoM to FoM,,., = 1.0 accepts all tracks.) Table and Figure show results
for the same setup as before. Unfortunately, the gains in imaging resolution are insignifcant
compared to the loss in imaging efficiency. Rejecting tracks with sequencing FoM above 3E-5
improves resolution by a scant 1.06x, while reducing the number of available counts by 84%.

Doppler-shift corrections provide a third way to improve things. Here, the goal is to
compare the Doppler-corrected CM-frame energy with the known photopeak energy of the
source. Anything outside a few keV from a photopeak is likely to be an incomplete energy
deposition, and therefore not a Compton-sequenceable track. We want to remove such tracks
from the final image. To identify them, we use the emission angle calculated via imaging
and the known parent velocity to find the photon’s Doppler-corrected CM-frame energy. The
track can then be rejected by checking against the known photopeak energy; in other words,
only tracks within a given CM-frame energy range are accepted for the final image. (Setting
the maximum deviation to AE o rectedmaz = 1000 keV accepts all tracks.) Table and
Figure present the results. It is immediately clear how effective this data filter is. For
example, constraining counts to be within 10.0 keV of the 1000 keV CM-frame photopeak
improves resolution by a factor of 4.44x. The corresponding reduction in imaging efficiency
(85.3%) increases statistical uncertainty by a factor of 2.61x, making for a very favorable
trade-off. The overall imaging response also begins to follow a much more Gaussian shape
as the energy window is narrowed.

Figure shows a few sample images using the above filters. However, choosing
appropriate filtering thresholds is difficult. One approach is to balance the improvement in
imaging resolution against the loss in Poisson statistics. Let 0y,4,0 be the imaging resolution
prior to filtering, and let Neountso be the corresponding number of tracks accepted for image
reconstruction. Then let oipmg rir and Neounts, rire denote these same quantities after the data
filter is applied. Because statistical uncertainty scales with the square root of the number of
counts, we want to choose our filter parameter such that:

Oimyg, filt < \V Ncounts,filt (4 7)
Oimg,0 V Ncounts,o

For example, if imaging efficiency is dropped by a factor of 4x, the cut should improve
imaging resolution by at least 2x. Narrowing the corrected energy window from 1000.0 +
20.0 keV to 1000.0 + 10.0 keV drops imaging efficiency by 1.85x (from 7.97% to 4.32%)
while improving imaging resolution by 1.86x (from 10.5 mm to 5.63 mm). However, further
narrowing the window to 1000.0 £ 5.0 keV reduces efficiency another 1.96x while improving
image resolution by only 1.39x. So, this suggests that a cut at 10.0 keV is advantageous,
while 5.0 keV is too restrictive. However, the decision of where to cut ultimately depends on
the total number of tracks available for a given lifetime measurement. (Section discusses
this exact problem in much greater detail.)
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Minimum Imaging Efficiency Efficiency
“Lever Arm” | Resolution (mm) (Absolute, %) (Relative, %)
0.0 mm 25.13 £ 0.68 29.359 £ 0.067  100.000 £ 0.325
5.0 mm 23.33 £ 0.64 25.991 £ 0.063  88.526 + 0.295
10.0 mm 21.15 £ 0.57 20.416 £ 0.054  69.537 £ 0.244
15.0 mm 20.55 £ 0.57 16.015 £ 0.047  54.548 £ 0.204
20.0 mm 19.14 £+ 0.56 12.657 £+ 0.041  43.111 £+ 0.172
25.0 mm 16.66 £+ 0.54 10.050 £ 0.036  34.232 £ 0.147
30.0 mm 16.48 £+ 0.51 8.061 £ 0.032  27.455 £ 0.127
35.0 mm 15.17 £ 0.51 6.474 £ 0.029  22.050 £ 0.110
40.0 mm 15.74 +£ 0.74 5.214 £ 0.026  17.759 £ 0.096
45.0 mm 14.42 £+ 0.68 4.194 £ 0.023  14.283 £ 0.084
50.0 mm 14.68 £ 0.69 3.374 £ 0.020  11.494 £ 0.074

Table 4.4: Compton image quality & efficiency vs. minimum lever arm
Ecy = 1000 keV, 8 = 0.3, 1o = 2.7525 18, 04y, = 3.0 mm, o = 2.0 keV

Imaging Resolution vs. Compton Lever Arm

FOMmam = 1E07 AE1cor1"ected,mcwv = 1000 keV
Total Tracks: 2.365M, Plausible Energy: 0.836M, Imaged Tracks: 0.028M-0.245M

Imaging Efficiency vs. Compton Lever Arm

12

14

154
@

I
=

Relative Efficiency
°

*

Imaging Resolution (mm)
&

>
*

«
o
o

03
* .

0

o

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0
Min. Lever Arm (mm) Min. Lever Arm (mm)

Figure 4.7: Compton image quality & efficiency vs. min. Compton lever arm
See Table [£.4]
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Efficiency

Resolution (mm) (Absolute, %)

Efficiency
(Relative, %)

Maximum Imaging
Sequencing FoM
1.0E-1 25.17 £+ 0.65
1.0E-2 25.13 + 0.65
3.0E-3 24.23 + 0.71
1.0E-3 24.40 £+ 0.70
3.0E-4 23.97 £+ 0.68
1.0E-4 24.33 + 0.74
3.0E-5 23.65 = 1.00
1.0E-5 25.86 & 1.05

29.359 £ 0.067
29.216 £ 0.067
28.112 £ 0.066
24.561 +£ 0.060
16.938 + 0.049
9.670 =+ 0.036
4.555 £ 0.024
2.319 +£ 0.017

100.000 £ 0.325
99.511 £ 0.323
95.751 £ 0.314
83.655 £ 0.282
57.691 £ 0.212
32.938 £ 0.143
15.513 £ 0.089
7.896 £ 0.060

Table 4.5: Compton image quality & efficiency vs. maximum sequencing FoM

Imaging Resolution (mm)

Ecy = 1000 keV, 8 = 0.3, 79 = 2.7525 ns, 04y, = 3.0 mm, o = 2.0 keV

Lmin = 0.0 mm, AEcorrected,max = 1000 keV
Total Tracks: 2.365M, Plausible Energy: 0.836M, Imaged Tracks: 0.019M-0.245M

Imaging Resolution vs. Sequencing FoM
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Figure 4.8: Compton image quality & efficiency vs. max. sequencing FoM

See Table [4.5]
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Energy Error

Maximum

Imaging

Efficiency

Resolution (mm) (Absolute, %)

o8

Efficiency
(Relative, %)

1000.0 keV
200.0 keV
150.0 keV
100.0 keV
75.0 keV
50.0 keV
40.0 keV
30.0 keV
25.0 keV
20.0 keV
15.0 keV
10.0 keV
7.5 keV
5.0 keV
2.5 keV
1.0 keV

25.17 £ 0.65
24.68 + 0.60
23.56 £ 0.56
24.04 £ 0.48
23.20 £ 0.45
21.29 £ 0.34
18.67 £ 0.23
14.96 £ 0.14
12.65 + 0.18
10.53 £ 0.19
8.12 £0.14
5.67 £ 0.06
4.74 £ 0.07
4.09 + 0.05
3.78 £ 0.04
3.82 = 0.05

29.359 £ 0.067
27.398 £ 0.065
25.247 £ 0.062
21.723 £ 0.056
19.038 £ 0.052
15.320 + 0.046
13.353 £ 0.043
10.940 £ 0.038
9.522 £ 0.035
7.974 £ 0.032
6.235 = 0.028
4.321 £+ 0.023
3.275 £ 0.020
2.202 £ 0.016
1.103 & 0.012
0.440 £+ 0.007

100.000 = 0.325
93.321 £ 0.307
85.994 £ 0.288
73.989 £ 0.256
64.844 £ 0.232
52.181 £ 0.197
45.480 £ 0.179
37.263 £ 0.155
32.431 £ 0.141
27.158 £ 0.126
21.238 = 0.108
14.717 £+ 0.086
11.156 £+ 0.073
7.501 £ 0.058

3.756 £ 0.040

1.499 £ 0.025

Table 4.6: Compton image quality & efficiency vs. max. error in corrected energy
Ecy = 1000 keV, 8 = 0.3, 19 = 2.7525 ns, 04y, = 3.0 mm, o = 2.0 keV

Lpin = 0.0 mm, FoM,,,, = 1E0

Total Tracks: 2.365M, Plausible Energy: 0.836M, Imaged Tracks: 0.004M-0.245M

Imaging Resolution (mm)
&

Imaging Resolution vs. Corrected Energy
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Figure 4.9: Compton image quality & efficiency vs. max. error in corrected energy
See Table [4.6]
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There are other data quality cuts we could make for measured track data. Recall from
Section that interaction coordinates in GRETINA tend to register near crystal segment
boundaries (Figure . This clustering is of course completely unphysical, calling into
question the reliability of tracks with hits near segment boundaries. We might therefore
define “exclusion zones” about each segment boundary, rejecting any track with one or more
hits in these zones. I explored this briefly with real-world datasets, but unfortunately did
not see any marked improvement in image quality as a result of the data filter. (Note that
these effects do not show up in simulations, which skip the complex signal decomposition
problem.) The analytic error estimates calculated in Appendix might also prove useful
here — we could reject tracks for which the estimated uncertainty is too large. This would
make an interesting future study.

We can conclude that the Compton lever arm cut has a much greater effect on image
quality than does the sequencing figure-of-merit. The Doppler-corrected energy cut outper-
forms both of these handily. However, since these three cuts are not entirely independent, I
chose to only apply the Doppler-correction energy cut in subsequent Compton imaging runs.
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Compton Imaging Examples
B = 0.3c, 1o = 2.7525ns, 0Oy, = 3.0mm, o = 2.0keV
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Chapter 5

Doppler-Shift Imaging

5.1 Introduction to Doppler-Shift Imaging

While contemplating the limitations of Compton imaging, I came up with a completely
separate solution to the imaging problem. We can obtain a photon’s emission point using
three pieces of data: 1.) The location of the first interaction, 2.) The CM-frame energy of
the emission (i.e. the photopeak energy), and 3.) The lab-frame energy of the photon. This
avoids many of the problems associated with the Compton imaging method. Detector position
resolution has a much smaller effect on the imaging resolution, and total imaging efficiency
s a factor of 4-5x better. Because this novel technique relies on the physics of Doppler shifts,
I dubbed it “Doppler-Shift imaging”.

The studies in Sections and make the limitations of Compton imaging abun-
dantly clear. Its effective imaging resolution and efficiency are not particularly exciting, for
reasons that will be discussed in Section However, while ruminating on the problem I
found sudden inspiration in the Doppler-shift corrections that GRETINA was purpose-built
for. Would it be possible to reverse the process to trace an emission back to its source?

Consider — the Doppler-shift is determined by the emission angle and lab-frame veloc-
ity of the parent nucleus. The properties of the beam are known quantities, and the cosine
of the emission angle is simply:

Vo-B

=COSQ) = ———— 5.1
S AT (5-1)

where Vp = X7 — X is the vector from the emission point to the first hit in the detector,
and B is the beam axis. Now, the physics of Doppler-shifts gives an independent measure

of the emission angle cosine:
1 Ecur )
—— (1= 5.2
K 6 < ’yELab ( )
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If we assume that we know the true photopeak energy FEcj)s, then we can solve for the
emission angle with the photon energy measured in the lab, Er. (This of course assumes
that the photon deposits its full energy in the detector, an assumption we already made for
sequencing. We must also be able to attribute the detected photons to the specific isotope
of interest. This requires the parent nuclei to pass through an isotope separator synced with
GRETINA.) X, is itself a known quantity — it’s just the location of the first hit in the
detector. That means the only unknown in Equation is X, the emission location!

Appendix derives the expressions used to calculate Xq. By comparison to Comp-
ton Imaging, the math is quite simple. And where Compton imaging requires knowledge of
both X; and Xs, this new “Doppler-shift” imaging technique only requires X;. This is truly
excellent news from the perspective of detector position resolution. In Compton imaging,
the angular resolution is largely determined by position resolution and Compton lever arm.
Small shifts in the cone-axis can be blown up to large errors on the beam-axis (see Figure
. Doppler-shift imaging, in comparison, does not suffer from this problem. A shift in X3
results in a comparable translation of the Doppler-shift cone along the beam axis. For any
given emission angle, the error in X¢ depends only linearly on o,,.. Figure illustrates
this new technique.

For example, suppose a photon is emitted from Xy = (0.00 mm, 0.00 mm, 45.0 mm)
with an emission angle of # = 30°. The photon travels 150 mm before scattering at X; =
(0.00 mm, 75.0 mm, 175.0 mm) in the detector. Suppose the detector reports this hit at
X7 = (0.00 mm, 80.0 mm, 170.0 mm), a full 7.1 mm away from its true location. Carrying
out the computation, the calculated emission point would then be X} = (0.00 mm, 0.00
mm, 31.4 mm) — just 13.6 mm from the true emission point. Correct sequencing is much
less important for a similar reason — an incorrect sequence would ultimately have the same
effect as shifting X; by some distance.

One of the main strengths of the Doppler-Shift technique is its high efficiency, par-
ticularly at low energies. Because the reconstruction only requires a single interaction to
determine an emission point, we could use this method even where photoabsorption dom-
inates (< 150 keV). Compared to Compton imaging, there are also fewer situations where
reconstruction can fail. As long as the measured lab-frame energy is within a range of
physically-possible Doppler-shifts, this method will always return a single, unambiguous
emission point on the beamline. Compton cones can skew off-axis and fail to intersect the
beamline entirely, or they can intersect in two positions downstream of the target.

The flip side to this, however, is that Doppler-shift imaging offers poor discrimination
of Compton background. Consider a 1.0 MeV CM-frame emission from a nucleus moving
at 0.3c in the lab frame. As noted earlier, the emitted energy can vary anywhere from 733
keV to 1.36 MeV. So, any track that registers in the range of physically-possible energies
(determined by the detector geometry) will be accepted for imaging. Background becomes
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1. Ideal Doppler-Shift Imaging
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Figure 5.1: Doppler-shift imaging and detector effects
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especially challenging where multiple gamma lines are present simultaneously. This would
be the case, for example, when trying to measure gammas populated through de-excitation
chains. There can be significant overlap of peaks in the spectrum, which becomes more
pronounced as beam velocity increases. (Consider — the same 1.0 MeV CM-frame emission
with § = 0.45 yields an energy range of 616 keV to 1.62 MeV in the lab frame.) So we must
do extra work to ensure a given photon actually belongs to the photopeak we think it does.
For example, we might reject tracks for having large sequencing FoM’s or for having too few
interactions (refer to Sections and . This turns out to be the biggest challenge to
using Doppler-shift imaging to measure lifetimes.

As with Compton Imaging, I used error propagation to estimate the imaging resolution
of this imaging method. The results were extremely promising, suggesting that Doppler-
Shift imaging delivers 5-10x better resolution than its Compton counterpart, at least for the
detector resolution we expect from GRETINA. Figure gives the results for a 1.0 MeV
CM-frame emission and 0.3c beam velocity. (See Appendix for a detailed derivation
of the analytic error estimates.) For typical detector performance, position resolution is
still the most important factor. Note that it holds roughly constant — for every 1.0 mm
that detector position resolution increases, so too does its analytic error contribution. The
energy resolution adds approximately 0.6 - 0.7 mm error per keV. As discussed in Appendix
[A.8 Doppler-shift imaging depends on both the CM-frame emission energy, as well as the
velocity of the beam. I ignored both effects for simplicity.

Effects of Detector Resolution
on Doppler-Shift Imaging Error*

400
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300
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100
, J— .
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* Analytic error estimates, With  Oimg tora® = O°Oimg,e” + Oxyz’Timg,xyz"

Figure 5.2: Analytical error estimates for Doppler-Shift imaging
Ozy> = 3.0 mm, op = 2.0 keV detector resolution
Geant4 simulation with E, ¢y = 1000 keV, 8 = 0.3¢, and 75 = 3.0 ns
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5.2 Detector Performance

This is very similar to the analysis I did in Section for Compton imaging. Detector
position and energy resolution both affect the overall imaging resolution, as do the beam
velocity and CM-frame energy of the emissions. In general, Doppler-shift imaging is not
as sensitive as Compton imaging to position resolution, but it is more sensitive to enerqgy
resolution and beam velocity.

In Section [4.2] T quantified effects that certain experimental parameters had on Comp-
ton imaging quality and efficiency. Unlike with Compton imaging, though, I expect Doppler-
shift imaging to be much more affected by detector energy resolution than position resolution.
(See Appendix for a detailed derivation.) I employed the same simulation data from
Section to generate track data and perform the analysis.

Tables and show that imaging resolution is indeed dominated by the detector
energy resolution. Note that, again, resolution was simulated as a Gaussian smearing applied
uniformly to each hit in a photon track. The detector energy resolution does not reflect
the full width of the Doppler-shifted peak in an uncorrected spectrum — it is simply the
uncertainty in measuring the energy deposition for a specific interaction.

The results are very promising — Gaussian estimates of imaging resolution (o)
range from a mere 3.03 mm at perfect detector position resolution to 6.77 mm at 10.0 mm
position resolution (with constant o = 2.0 keV detector energy resolution). For comparison,
the Compton imaging resolution increased from 6.57 mm to 63.89 mm over the same range.
As expected, detector energy resolution plays a greater role in Doppler-shift imaging. With
constant 0,,, = 3.0 mm detector position resolution, 0;,,, ranges from 2.18mm to 14.43 mm
for o between 0.0 keV and 10.0 keV. For a typical detector with 3.0 mm position- and 2.0
keV energy-resolution, Doppler-shift imaging yields 6.3x better imaging resolution and 2.4x
better efficiency than Compton imaging.

Doppler-shift imaging also highly-sensitive to the CM-frame photopeak energy of the
photon — though this is something I did not study in great detail. For example, if we
knew the photopeak energy only to within 10’s of keV, Doppler-shift images would likely
be significantly worse than the corresponding Compton images (assuming the same detector
position resolution). On the other hand, since we only need the first hit in a track, we can
use much lower-energy photons than we can in Compton imaging. The imaging efficiency of
this method is much higher than for Compton imaging across all energies from 150 keV to
4 MeV. Incorrect sequencing also has much less of an effect. However, we still use Compton
tracking to determine the quality of fit to kinematics — this is one of the few ways to reject
background counts in Doppler-shift imaging.

The imaging response also depends on the true location of emissions along the beam-
line, as noted already for Compton imaging. I was able to extract this z-dependence by
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Figure 5.3: Doppler-shift image quality & efficiency vs

Position
Resolution

Imaging

Efficiency

Resolution (mm) (Absolute, %)

Efficiency
(Relative, %)

0.0 mm
0.25 mm
0.50 mm
0.75 mm
1.0 mm
1.5 mm
2.0 mm
2.5 mm
3.0 mm
4.0 mm
5.0 mm
7.5 mm
10.0 mm

3.03 £ 0.02
3.06 £ 0.02
3.11 £ 0.02
3.17 £ 0.03
3.33 £ 0.04
3.47 £ 0.04
3.63 £ 0.03
3.80 = 0.03
3.97 = 0.03
4.35 £ 0.04
4.70 £ 0.05
2.83 £ 0.08
6.77 £ 0.12

72.151 £ 0.122
72.111 £ 0.122
72.079 £ 0.122
72.053 £ 0.122
72.0276 £ 0.122
71.996 + 0.122
71.971 £ 0.122
71.952 £ 0.122
71.934 £ 0.122
71.909 + 0.122
71.873 £ 0.122
71.818 £ 0.122
71.756 £ 0.122

100.000 £ 0.239
99.944 + 0.239
99.901 £ 0.239
99.864 £ 0.239
99.829 £ 0.239
99.785 £ 0.239
99.751 £ 0.238
99.724 £ 0.238
99.699 £ 0.238
99.664 + 0.238
99.614 £ 0.238
99.538 £ 0.238
99.452 £ 0.238

Table 5.1: Doppler-shift image quality & efficiency vs. position resolution
Ecpy = 1000 keV, 8 = 0.3, 19 = 2.7525 ns, op = 2.0 keV
Total Tracks: 2.365M, Plausible Energy: 0.832M-0.836M, Imaged Tracks: 0.597M-0.605M
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Figure 5.4: Doppler-shift image quality & efficiency vs

Energy
Resolution

Imaging

Efficiency

Resolution (mm) (Absolute, %)

Efficiency
(Relative, %)

0.0 keV
0.25 keV
0.50 keV
0.75 keV
1.0 keV
1.5 keV
2.0 keV
2.5 keV
3.0 keV
4.0 keV
5.0 keV
7.5 keV
10.0 keV

2.18 + 0.06
2.22 £ 0.06
2.32 £ 0.05
2.64 £ 0.05
2.82 £ 0.04
3.39 £ 0.04
3.97 £ 0.03
4.59 £+ 0.04
0.23 £ 0.04
6.59 £ 0.05
7.92 £ 0.05
11.21 + 0.06
14.43 £ 0.07

72.099 £+ 0.122
72.093 £ 0.122
72.084 £ 0.122
72.076 £ 0.122
72.037 £ 0.122
72.010 £ 0.122
71.934 £ 0.122
71.861 £ 0.122
71.814 £ 0.122
71.677 £ 0.121
71.549 £ 0.121
71.236 £ 0.121
70.860 £ 0.120

100.000 £ 0.239
99.992 £ 0.239
99.978 £ 0.239
99.968 + 0.239
99.914 £ 0.239
99.877 £ 0.239
99.771 £ 0.239
99.669 £ 0.238
99.604 £ 0.238
99.414 + 0.238
99.236 £ 0.238
98.802 £ 0.237
98.282 £ 0.236

Table 5.2: Doppler-shift image quality & efficiency vs. energy resolution

Ecy = 1000 keV, 8 = 0.3, 1o = 2.7525 18, 04y, = 3.0 mm
Total Tracks: 2.365M, Plausible Energy: 0.834M-0.835M, Imaged Tracks: 0.591M-0.605M
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binning the z-axis and drawing comparisons of |zyue — Zeare| for several 10.0 mm-wide bins.
Figure |5.5 shows this effect — the imaging resolution improves from 4.67 £ 0.16 mm at 2,
= 0.0 mm to 3.90 £+ 0.05 mm at zp = 90.0 mm. (Imaging efficiency also rose from 6.221 +
0.028% to 8.165 =+ 0.033% over this same range.) However, I did not study it in great detail
or account for it in subsequent work in lifetime measurements.

Imaging Responses
Zs = 0.0mm, 60.0mm, 120.0m

|

g r————T—"—""""7T T 1

.+ ||7 Imaging Errors
L Gaussian Fit

Probability (1/mm)

Imaging Error, Z,cas = Zknown (IMM)
Responses have been re-centered about their respective z,,oun'S

Figure 5.5: Doppler-shift image quality at various points along the beam axis

In addition, the properties of the parent beam affect Doppler-shift reconstructions
more directly than they do Compton reconstructions. The parent lab-frame velocity, Se, is
explicitly required to solve for the emission point. By contrast, Compton imaging in principle
should yield a similar imaging resolution and efficiency regardless of beam velocity (even
down to stationary sources). Because Doppler-shift imaging is sensitive to beam velocity,
it works best when the beam itself is tightly constrained about a single velocity. [ should
vary only slightly; in our simulations, we use f = 0.3 & 0.001. The uncertainty here is a
combination of kinematics and straggling in the target. Nuclear reactions with two or more
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products always have some angular distribution for the outgoing particles. On top of that,
the charged products interact with the target itself on their way out, causing small changes
in their headings. Thicker targets will produce more straggling in the recoil nuclei, yielding
less-constrained beams (both in terms of velocity and angle) for a given incident particle

energy. As with Compton imaging, the same issues apply here when emissions do not occur
directly on the 2-axis. (See Section[A.G])

Despite the apparently excellent imaging performance of this method, images of de-
excitation curves are visibly inaccurate. In Figure[5.6] the blue curves are the known emission
distributions for detected photons, while the red curves are their corresponding images.
The imaged curves tend to underestimate counts near the target while overestimating them
farther downstream. This problem is caused by the Compton background counts used in the
reconstruction. (Recall that we must initially accept all counts where the measured lab-frame
energy lies in the Doppler-shifted energy range of the photopeak.) Now, the emission angle
0 is calculated from the detected lab-frame energy (Fprq) and known CM-frame photopeak

energy (Ecpy) of the photon:
1 Ecu )
=cosf=—(1-— 5.3
a ﬁ ( ’VELab ( )

where (c is the parent nucleus’s speed in the lab frame. Consider that photons from the
Compton background deposit only part of their energy in the detector. From this formula, we
can see that u decreases as Er,;, decreases. Therefore, 6 increases with decreasing measured
Erq (at least over the range 0° to 180°). In other words, we tend to overestimate the emission
angles for Compton background counts.

Referring back to Figure[5.1], X is the photon’s emission point and X7 is the location
of track’s first hit in the detector. If we keep X7 fixed while increasing #, we can see that
X gets shifted downstream. So, photons that deposit less than their full energy in the
detector will produce computed emission points downstream of their true locations. It is
somewhat difficult to see in Figure [5.6] but the imaging responses each have long “tails”
in which 2,05 — Zknown 1S fairly large. For the ideal case with perfect detector resolution,
the tail contains about 10% of the total counts. The deviation between the measured and
known emission distribution is — not coincidentally — also about 10% of the total counts. (We
can verify that this is the case with simulations, where we know the true emitted lab-frame
energies for each track. By filtering out partial-energy tracks, the long tail of the imaging
response disappears, and the known and imaged source distributions line up precisely.)

Note that these imaging deviations are not the end of the world for lifetime measure-
ments. As long as the imaging response is well-characterized, we can correct for systematic
errors in output images. It is important to retain the full shape of the response — including
both the Gaussian-shaped peak and the long tail from the Compton background. We will
discuss this in greater detail in Section [6.2
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5.3 Image Quality Cuts

In Compton imaging, there are multiple parameters that can be tuned in post-processing to
optimize imaging quality and efficiency. Doppler-shift imaging offers less flexibility in this
regard — we cannot use corrected CM-frame energy to reject background counts, for eram-
ple. Even still, Doppler-shift imaging generally offers much better imaging performance than
its Compton counterpart. There are also multiple data filters available to reduce Compton
background.

Doppler-shift imaging faces a different set of challenges than does Compton imaging.
However, we face a similar problem in trying to optimize imaging quality. As before, there
are some parameters that can be tuned in data analysis, and some that are characteristics of
the experimental setup. Table categories the parameters that affect imaging into these
two camps. This section is dedicated to the parameters we can optimize in post-processing.

Experimental Parameters Analytical Parameters

Photon energy Sequencing FoM
Position resolution Track length
Energy resolution Emission angle

Beam velocity Proximity to segment bounds

Table 5.3: Parameters that affect Doppler-Shift imaging quality

I used the same simulated data as in Section [4.3] The parent nuclei have a 2.7525 ns
lifetime, 0.3 £ 0.001c lab-frame velocity, and 1.0 MeV CM-frame gamma-ray emission energy.
The detector was assumed to have o,,, = 3.0 mm and o = 2.0 keV position and energy
resolution. As before, each track was sent through Compton sequencing. I then applied the
Doppler-shift image reconstruction algorithm to obtain a computed emission point, X cqic,
and compared this to the true emission point X 4. that Geant4 provided for each track.
(The imaging error is thus given by AXy = Xo cqic — Xo,true-) Lastly, I estimated the imaging
resolution o;,, by fitting a Gaussian to these computed imaging errors.

Note that since we only use the first hit in a photon track, there are no Compton
lever arms to account for. In addition, I did not have experimental data to test quality of
reconstruction vs. proximity of hits to crystal segment boundaries. Compton imaging works
with stationary calibration sources. Doppler-shift imaging does not. As with Compton
imaging, analytic error estimates might be useful here too (refer to Appendix , but I did
not have time to study it further as a data filter.

The main challenge is removing Compton background events. Recall from Section
that Doppler-shift imaging assumes that each track is a full-energy event. We can still
restrict tracks to a range of possible energies, as discussed in Section [4.3] However, unlike in
Compton Imaging, we can’t use the calculated emission point to perform a sanity check on
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the Doppler-shifted energy. We're using that Doppler-shift itself to calculate the emission
point. Therefore, we must rely on other filters to throw out these partial-energy photons.

The FoM used in Compton sequencing provides one such filter. Tracks with higher
sequencing FoMs do not match Compton kinematics very well, suggesting that they may
not actually be full-energy events. As in Section I set a maximum FoM limit for photon
tracks. The results are shown in Table [5.4] and Figure [5.7] Overall, there is only a small
improvement in the estimated imaging resolution. However, this metric is only one way
to gauge imaging quality. A visual inspection of the output images shows they match the
known emission distributions more closely. While I did not explore other metrics in detail,
an R? calculation would prove useful to quantify the similarity between the measured and
known emission distributions.

Another possibility for removing Compton background lies in track length. Recall
from Section that high-energy photons generally must scatter one or more times before
photo-absorption becomes likely. This means that tracks with few hits often correspond to
partial-energy depositions. Figure shows the distribution for 1.0 MeV photons. Near
this energy, any tracks with three or fewer hits are more likely to be partial- rather than
full-energy events. To explore this further, I set a gate on the minimum track length used
for imaging. Table [5.5] and Figure [5.8| provide the results. It is somewhat surprising here
that imaging resolution actually worsens slightly as we increase the required track length.
However, the reason is straightforward — longer tracks are also more likely to introduce
sequencing errors (refer to Table . As with the sequencing FoM filter, however, there are
notable visual improvements in the imaged source distributions.

The final data cut I explored works through the calculated emission angle. As noted
towards the end of Section Compton background counts tend to overestimate the emis-
sion angle relative to the beamline. Therefore, we can preferentially reject partial-energy
tracks by requiring emission angles to be below a given limit. Fundamentally, this is an
energy gate — emission angles are calculated directly using the measured lab-frame energy
and Equation [5.2] In Table [5.6) and Figure [5.9 I varied the minimum value of u = cosf to
see the effects on imaging quality. As with the other two filters, the imaging resolution is
largely unaffected despite huge numbers of counts being thrown out. However, the imaged
source distributions do start to match the true distributions much more closely as we lower
the maximum emission angle (i.e. increase minimum ).



CHAPTER 5. DOPPLER-SHIFT IMAGING

Maximum Imaging Efficiency Efficiency
Sequencing FoM | Resolution (mm) (Absolute, %) (Relative, %)
1E-1 3.98 + 0.04 71.858 &= 0.122  100.000 £ 0.239
1E-2 3.98 £+ 0.04 71.440 + 0.121  99.418 4+ 0.238
3E-3 3.90 £+ 0.04 68.123 £ 0.117  94.802 + 0.229
1E-3 3.88 £+ 0.04 58.040 £ 0.105  80.770 £ 0.200
3E-4 3.87 £ 0.04 38.432 £ 0.080  53.483 + 0.143
1E-4 3.80 =+ 0.05 20.998 + 0.055  29.221 + 0.091
3E-5 3.71 £ 0.04 9.589 + 0.035 13.344 + 0.054
1E-5 3.88 £ 0.07 4.818 £+ 0.025 6.705 £+ 0.036
3E-6 4.30 £ 0.17 2.383 £ 0.017 3.316 = 0.024
1E-6 4.31 £0.21 1.300 £ 0.013 1.810 £+ 0.018

Table 5.4: Doppler-shift image quality & efficiency vs. maximum sequencing FoM
Ecy = 1000 keV, 8 = 0.3, 19 = 2.7525 ns, 04y, = 3.0 mm, o = 2.0 keV
Npits = 3 - 6, co80,0, = -1
Total Tracks: 2.365M, Plausible Energy: 0.836M, Imaged Tracks: 0.011M-0.601M
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Figure 5.7: Doppler-shift image quality & efficiency vs. max. sequencing FoM
See Table (.4



CHAPTER 5. DOPPLER-SHIFT IMAGING

Minimum Imaging Efficiency Efficiency

Track Length | Resolution (mm) (Absolute, %) (Relative, %)
1 hit 3.76 + 0.04 94.816 + 0.149  100.000 =+ 0.222
2 hits 3.89 + 0.04 91.607 £ 0.145  96.615 £ 0.216
3 hits 4.02 £+ 0.04 79.349 + 0.131  83.688 £ 0.191
4 hits 4.22 + 0.04 58.056 £ 0.105  61.230 £ 0.147
5 hits 4.36 £+ 0.04 35.209 + 0.076  37.134 4 0.099
6 hits 4.69 + 0.05 17.614 £ 0.050  18.577 &+ 0.060
7 hits 4.74 £+ 0.08 7.184 £ 0.030 7.577 £+ 0.034
8 hits 5.34 £ 0.11 2.102 + 0.016 2.217 £+ 0.017

Table 5.5: Doppler-shift image quality & efficiency vs. maximum sequencing FoM

Total Tracks: 2.365M, Plausible Energy: 0.831M, Imaged Tracks: 0.017M-0.788M

Imaging Resolution (mm)
- ~ w IS o @

)

Ecy = 1000 keV, 8 = 0.3, 79 = 2.7525 ns, 04y, = 3.0 mm, o = 2.0 keV
FoM,,.. = 1EO0, cos0,,.. = -1

Imaging Resolution vs. Track Length
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Figure 5.8: Doppler-shift image quality & efficiency vs. min. track length
See Table 5.5
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Maximum Imaging Efficiency Efficiency
cos Resolution (mm) (Absolute, %) (Relative, %)
-1.00 3.98 £ 0.04 71.858 £+ 0.122  100.000 £ 0.239
-0.85 3.98 + 0.04 71.858 = 0.122  100.000 £ 0.239
-0.70 3.98 £+ 0.04 71.641 £ 0.121  99.698 + 0.239
-0.55 3.87 £ 0.03 69.733 = 0.119  97.043 £ 0.233
-0.40 3.88 £ 0.03 65.371 £ 0.114  90.972 £ 0.221
-0.25 3.73 £ 0.04 597.932 £ 0.105  80.620 £ 0.199
-0.10 3.72 + 0.03 48.045 £ 0.092  66.860 + 0.171
0.00 3.70 £ 0.03 40.760 £ 0.083  56.723 + 0.150
0.10 3.69 £+ 0.03 33.316 = 0.073  46.363 £ 0.128
0.25 3.74 £ 0.03 22.231 £ 0.057  30.938 £ 0.095
0.40 3.98 £ 0.04 11.867 £ 0.040  16.515 £ 0.062
0.55 4.33 £+ 0.06 3.959 £ 0.022 5.509 £ 0.032
0.70 5.68 £ 0.23 0.270 £ 0.006 0.375 £ 0.008

Table 5.6: Doppler-shift image quality & efficiency vs. maximum emission angle
Ecy = 1000 keV, 8 = 0.3, 1o = 2.7525 18, 04y, = 3.0 mm, o = 2.0 keV
FoM .. = 1E0, Npys = 3 -6
Total Tracks: 2.365M, Plausible Energy: 0.831M, Imaged Tracks: 0.017M-0.788M

Imaging Resolution vs. Emission Angle Imaging Efficiency vs. Emission Angle
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Figure 5.9: Doppler-shift image quality & efficiency vs. max. emission angle

See Table (.6
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Unlike the other two data cuts, though, this last filter brings about some interest-
ing geometric effects. Generally, the farther downstream an emission occurs, the larger its
emission angle must be in order to hit a detector. Filtering tracks above a set emission
angle limit therefore has a greater affect on emissions farther downstream on the beamline.
Above any given limit, it is no longer possible to observe emissions past a certain point. To
illustrate, suppose GRETINA’s detectors are placed in a ring perpendicular to the beamline
and centered about the target at z = 0.0 mm. A photon detected at z = 135.0 mm would
register an emission angle around 6 = 235° (u = -0.57). So, setting p > -0.55 would throw
out all emissions that are 135.0 mm (or more) downstream of the target.

Figure [5.10shows sample images for the three data filters. The image where emission
angle has been restricted to u > 0.4 appears to have a much shorter lifetime than the
other two, because the downstream counts have all been removed. However, the remaining
curve matches very closely with the known emission points, with very little noise from
Compton background. As long as we characterize the detector response precisely, we should
theoretically be able to use such images in lifetime measurements. However, for lack of time
I did not study this angular filter further than this simple test.

Lastly, note that the usual statistics trade-off is especially difficult to apply here.
Ideally, we want any reduction in counts to improve imaging resolution more than the cor-
responding degradation from loss of statistics:

Oimg, filt < Ncounts,filt

(5.4)

Uimg,O Ncounts,O

where 0440 and Negunts,o are the unfiltered results and 04, rir @and Neounes, rire are the cor-
responding filtered results. However, we can see from Tables to that none of the
data cuts offer significant improvements to imaging resolution. As we discussed at the end
of Section the peaks in the imaging responses correspond almost entirely to the full-
energy tracks. It’s the Compton background that creates the long tails we observe (where
Zmeas — Zknown 18 large). So the main advantage of our data filters here lie in the reduction
of this Compton background. It is therefore more difficult to quantify ideal choices for each
data cut.
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Chapter 6

Lifetime Measurements

6.1 Introduction to Lifetime Measurements

The simplest lifetime measurement involves a parent nucleus with proper lifetime 19 and lab-
frame velocity 3, which emits a single characteristic photon of energy Eo in the CM-frame.
The random de-excitation of these parent nuclei produces an exponential source distribution
along the beamline. (Note that a nucleus’s travel distance directly corresponds to its emission
time.) Qur job is to gather enough statistics to produce an image of this exponential decay,
and then extract the lifetime from it. Doing so is largely independent of our choice of imaging
mode — what matters is the imaging response and effective imaging resolution. Images from
known calibration measurements or simulations can be used to characterize this resolution.

All methods of measuring nuclear lifetimes involve sampling a decay curve in some
fashion. In the recoil-distance method (RDM), one places a degrader foil downstream of
the target, which slows the parent nuclei to a lower speed. Photons emitted upstream of
this degrader will have a measurable Doppler-shift in the lab frame (see Equation .
Photons emitted downstream of the degrader will have little to no shift. So, by comparing
the number of Doppler-shifted counts to the number of counts with lesser or no shift, one
obtains the fraction of nuclei that de-excite upstream of the degrader. Note that because
the beam recoil velocity is known, the distance between the target and degrader directly
translates to flight time. Accounting for relativistic time dilation, the proper de-excitation
time in the CM-frame (%) is:

z = vt = (Be)(vto) = vfBcto (6.1)

where (c is the lab-frame velocity of the parent nucleus, ~ is the corresponding Lorentz
factor, and 7y is the parent’s lifetime in the CM-frame. Each position along the beamline
corresponds to a different time. So, by moving the degrader to several positions and repeating
the measurement, one obtains the fraction of nuclei that de-excite as a function of distance
(i.e. flight time). Fitting an exponential decay function to these samples then yields the
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proper lifetime, 7. As the reader can surmise, this technique is rather laborious and requires
beamtime for each additional sample of the de-excitation curve.

Alternately, we could conceivably measure lifetimes electronically — if the nuclear
lifetime and travel times are long enough. The method is well-known, and uses a combination
of synced HPGe and multichannel plate detectors. First, the ions produced in the target go
through a magnetic separator to select only the parent nuclei of interest. The selected nuclei
then pass through a pair of plate detectors, which record a timestamp ¢, ,, and velocity f,,c for
the nth nucleus that passes through. After that the particles are caught in a beam stop, where
they sit until they de-excite. Finally, the de-excitations are measured by an HPGe detector,
which records a timestamp ¢, for each detected photon. If the distance from the target to
the multichannel detectors is .4, then the time-of-flight is simply ¢ fiightn = Tmea/Bnc. The
total de-excitation time (as measured in the lab frame) for the nth parent nucleus is thus:

tlab,n = tflight,n + (tQ,n - tl,n)
= xmcd/ﬁnc + (tQ,n - tl,n)

Finally, accounting for time dilation, the proper time of the nth de-excitation is:

Tmed 1
tlab,n = + = tQ,n - tl,n 6.4
VBne 7( ) (64)

From here we can build a distribution of de-excitation times and extract the lifetime. Note,
however, that we are limited by the travel distances involved. (Consider that an ion moving
at 0.1c takes 100 ns to travel 3.0 m, which is about the minimum length needed to install
all the necessary components.) Therefore, this method is not well-suited for the gamma de-
excitations we aim to study through imaging, which occur on timescales of 10’s of picoseconds
to a few nanseconds.

Measuring lifetimes is much simpler with gamma-ray imaging. Here, we trace each
photon back to its emission point along the beamline, converting each distance to a time-
of-flight. With enough counts, we can build a de-excitation curve and extract the lifetime.
The appeal of this technique is that it can reconstruct an entire de-excitation curve with a
single measurement, without any additional equipment.

In the simplest case, we measure a single nuclear transition that neither feeds — nor
is fed by — any other transitions. In such situations, there is a single lifetime 7y to consider,
and the density of emissions downstream of the target will follow a simple exponential decay:

S(z) = Ae™#* (6.5)
= Ae=*/"Pemo (6.6)

where z is the distance from the target, u = 1/v8c7, and A is a scaling factor. This factor
is found by normalizing the curve to the number of emissions N yun.ts Observed between the
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target and end of imaging window (zepq):

Zend
Ncounts :/ Ae M dz (67)
0
Zend
= —(A/p)e™| = (A/p)(1 - 7 (6.8)
_ H
A - Ncounts 1 — e—HZend (69)

Note that A has the correct units for a density function (counts per length).

When the state of interest is part of a de-excitation chain, however, the shape of
the curve no longer follows a simple exponential. For example, consider a simple two-state
system where the parent state has lifetime 7y, = 1/v8cpu, and the daughter state has lifetime
Toa = 1/vBcpq. This is a textbook problem (see pages 170-172 in Ref. [21]). The source
distribution Sy(z) is found:

Sp(z) = Ape Hr? (6.10)

Sa(z) = Ag(e % — e7Ha%) (6.11)
_ Hp

Ag= A, (ud s up) (6.12)

Hp Hp
= Nouns 6.13
t (1—6‘“26”‘1) (ud—up> (019

The shape is ultimately determined by the the relative lifetimes of the parent and daughter.
For example, in a system where the parent is very long-lived compared to the daughter, such

that pg >> p,:
Sd(z) = Neounts <1_L) (&) (1 - 6_udz) (614>

e_uzend Md

This leads to secular equilibrium, where the countrate from the daughter is fundamentally
limited by the de-excitations of the parent. If the parent lifetime is too long, then we will
not be able to use imaging to study the lifetime of either state. The source distributions will
simply appear flat across the entire imaging range, and we will likely have low statistics to
work from.

The source distributions of more complex de-excitation chains can be solved using the
Bateman equations. (Pg. 173 in Reference [21]) In such cases, we must have prior knowledge
of the lifetimes for all parent states feeding the state of interest. Complex chains may also
produce significant background. Recall that relativistic Doppler-shifts can cause peaks to
overlap even if they are several hundred keV apart in the CM-frame. For this study, I avoid
such complications and focus on simple single-transition systems.
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6.2 Curve Fitting and the Inverse Imaging Problem

Our goal in lifetime measurements is to reproduce the exponential source distribution for
photons along the beamline. Once we have that curve, we can fit an exponential to it to
determine the nuclear lifetime. As with all imaging problems, however, we must deal with the
effects of finite resolution. For any true emission point zy, there is some probability that the
emission will instead register at z. We call this probability function the “detector response”.
Because we can measure or simulate the detector response beforehand, it is possible to correct
for it in lifetime measurements. I chose the x* Minimization method over Singular-Value-
Decomposition (SVD) due to the better stability of the former algorithm.

We seek to use gamma-ray imaging to reproduce the source distribution for nuclei
that de-excite downstream of the target. As mentioned earlier, the ideal distribution is a
simple exponential decay function given by Equation (6.5, However, imaging does not recreate
source distributions with perfect accuracy. This is clearly seen in Figure [6.1], which shows
the differences in true versus imaged emission points for a Compton imaging test. (However,
the concept applies equally to Doppler-shift images as well.) For any true emission point
2o, there is a distribution P(z, zp) that reflects the probability that the emission will instead
register at z. We call this probability density function the “detector response”. For the rest
of this discussion, we will divorce ourselves from the specific type of imaging method used,
and focus instead on the imaging resolution as the primary parameter of interest.

Ideal Decay Curve Sample Imaged Decay Curve

."ww
J
¥ "uj'*k.

JPW*WW y

z (mm) z (mm)

Counts / mm
Counts / mm

Figure 6.1: Sample comparison of true and imaged source distributions
70 = 0859 ns, B = 0.3, 04y, = 3.0 mm, o = 2.0 keV
The “transformation kernel” is the detector response matrix, P(z, 2)

The detector response serves to smear the true source distribution into an imaged
one. By discretizing z and z, into bins, this convolution can be represented by the matrix

equation:
R(z) = P(z,20)S(20) (6.15)
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where R(z) gives the imaged source distribution. Note that R(z) is an M X 1 column vector,
where M is the number of distinct bins forming the imaging space on the beam axis. S(zp) is
an N x 1 column vector, where N is the number of distinct 2’s for which a detector response
distribution is measured. This makes P(z,2p) an M x N matrix, where the nth column
represents the detector response function for the nth zy bin.

Depending on how bad the imaging resolution is, the imaged de-excitation curve may
deviate significantly from an exponential shape. (Again, see Figure ) This of course
complicates the curve-fitting process we would use to extract the lifetime. Generally speak-
ing, the convolution in Equation will move counts from the peak of the exponential to
somewhere upstream of the beam target, rounding the top of the imaged source distribution
and making the slope of the decay more shallow. Therefore, fitting a simple exponential to
this shape will return a measured lifetime longer than the true lifetime.

Geometric efficiency also plays a role here. GRETINA is not a full 47 array, and so
emissions can escape the central cavity without passing through a detector. GRETINA’s
geometric efficiency is 25% for an isotropic point source at the center of the array, but things
are more complicated for moving sources. Recall that emissions become more and more
forward-directed in the lab frame as the source velocity increases. In addition, the detector
solid angle “seen” by a parent nucleus changes as the nucleus moves down the beamline.
Geometric efficiency is therefore a function of both source velocity and emission location.
Because of this, the measured source distribution will not be perfectly exponential — even
with perfect imaging resolution. The effect can be seen clearly in Figure [6.2l The thin
lines represent the measured emission points in three categories — total emissions, detected
emissions, and emissions which missed the detectors entirely. The thicker lines are idealized
de-excitation curves for each category, given the number of emissions and the known parent
lifetime and velocity. One can see that the detected emissions fall short of the exponential
shape due to losses in geometric efficiency. In general, each detector response function
S(zp) should be renormalized to the geometric efficiency at zy. For simplicity, I ignored this
correction in my simulations.

There are a couple common methods to correct for smearing in the source distribution.
P(z, z9) is a measurable property of the specific detector and imaging method employed. We
could obtain it through a calibration experiment using a nucleus of known lifetime. Here,
though, I obtained simulated detector response curves from the Geant4 GRETINA model.
Once we have the P(z,z) matrix, we can then use either Singular-Value-Decomposition
(SVD) or a x? Minimization to account for the imaging response. [1] [34]

In SVD, the goal is to find the pseudo-inverse of the detector response, P~1(zg, z), in
order to calculate the “true” source distribution:
S(z0) = P (20, 2)R(2) (6.16)

Theoretically, this correction should let us fit an exponential directly to the curve S(z).
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Geometric Efficiency Simulated Emission Points
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Figure 6.2: Geometric efficiency in GRETINA

However, noise amplification is a well-known problem in SVD. [31] We therefore found it
ill-suited for our simulated lifetime measurements. The algorithm is highly-sensitive to our
choice of z and zy bins, which obviously have nothing to do with the underlying data. |19]
Yet SVD imposes an arbitrary requirement to optimize binning for the output images.

The x? Minimization method avoids these issues entirely, though conceptually it is
more complicated (and significantly more computationally-intensive). In SVD, we work
backwards from the image R(z) to calculate an approximate source distribution S(zp). The
x? approach is almost the opposite — we start with a hypothetical source S’(2g), then convolve
it with the response matrix P(z, z9) to arrive at a hypothetical image, R'(z). (See Figure[6.3)
We then compare this hypothetical R'(z) image with the measured image, R(z), computing
a x? value:

5 (6.17)
n=1 UR'(Zn)

o= (R(2) = R(2))?

— ; o) (6.18)

Here, 0%, () = I(2,), and N is the number of z bins used to characterize image distributions.
To avoid edge effects from histogram binning in the images, I omitted the first and last bins
from the comparison.

Conceptually, this approach has similarities to the signal decomposition algorithm
discussed in Section [2.5] Where GRETINA uses a grid of computed basis signals to compare
against a measured signal, here we compare a set of hypothetical imaged de-excitation curves
to the measured image. We begin by hypothesizing values of 7y, then use an iterative method
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SVD Method

Sample Imaged Decay Curve Sample SVD Fit

Counts / mm
Counts / mm

z (mm) » » z (mm)

x* Method

Ideal Decay Curve Sample X* Fit

Counts / mm
-
Counts / mm

z (mm) ' 7 z (mm)
Figure 6.3: SVD vs. x? Minimization curve-fitting methods

to rapidly narrow down on the best-fit value of 7y. For the first iteration, we create 20 evenly-
spaced points within a range of possible lifetimes for the state (for example, 250 ps to 4 ns).
Once we find the point with the minimum y? value, we construct a new range of 20 points
evenly-spaced between the left- and right-hand neighbors of that point. This is repeated
until the answer converges to within 0.1 ps, which generally occurs after 5-6 iterations. The
best-fit curve is the one with the smallest x? value computed using Eq. (hence “x?
Minimization”).

At the end of this process, we have x? as a function of hypothetical values of 7. This
curve enables a nifty trick — it allows us to estimate the uncertainty in the best-fit lifetime
from a single measurement. To do so, we find the values of 7y for which x? = X2, + 1.
These represent the £10 error bars for the lifetime. One must use unnormalized x* for this
to work, instead of the standard x?/(Nys — 1).

Figure shows a sample x? fit. On the left side, the hypothesized images (red and
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Figure 6.4: A sample x? Minimization Fit

green) are compared to the raw data (blue). The green lines have the smallest y? values,
while the red ones are generally poor fits to the measured de-excitation curve. In other
words, the green lines converge to our best guess for the true value of 5. The right half
of the figure shows the x? vs. To,guess curve. The pink lines show the limits of the Y2 +1
estimate on the uncertainty.

6.3 Precision in Lifetime Measurements

Our primary goal in this project was to evaluate uncertainty in lifetime measurements using
gamma-ray imaging. There are three main factors that affect the quality of the curve-fitting
described in Section .' the 1maging resolution, Oing; the number of imaged emissions,
Nimg: and the decay parameter, j = 1/vBcty, a combination of the beam velocity and proper
lifetime.

As discussed in Section [6.2] creating a de-excitation curve from gamma-ray imaging
is directly limited by the system’s imaging resolution. In addition, both the the lifetime of
the de-excitation and the number of successful image reconstructions limit the accuracy of
the measurement.

Gathering enough counts is a major challenge in our lifetime measurements. A nu-
clear state of interest may have a very small production cross-section. On top of that, not
every nucleus thus produced will necessarily emit a photon within the imaging range. (The
fraction depends on the beam velocity and the nuclear lifetime.) The detector also has less-
than-perfect geometric and intrinsic efficiencies, and therefore will not detect every photon
emission. (Note: GRETINA covers about 17 steradians as seen from the center of its in-
ner cavity, and has approximately 60% P/T for 37Cs. The placement of detector modules
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is an extremely important consideration here. Because the parent nuclei are moving rel-
ativistically, the lab-frame emissions will tend to be forward-directed. The exact angular
distribution depends on the beam velocity and the angular distribution in the CM-frame.

See Section )

Moreover, both gamma-ray imaging methods have imperfect imaging efficiency. Not
every track with full energy deposition yields an emission point. In Compton imaging, tracks
are rejected for giving ambiguous emission points or emission points outside the imaging
range (-180 mm < z < 180 mm). They can also be rejected for having small Compton lever
arms, for example. In Doppler-shift imaging, tracks are rejected if they yield emission points
outside the imaging range. When no data filters are applied, typical imaging efficiency for
1.0 MeV CM-frame emissions at 0.3c is 30% for Compton imaging and 72% for Doppler-shift
imaging. These numbers drop to 5-10% for Compton imaging and 10-20% for Doppler-shift
imaging depending on the choice of data cut(s).

To illustrate this problem, consider an experiment with beam intensity I, production
cross-section o, atom density n, target thickness z, geometric efficiency ¢, intrinsic efficiency
of ¢;, and imaging efficiency €,,. Suppose the parent nuclei have velocity Sc¢ and proper
lifetime 7y, with a branching ratio B for the transition of interest. If the beam runs for time
t, then the total number of nuclei produced is:

Nyt = tIB(1 — e %) ~ tI BYx (6.19)

where ¥ = no. The total number of emissions created within the imaging window depends
on the target position. Suppose the target is placed at z = (0.0 mm, 0.0 mm, 0.0 mm) and
the right edge of the imaging window is at z,.. Then the number of emissions that could be
detected is:

Nemit = Niot (1 = €757) = Nigraa(1 — e #/75¢0) (6.20)

Of these, the number that finally are accepted for imaging is:
Nimg = Nemit<€g€i€m) (621)
= (tIBXx)(1 — e ") (eg€i€m) (6.22)

In other words, the amount of beamtime needed to collect Ny, counts for building a de-
excitation curve is:
Nimg

IBYx)(1 — e=r#r)(€y€i€m)
For example, consider a typical secondary beam (1.5 x 10* particles/s) with a reaction of
cross-section of o = 10.0 mb. Suppose the target is x = 1.0 mm thick with density n = 1.50
x 10* atoms/cm?®, and let B = 0.1, 8 = 0.30, 79 = 1.0 ns, z, = 180 mm, ¢, = 0.25, ¢; = 0.60,
and €, = 0.20. All told, gathering 100 good reconstructions requires 48 hrs of beamtime.

ty =1 (6.23)

In addition to statistics and imaging resolution, the decay parameter u = 1/v8cm
also plays a part in how well we can extract lifetimes. Consider — as de-excitation lifetime
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and /or the beam velocity decreases, the source distribution will appear more and more like a
point source located at the target (like in Figure . This will naturally make it difficult or
impossible to identify a de-excitation curve in the image. On the other hand, if the lifetime
is too long or the beam velocity too great, then the source distribution will appear as a flat
line across the entire imaging range. Of course, this also prevents us from reliably fitting a
de-excitation curve to the image.

Essentially, in order to image a de-excitation curve we need a sufficient fraction of
emissions to occur relatively far from the target, while also still being in the imaging range.
As a first-order estimate, for example, we might want a minimum fraction F of emissions to
occur beyond 2, = 10mg of the target, where oy, is our imaging resolution. This lets us
put a lower limit on the lifetime we can measure (7p ). The number of emissions between
the target (z = 0) and z,,,;,, is given by:

Age Mdz = F/ Ape "*dz (6.24)
Zmin 0
(@> (e7#5min) = F (@> (6.25)
K M
1

We want to solve this for the minimum viable lifetime, 7y . Given that p = 1/(yfBer):

Zmin = YBCTomin In (1/F) (6.27)
Zmin
o = 5T (1] F) (628)

Suppose the beam velocity is 0.30c and the imaging resolution is ¢, = 30.0 mm. Setting
2 = Oimg and F' = 0.25 yields a minimum lifetime of 230 ps. We can perform a very similar
calculation for the opposite extreme — here we might want some fraction F' of emissions to
occur within the imaging window, 0 < z < 180mm. In this case we'd get:

Zmaz
T0,maz = ’}/BCIH [1/(1 — F)] (629)

If we want half of all counts to fall between the target and z = 180 mm, we’d set F' = 0.5
and find a maximum viable lifetime of 2.7 ns. So, if we have 30 mm imaging resolution (and
unlimited statistics), we would expect to be able to reliably measure lifetimes between 0.23
ns and 2.7 ns.

My primary goal with this study was to evaluate the precision achievable in 7y as a
function of the various imaging parameters (i.e. Ging, Nimg, and p). I explored this parameter
space through a large series of Monte Carlo simulations, generating 1000 hypothetical source
images for each combination of 4, Nimg, and p.
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Generating hypothetical source images is fairly straightforward. First, we define val-
ues for 79 and S to formulate an ideal de-excitation curve. This allows us to sample the
de-excitation curve for a true emission point, z;. Once we have that, we sample the detector
response distribution at zp to find the imaged emission point, z. This process is repeated
until the desired number of counts Nygmpies is reached to construct a simulated de-excitation
curve. From there, we use the curve-fitting described in Section [6.2]to extract a lifetime from
the simulated curve. Finally, to get an accurate handle on the precision of the calculated
lifetime, we must run this process for a large number of simulated de-excitation curves (such
as Nyuns = 1000).

For my purposes, I assumed simple Gaussian detector response curves with the desired
imaging resolution, 0;,,,. As we can see from Figure , however, the imaging responses do
deviate from this idealized shape. Compton imaging responses have long tails to either end
of the imaging window (and the peaks sit atop wide backgrounds). Doppler-shift imaging
responses have much more Gaussian peaks, but also have a long, low tail downstream of the
true emission point.

The repeat simulations produce a large distribution of calculated lifetimes for a given
imaging resolution, number of counts, and decay parameter (u). The standard deviation
of this distribution is by definition the precision we seek. However, this approach requires
multiple simulations of the same lifetime experiment. Fortunately, we can also estimate
uncertainty from a single run using the x2,. + 1 method from curve fitting. The single-run
estimates for o, are largely in agreement with the actual standard deviations we find from
the multi-simulation tests. Figure|6.5|illustrates this — the single- and multi-measurement o,
values are within a 10% margin (less than the standard deviation of the single-measurement
estimates). This therefore gives us confidence that we can trust the x2, -+ 1 method in
real-world experiments, where we do not have the luxury of running 1000 test cases.

Tables to show how overall precision in lifetime depends on statistics and
detector resolution. For these simulations, I kept the parent CM-frame lifetime and lab-frame
velocity constant at 0.859 ns and 0.3c, respectively. I varied the number of reconstructions
(Nsamples) in each de-excitation curve from 100 to 50K samples. For each value of Nggmpies,
I then varied the detector’s Gaussian imaging resolution (¢y,,) from 1.0 mm to 75.0 mm.
In sum, I studied 19 values of 0;,,, and 21 values of Nggmpies, for a total of 399 data points.
Figure 7?7 shows the dependence on Nygpmpies for two imaging resolutions — 10.0 mm and 25.0
mm. These values reflect the observed imaging resolution of Doppler-Shift and Compton
imaging, respectively. For each imaging resolution, I've highlighted the number of counts
required to achieve < 10% relative uncertainty in the measured 7.

As we can see, there is some fluctuation in the measured value of 7y in the low-count
regime (Nyampies < 1000). In addition, there is significant systematic error in many of the fits.
In Figure 7?7, I attribute the error to normal statistical fluctuations. The apparent monotonic
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Figure 6.5: Estimating precision for lifetime measurements

convergence is the result of the random number generator I used. At the beginning of each
set of lifetime simulations, I reset the random number seed to an initial value. This was
done to preserve reproducibility in the simulations. Using a different seed between runs
removes the monotonic trend, although the measured lifetime still converges as expected to
the nominal value (0.859 ns).

Figures [6.7] [6.9, and also show a monotonically-decreasing systematic error for
the same reason. However, here the fits do not converge to the correct lifetime. This is
caused by edge effects in the fitting process — the response functions in the P(z, zg) matrix
are cut off towards the edges of the imaging window. (See Figure Rather than having
full, symmetric Gaussian shapes at zp = 180 mm, for example, the responses are only half-
Gaussians. Because I did not renormalize the response functions to account for potential
cut-off, emissions near the edges carry artifically less weight than emissions closer to the
target. This causes sharp dips in counts in the idealized lifetime curves near the downstream
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imaging limit. The effect becomes more pronounced with long lifetimes and very poor
imaging resolution. (In the first case, because more emissions occur near the imaging limit;
and in the second case, because more of each detector response function is cut off, especially
for those nearer to the downstream edge of the imaging window.) To improve on the results
presented here, we would need to confine curve fitting to a range smaller than the imaging
window, where the detector response curves are not cut off. For example, rather than using
comparing measured and ideal counts between 0 mm < z < 180 mm, as I have, we might
instead fit only to 0 mm < z < 150 mm. We could also extend the imaging window itself
and calculate detector responses beyond the z = 180 mm limit that I used here.

Sample Detector Responses
Gaussians with 35.0mm ¢

0.012 T

0.006 -]

Probability (1/mm)

0.002 [

Figure 6.6: Sample cut-off detector responses

Figure similarly illustrates the dependence on oy,, for two distinct values of
Niampies- The systematic error in the average measured value of 7y is very pronounced for
Nsampies = 1000, but decreases to generally less than 2% with Nggmpies = 5000. Meanwhile,
the precision o, steadily worsens with increasing width of detector imaging resolution, as
expected. The dependence is surprisingly weak, however — even with an abysmal 75.0mm
imaging resolution, the precision is still within 10% for Nggmpies = 5000. So, if we can ac-
curately characterize the detector imaging resolution, we can use the y? fitting method to
largely correct for poor imaging performance.

As discussed above, the decay parameter u = 1/v5c7y also affects the measurement
precision. To study this, I ran two series of simulations for lifetimes varying from 0.029 ns
to 6.872 ns (21 values total), with § kept constant at 0.3c. (The 7y range corresponds to
a p range of 0.365 / mm to 0.00154 / mm.) For the first set, I kept Nygmpies constant at
5000 counts and picked 5 different imaging resolutions — 0y, = {5.0 mm, 10.0 mm, 25.0
mm, 35.0 mm, and 50.0 mm}, for a total of 105 test runs. Tables and provide the
detailed results, which are illustrated in Figure [6.10] In the second set of simulations, I did
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the reverse — keeping o, constant at 25.0 mm while varying Nggmpies- I chose 5 values to
study the effects of statistics on o,: {500 counts, 1K counts, 5K counts, 10K counts, 50K
counts}, for another 105 data points. Tables and provide the results. Figure
illustrates the dependence of lifetime precision on 7 for two different values of Nggmpies-

As expected, the uncertainty in the measured 7y value is most pronounced for very
short and very long lifetimes. This suggests an effective range of lifetimes that we could
measure through imaging, although of course the actual sensitivity range will depend on the
specific counting statistics and uncertainty tolerated in the measured lifetime. In the tables,
I've marked the first and last values of 7y for which the relative uncertainty is < 10% of
the lifetime. I then used linear interpolation to estimate where lifetime uncertainty would
be exactly 10%. Figures [6.12| and plot the resulting sensitive ranges as a function of
beam velocity from 0.05¢ to 0.50c. (Again, the decay parameter u is a combined function
of f and 79. As beam velocity increases, the effective range of lifetimes we can measure
shifts downward.) The shaded regions indicate the lifetimes for which we would theoretically
measure less than 10% uncertainty, given a specific imaging resolution and number of counts.
Note that some of the ranges are cut off. For example, with 5K counts and 10.0mm imaging
resolution, the observed uncertainty in measured lifetime is less than 10% even at 29 ps —
the shortest lifetime for which I ran simulations. (Refer to Table [6.8]) This is certainly
promising, although I did not have time to pursue the investigation further.
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Figure 6.7: Lifetime precision vs. imaging resolution
Oimg = 1.0 mm to 75.0 mm, 1000 & 5000 samples
7o = 0.859 ns, f = 0.3c, 1000 trials
See Tables [6.1] to [6.7]

Lifetime Precision vs. Imaging Statistics
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Figure 6.8: Lifetime precision vs. number of samples
Timg = 10.0 mm & 25.0 mm, 100 to 50K samples
7o = 0.859 ns, f = 0.3c, 1000 trials
See Tables [6.2 and [6.3]
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Figure 6.10: Lifetime precision vs. decay parameter, p = 1/v8cr
Oimg = 10.0 mm & 25.0 mm, 5K samples
To = 0.029 ns to 6.872 ns, § = 0.3c, 1000 trials
See Table 6.8
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Oimg = 2.5 mm

Oimg = 9.0 mm

100
250
500
750
1000
1250
1500
2000
2500
3000
4000
5000
7500
10000
12500
15000
20000
25000
30000
40000
50000

0.6307 £ 0.1592
0.8034 £ 0.0975
0.9788 £ 0.1053

0.9352 £ 0.0535
0.9225 £ 0.0468
0.9112 £ 0.0432
0.8992 £ 0.0373
0.8887 £ 0.0319
0.8849 £ 0.0290
0.8777 £ 0.0242
0.8741 £ 0.0229
0.8674 £ 0.0181
0.8651 £ 0.0157
0.8637 £+ 0.0135
0.8617 £ 0.0128
0.8606 £ 0.0106
0.8593 £ 0.0098
0.8593 £ 0.0088
0.8587 £+ 0.0077
0.8584 £ 0.0070

0.6317 £ 0.1669
0.8012 £ 0.0960
0.9733 £ 0.1026

0.9332 £ 0.0542
0.9204 £ 0.0463
0.9099 £ 0.0435
0.8982 £ 0.0377
0.8873 £ 0.0318
0.8837 £ 0.0289
0.8766 £ 0.0242
0.8730 £ 0.0230
0.8662 £ 0.0182
0.8643 £ 0.0158
0.8628 £ 0.0136
0.8611 £ 0.0128
0.8599 £ 0.0105
0.8587 £ 0.0099
0.8587 £ 0.0088
0.8582 £ 0.0077
0.8578 £ 0.0070

0.6391 £ 0.1952
0.7985 £ 0.1009
0.9647 £ 0.0976

0.9637 £ 0.0644 0.9596 + 0.0650 0.9549 £ 0.0667

0.9312 £ 0.0551
0.9178 £ 0.0471
0.9081 £ 0.0437
0.8959 £ 0.0377
0.8859 =+ 0.0320
0.8824 £ 0.0290
0.8753 £ 0.0242
0.8723 £ 0.0232
0.8655 £ 0.0184
0.8637 £ 0.0161
0.8623 £ 0.0135
0.8606 £ 0.0130
0.8596 £ 0.0106
0.8583 =+ 0.0099
0.8583 £ 0.0089
0.8578 £ 0.0078
0.8575 £ 0.0070

Table 6.1: Simulated Lifetime Measurement Results, 0,, = 1.0 mm to 5.0 mm

7o = 0.859 ns, B = 0.3¢, Niiais = 1000, Nggmpres = 100 to 50K
Values are given in ns
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Oimg = 10.0 mm

Oimg = 12.5 mm

100
250
500
750
1000
1250
1500
2000
2500
3000
4000
5000
7500
10000
12500
15000
20000
25000
30000
40000
50000

0.6577 £ 0.2344
0.7937 £ 0.1014
0.9604 £ 0.0984

0.9503 £ 0.0677 0.9486 + 0.0696 0.9438 £ 0.0708

0.9291 £ 0.0556
0.9163 £ 0.0478
0.9064 £ 0.0436
0.8956 = 0.0381
0.8848 £ 0.0320
0.8806 £ 0.0293
0.8746 £ 0.0247
0.8717 £ 0.0236
0.8650 %= 0.0186
0.8632 £ 0.0164
0.8619 £ 0.0137
0.8602 £ 0.0132
0.8592 £ 0.0108
0.8581 £ 0.0100
0.8581 £ 0.0090
0.8576 £ 0.0079
0.8573 £ 0.0071

0.6902 £ 0.2711
0.7889 £ 0.1034
0.9522 + 0.0959

0.9262 £ 0.0563
0.9150 £ 0.0489
0.9046 £ 0.0441
0.8932 +£ 0.0383
0.8833 £ 0.0324
0.8800 £ 0.0302
0.8738 £ 0.0254
0.8707 £ 0.0237
0.8645 £ 0.0188
0.8628 + 0.0165
0.8616 £ 0.0138
0.8599 + 0.0135
0.8590 £ 0.0109
0.8578 £ 0.0102
0.8579 £ 0.0092
0.8574 £ 0.0080
0.8571 £ 0.0072

0.7232 £ 0.2942
0.7842 £ 0.1053
0.9471 +£ 0.0960

0.9254 £ 0.0570
0.9128 £ 0.0493
0.9032 £ 0.0453
0.8929 + 0.0386
0.8826 £ 0.0329
0.8796 £ 0.0304
0.8729 £ 0.0255
0.8704 £ 0.0243
0.8638 £ 0.0190
0.8625 + 0.0171
0.8612 £ 0.0138
0.8596 £ 0.0137
0.8588 £+ 0.0111
0.8577 £ 0.0104
0.8578 £ 0.0093
0.8573 £ 0.0081
0.8569 £ 0.0073

Table 6.2: Simulated Lifetime Measurement Results, 0,y = 7.5 mm to 12.5 mm

70 = 0.859 ns, B = 0.3¢, Nipiais = 1000, Nggmpres = 100 to 50K
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Oimg = 20.0 mm

Oimg = 25.0 mm

100
250
500
750
1000
1250
1500
2000
2500
3000
4000
5000
7500
10000
12500
15000
20000
25000
30000
40000
50000

0.7789 £ 0.3088
0.7789 £ 0.1056
0.9405 £ 0.0972

0.9237 £ 0.0586
0.9120 £ 0.0508
0.9017 £ 0.0453
0.8912 £ 0.0395
0.8819 £ 0.0336
0.8781 £+ 0.0311
0.8721 £ 0.0258
0.8697 £ 0.0250
0.8632 £ 0.0192
0.8619 £ 0.0173
0.8607 £+ 0.0142
0.8592 £ 0.0138
0.8585 £+ 0.0113
0.8575 & 0.0105
0.8576 4 0.0095
0.8571 £ 0.0082
0.8568 £ 0.0074

0.8762 £ 0.2816
0.7703 £ 0.1144
0.9326 £ 0.1027

0.9222 £ 0.0616
0.9096 £ 0.0532
0.8996 £ 0.0480
0.8885 £ 0.0403
0.8803 £ 0.0351
0.8761 £ 0.0327
0.8708 £ 0.0271
0.8679 £ 0.0259
0.8620 £ 0.0203
0.8611 + 0.0178
0.8600 £ 0.0146
0.8588 £ 0.0143
0.8580 £ 0.0118
0.8570 £ 0.0108
0.8571 £ 0.0100
0.8567 £ 0.0085
0.8565 £ 0.0077

0.9166 £ 0.2600
0.7648 £ 0.1262
0.9243 £ 0.1043

0.9447 £ 0.0756 0.9387 £ 0.0771 0.9370 % 0.0833

0.9196 £ 0.0636
0.9065 £ 0.0564
0.8962 £ 0.0491
0.8868 £ 0.0427
0.8776 £ 0.0360
0.8744 £ 0.0343
0.8689 £ 0.0283
0.8666 = 0.0274
0.8608 £ 0.0214
0.8599 + 0.0189
0.8592 £ 0.0154
0.8578 £ 0.0152
0.8574 £ 0.0124
0.8566 £ 0.0115
0.8567 £ 0.0106
0.8564 £ 0.0089
0.8562 £ 0.0081

Table 6.3: Simulated Lifetime Measurement Results, 0, = 15.0 mm to 25.0 mm

7o = 0.859 ns, B = 0.3¢, Nipiais = 1000, Nggmpres = 100 to 50K
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Oimg = 35.0 mm

Oimg = 40.0 mm

100
250
500
750
1000
1250
1500
2000
2500
3000
4000
5000
7500
10000
12500
15000
20000
25000
30000
40000
50000

0.9292 £ 0.2802
0.7596 £ 0.1359
0.9201 £ 0.1121
0.9367 £+ 0.0886

0.9031 £ 0.0591
0.8937 & 0.0527
0.8840 £ 0.0451
0.8757 £ 0.0388
0.8715 £+ 0.0363
0.8666 £ 0.0304
0.8644 £ 0.0291
0.8593 £ 0.0225
0.8589 £ 0.0202
0.8582 £ 0.0163
0.8568 £ 0.0160
0.8568 & 0.0131
0.8560 %= 0.0123
0.8561 £ 0.0113
0.8560 £ 0.0095
0.8558 £ 0.0085

0.9403 £ 0.3105
0.7543 £ 0.1462
0.9192 + 0.1203
0.9361 £ 0.0939

0.9012 £ 0.0631
0.8900 £ 0.0558
0.8815 £ 0.0474
0.8734 £ 0.0411
0.8684 £ 0.0384
0.8640 £ 0.0325
0.8621 £ 0.0309
0.8575 £ 0.0238
0.8576 £+ 0.0216
0.8570 £ 0.0175
0.8559 £ 0.0172
0.8561 £ 0.0140
0.8553 =+ 0.0132
0.8554 + 0.0121
0.8556 £ 0.0100
0.8554 £ 0.0090

0.9518 £ 0.3406
0.7508 £ 0.1600
0.9173 £ 0.1336
0.9373 £ 0.0994

0.9171 £ 0.0677 0.9138 £ 0.0714 0.9094 + 0.0765

0.8965 £ 0.0679
0.8860 £ 0.0601
0.8778 £ 0.0508
0.8695 £ 0.0451
0.8649 £ 0.0417
0.8608 £ 0.0345
0.8598 £ 0.0326
0.8552 £ 0.0253
0.8557 £ 0.0228
0.8558 £ 0.0188
0.8548 £ 0.0186
0.8551 £ 0.0152
0.8547 £ 0.0143
0.8545 + 0.0129
0.8550 £ 0.0107
0.8549 +£ 0.0096

Table 6.4: Simulated Lifetime Measurement Results, ¢, = 30.0 mm to 40.0 mm

7o = 0.859 ns, B = 0.3¢, Nipiais = 1000, Nggmpres = 100 to 50K

98



# of Samples

Oimg = 45.0 mm

CHAPTER 6. LIFETIME MEASUREMENTS

Oimg = 90.0 mm

Oimg = 95.0 mm

100
250
500
750
1000
1250
1500
2000
2500
3000
4000
5000
7500
10000
12500
15000
20000
25000
30000
40000
50000

0.9661 £ 0.3797
0.7578 £ 0.1861
0.9235 £ 0.1526
0.9354 £ 0.1030

0.9076 £+ 0.0820

0.8926 £ 0.0743
0.8802 £ 0.0637
0.8729 £ 0.0538
0.8653 £ 0.0476
0.8613 £ 0.0443
0.8572 £ 0.0372
0.8568 £ 0.0348
0.8525 £ 0.0271
0.8539 £ 0.0245
0.8542 £ 0.0201
0.8535 £ 0.0201
0.8543 £ 0.0164
0.8536 & 0.0154
0.8537 £+ 0.0139
0.8545 £+ 0.0116
0.8544 £ 0.0104

0.9812 £ 0.4264
0.7674 £ 0.2250
0.9364 £ 0.1752
0.9352 = 0.1109
0.9005 £ 0.0884

0.8744 £ 0.0683
0.8672 £ 0.0586
0.8601 £ 0.0514
0.8561 £ 0.0486
0.8535 £ 0.0400
0.8530 £ 0.0379
0.8497 £ 0.0290
0.8512 + 0.0268
0.8522 £ 0.0217
0.8513 + 0.0211
0.8527 £ 0.0175
0.8526 £ 0.0167
0.8528 4+ 0.0150
0.8537 £ 0.0126
0.8537 £+ 0.0112

0.9973 £ 0.4812
0.7853 £ 0.2658
0.9505 =+ 0.2019
0.9303 + 0.1224
0.8942 £ 0.0970

0.8862 £+ 0.0786 0.8794 + 0.0843

0.8667 £ 0.0726
0.8596 £ 0.0618
0.8548 £ 0.0559
0.8510 £ 0.0525
0.8483 £+ 0.0422
0.8482 £ 0.0406
0.8462 £ 0.0313
0.8483 £ 0.0292
0.8496 £ 0.0235
0.8494 + 0.0225
0.8509 £ 0.0190
0.8510 £ 0.0181
0.8516 + 0.0163
0.8530 £ 0.0137
0.8528 + 0.0121

Table 6.5: Simulated Lifetime Measurement Results, 0,, = 45.0 mm to 55.0 mm

7o = 0.859 ns, B = 0.3¢, Nipiais = 1000, Nggmpres = 100 to 50K

99



# of Samples

CHAPTER 6. LIFETIME MEASUREMENTS

Oimg = 60.0 mm

Oimg = 65.0 mm

100
250
500
750
1000
1250
1500
2000
2500
3000
4000
5000
7500
10000
12500
15000
20000
25000
30000
40000
50000

1.0140 £ 0.5334
0.8275 4 0.3685
0.9635 £ 0.2193
0.9266 £ 0.1324
0.8869 £ 0.1014
0.8706 £ 0.0903

0.8597 £ 0.0770 0.8491 + 0.0818

0.8513 £ 0.0658
0.8475 £ 0.0602
0.8444 +£ 0.0554
0.8428 £ 0.0454
0.8432 £ 0.0440
0.8420 £ 0.0337
0.8449 £ 0.0309
0.8473 £ 0.0256
0.8469 + 0.0245
0.8487 £ 0.0206
0.8494 £ 0.0196
0.8501 £ 0.0177
0.8521 £ 0.0149
0.8520 £ 0.0133

1.0317 £ 0.5894
0.8726 £ 0.4793
0.9884 + 0.2453
0.9209 £ 0.1427
0.8762 + 0.1071
0.8648 £ 0.0980

0.8429 +£ 0.0705
0.8409 £ 0.0654
0.8371 £ 0.0595
0.8365 £ 0.0493
0.8372 £ 0.0468
0.8380 £ 0.0364
0.8414 + 0.0326
0.8442 £+ 0.0278
0.8443 £+ 0.0262
0.8465 £ 0.0223
0.8479 £ 0.0210
0.8486 £+ 0.0192
0.8514 £ 0.0160
0.8518 + 0.0144

Table 6.6: Simulated Lifetime Measurement Results, ¢, = 60.0 mm to 65.0 mm
7o = 0.859 ns, B = 0.3¢, Nipiais = 1000, Nggmpres = 100 to 50K
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Oimg = 70.0 mm

Oimg = 75.0 mm

100
250
500
750
1000
1250
1500
2000
2500
3000
4000
5000
7500
10000
12500
15000
20000
25000
30000
40000
50000

1.0468 £ 0.6484
0.9376 = 0.6018
1.0060 £ 0.2580
0.9183 £ 0.1556
0.8691 £ 0.1210
0.8560 £ 0.1045
0.8377 £ 0.0891

0.8313 £ 0.0700
0.8301 £ 0.0634
0.8296 £ 0.0523
0.8311 £ 0.0500
0.8323 £ 0.0389
0.8373 £+ 0.0356
0.8410 £ 0.0300
0.8415 +£ 0.0284
0.8447 £ 0.0241
0.8471 £ 0.0223
0.8484 £ 0.0209
0.8514 £ 0.0176
0.8518 £ 0.0157

1.0468 £+ 0.6785
1.0284 £+ 0.7160
1.0345 £ 0.2980
0.9181 £ 0.1727
0.8605 + 0.1245
0.8493 £ 0.1129
0.8258 £ 0.0960

0.8354 £+ 0.0763 0.8268 + 0.0801

0.8239 £ 0.0729
0.8221 + 0.0674
0.8214 £+ 0.0565
0.8237 £ 0.0537
0.8263 £ 0.0415
0.8331 £+ 0.0386
0.8380 £ 0.0321
0.8397 £ 0.0304
0.8444 + 0.0260
0.8464 £ 0.0242
0.8482 + 0.0225
0.8512 + 0.0191
0.8519 + 0.0171

Table 6.7: Simulated Lifetime Measurement Results, 0, = 70.0 mm to 75.0 mm
7o = 0.859 ns, B = 0.3¢, Nipiais = 1000, Nggmpres = 100 to 50K
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Toknown (NS)  Oimg = 5.0 mm 04, = 10.0 mm 0y, = 25.0 mm

0.029 0.0291 + 0.0008 0.0292 + 0.0016 0.0295 % 0.0041
0.072 0.0728 £ 0.0013 0.0730 =+ 0.0018  0.0738 £ 0.0039
0.143 0.1452 £ 0.0023 0.1454 £ 0.0026 0.1463 £ 0.0041
0.215 0.2191 =+ 0.0035 0.2193 =+ 0.0038 0.2201 £ 0.0049
0.286 0.2926 £ 0.0048 0.2927 £ 0.0050 0.2935 £ 0.0061
0.358 0.3675 £ 0.0061 0.3673 £ 0.0063 0.3677 £ 0.0073
0.430 0.4408 £ 0.0073 0.4408 £ 0.0076 0.4399 £ 0.0086
0.687 0.6996 £ 0.0144 0.6985 £ 0.0145 0.6960 & 0.0167
0.859 0.8723 £ 0.0232 0.8707 £ 0.0237 0.8666 & 0.0274
1.074 1.0867 + 0.0336 1.0848 £ 0.0341 1.0776 £ 0.0389
1.289 1.3011 £ 0.0463 1.2977 £+ 0.0479 1.2880 £ 0.0538
1.503 1.5151 %+ 0.0633 1.5117 £ 0.0655 1.4989 £ 0.0736
1.718 1.7266 + 0.0812 1.7208 + 0.0820 1.7022 £ 0.0907
2.148 2.1557 £ 0.1280 2.1463 £ 0.1297 2.1176 £ 0.1439
2.577 2.5807 £ 0.1784 2.5657 £ 0.1807 2.5252 £ 0.2052
3.007 3.0250 £ 0.2458 3.0067 £ 0.2516  2.9472 4+ 0.2762
3.436 3.4123 £ 0.3241 3.3952 4+ 0.3306  3.3242 £ 0.3619
4.295 4.2436 £ 0.4836 4.2008 £ 0.4904 4.0825 £ 0.5280
5.154 5.1074 £ 0.6934 5.0545 £ 0.7140 4.9037 = 0.7743
6.013 0.8767 £ 0.9449 5.8025 £ 0.9697 5.6116 + 1.0619
6.872 6.7413 £ 1.2257 6.6490 £ 1.2419 6.4272 £ 1.3127

Table 6.8: Simulated Lifetime Measurement Results, 0,y = 5.0 mm to 25.0 mm

7o = 0.029 ns to 6.872 ns, S = 0.3¢, Nyampies = 9K, Nipiis = 1000
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Toknown (NS)  Timg = 35.0 mm 0y, = 50.0 mm

0.029 0.0296 £ 0.0059 0.0299 £ 0.0086
0.072 0.0742 £ 0.0056  0.0748 =+ 0.0083
0.143 0.1470 = 0.0055  0.1480 =+ 0.0079
0.215 0.2209 =+ 0.0062 0.2226 £ 0.0089
0.286 0.2942 £ 0.0073 0.2946 £ 0.0095
0.358 0.3679 £ 0.0083 0.3649 £ 0.0111
0.430 0.4390 £ 0.0101 0.4357 £ 0.0131
0.687 0.6932 £ 0.0188 0.6873 & 0.0246
0.859 0.8621 == 0.0309 0.8530 & 0.0379
1.074 1.0721 + 0.0432 1.0581 £ 0.0531
1.289 1.2790 £ 0.0603 1.2571 £ 0.0748
1.503 1.4884 £ 0.0834 1.4639 £ 0.1003
1.718 1.6871 + 0.1014 1.6529 £ 0.1215
2.148 2.0953 =+ 0.1569 2.0381 =+ 0.1819
2.577 2.4877 + 0.2262 2.4094 £+ 0.2577
3.007 2.8964 £ 0.2981 2.7962 + 0.3409
3.436 3.2594 + 0.3892 3.1447 £ 0.4555
4.295 4.0033 £ 0.5953 3.8272 £ 0.6821
5.154 4.7842 £ 0.8281 4.5347 £ 0.9387
6.013 5.4361 £ 1.1540 5.1376 £ 1.4534
6.872 6.1945 + 1.3860 5.7834 £ 1.5259

Table 6.9: Simulated Lifetime Measurement Results, 0, = 35.0 mm to 50.0 mm
7o = 0.029 ns to 6.872 ns, S = 0.3¢, Nyampies = 9K, Nipiis = 1000
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T0,known (IlS)

Nsamples = 500

Nsamples = 1000

Nsamples = 5000

0.029
0.072
0.143
0.215
0.286
0.358
0.430
0.687
0.859
1.074
1.289
1.503
1.718
2.148
2.577
3.007
3.436
4.295
5.154
6.013
6.872

Table 6.10: Simulated Lifetime Measurement Results, Nygmpies = 500 to 5K

0.0300 + 0.0142
0.0736 £ 0.0144
0.1444 £ 0.0155

0.2164 + 0.0177

0.2880 + 0.0219
0.3611 + 0.0272

0.4357 £ 0.0332

0.7231 £ 0.0714
0.9243 £ 0.1043
1.1838 £ 0.1614
1.4371 £ 0.2280
1.7081 £ 0.3111
1.9790 + 0.4143
2.5362 £ 0.7025
3.0681 £+ 1.0121
3.7695 £+ 1.7073
4.3022 £ 2.1353
6.0336 £ 3.8683
7.6861 £ 5.4939
9.2424 £ 6.9364
11.4505 + 8.7428

0.0296 £ 0.0098
0.0746 £ 0.0099

0.1475 £ 0.0100

0.2220 = 0.0119
0.2959 £ 0.0150
0.3725 £ 0.0185
0.4500 £ 0.0233
0.7352 £ 0.0451
0.9196 & 0.0636

1.1456 + 0.0962

1.3469 £ 0.1284
1.5868 £ 0.1791
1.8015 + 0.2258
2.2457 £ 0.3547
2.6874 £ 0.5352
3.1308 £ 0.8451
3.6650 £ 1.0767
4.4276 £ 1.6359
5.4942 £ 2.6923
6.6701 £ 3.8876
7.5749 £ 4.6503

0.0295 £ 0.0041

0.0738 £ 0.0039

0.1463 & 0.0041
0.2201 £ 0.0049
0.2935 £ 0.0061
0.3677 £ 0.0073
0.4399 £ 0.0086
0.6960 & 0.0167
0.8666 & 0.0274
1.0776 £ 0.0389
1.2880 £ 0.0538
1.4989 £ 0.0736
1.7022 £ 0.0907
2.1176 £ 0.1439
2.5252 + 0.2052

2.9472 £ 0.2762

3.3242 + 0.3619
4.0825 £ 0.5280
4.9037 £ 0.7743
5.6116 + 1.0619
6.4272 £ 1.3127

Oimg = 25.0 mm, 79 = 0.029 ns to 6.872 ns, S = 0.3¢, Nypias = 1000
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T0,known (IlS) Nsamples = 10000 Nsamples = 50000
0.029 0.0293 £+ 0.0027 0.0289 4+ 0.0012

0.072 0.0730 £ 0.0029 0.0724 £ 0.0012
0.143 0.1454 £ 0.0028 0.1439 £ 0.0012
0.215 0.2185 =+ 0.0035 0.2163 £ 0.0014
0.286 0.2912 + 0.0040 0.2871 £ 0.0017
0.358 0.3634 £ 0.0049 0.3588 £ 0.0022
0.430 0.4349 £ 0.0062 0.4303 £ 0.0027
0.687 0.6904 £ 0.0122 0.6859 £ 0.0058
0.859 0.8599 =+ 0.0189 0.8562 £ 0.0081
1.074 1.0730 + 0.0274 1.0690 £+ 0.0124
1.289 1.2825 £ 0.0376 1.2791 £ 0.0170
1.503 1.4925 £+ 0.0501 1.4895 £ 0.0223
1.718 1.6976 £ 0.0663 1.6970 = 0.0298
2.148 2.1113 £ 0.0975 2.1177 £ 0.0460
2.577 2.5185 £ 0.1343 2.5293 £ 0.0640
3.007 2.9292 £ 0.1933 2.9337 £ 0.0830
3.436 3.3267 £ 0.2488 3.3376 £ 0.1123
4.295 4.0994 £ 0.3752  4.1457 £ 0.1680
5.154 4.8874 £ 0.5469 4.9453 £ 0.2431
6.013 5.6760 £ 0.7411 5.7109 £ 0.3168
6.872 6.4187 £ 0.9624  6.4951 £+ 0.3992

Table 6.11: Simulated Lifetime Measurement Results, Nygmpies = 10K to 50K
Oimg = 25.0 mm, 79 = 0.029 ns to 6.872 ns, S = 0.3¢, Nypias = 1000
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6.4 Experimental Validation

Simulations only get us so far. I also performed an experimental validation of the techniques
I developed, using known excited states of %?Mo. This work suggests that it is indeed possible
to use gamma-ray imaging for lifetime measurements, though difficulties arise for nuclei with
complex energy spectra. As expected, Doppler-shift imaging yields superior performance over
Compton imaging.

As a final test, I applied my imaging and lifetime measurement methods to a real,
non-simulated experiment. I chose to study two known transition in “2Mo, populated in the
2C[**Kr, 4n]??Mo reaction. The experiment was performed at ANL’s ATLAS facility, using
a 8 Kr projectile on a '2C target. The experimental detector geometry is shown in Figure
. [23] The 3 Kr projectiles were accelerated to 394 MeV total kinetic energy, resulting
in a pre-collision speed of 0.100c. The 2Mo nuclei thus produced had a maximum recoil
speed of 0.085c. Because the source was moving, I was able to test both types of gamma-ray
imaging.

Detector Placement
ANL 92Mo Run 111

2n/3 i

/3

Axial angle (o)

0 /3 2n/3 s 4n/3 5m/3 2n

Radial angle (0)
Figure 6.13: Detector placement in ANL °?Mo experiment

The first step was to compute the Doppler-corrected emission spectrum of the excited
92Mo nuclei. To do so, I assumed all gamma rays were emitted from the target and used
Compton sequencing to find the first hit in each detected photon track. From the correspond-
ing estimate for the emission angle, and the detected lab-frame energy, I then computed the
CM-frame energy spectrum (shown in Figure . A 2064.1 keV line is plainly visible along
with many lower-energy lines.

I searched this corrected energy spectrum for states suitable for lifetime measurements
with gamma-ray imaging. Brookhaven National Laboratory maintains an extensive database
of such information in its Chart of Nuclides. [22] The first requirement was a strong gamma
peak — something that stood out of the spectrum and did not overlap with nearby peaks. (The
signal-to-noise ratio quantifies this.) The second requirement was a lifetime that conceivably
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Doppler-Corrected Energy Spectrum
ANL 92Mo Run 111 (3-6 hit tracks)
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Figure 6.14: Doppler-Corrected *?Mo Spectrum

was long enough to discern with imaging. Table lists several initial candidates I found.
It includes energy windows used to define each peak, as well as the peak-to-totals and signal-
to-noise ratios for those windows.

Energy Lifetime  Energy Window  Peak-to-Total* SNR**

111.2 £ 0.2 keV | 22 £ 3 ps 107 keV to 115 keV ~ 4.95E-3 + 1.5E-4 0.579 £ 0.018
740.3 £ 0.2keV | 35 £3 ps 736 keV to 745 keV  1.57E-3 £ 1.0E-4 0.325 £+ 0.021
800.7 keV 22+ 3 ps 795 keV to 807 keV  1.41E-3 + 1.0E-4 0.298 £ 0.023
1374.7 keV 35 £ 3 ps 1370 keV to 1384 keV  8.78E-4 £+ 9.0E-5 0.262 £ 0.027
2064.1 £ 0.3 keV | < 0.7ps 2058 keV to 2074 keV  3.66E-3 £ 1.0E-4 1.102 £ 0.036

Table 6.12: Common gamma-ray lines in “>Mo
* Defined as the ratio of peak net counts to total counts between 0 - 3000keV
** Defined as the ratio of peak net counts to peak background counts

Of these, I decided to use the 740.3 keV and 2064.1 keV transitions. While the 111.2
keV peak is the strongest one in the spectrum, it is too low-energy for Compton imaging.
The state’s lifetime is also on the extreme low-end of what we expect to be able to see
with either imaging mode. (The decay parameter of g = 1.8 mm™ means that 99.9% of the
nuclei de-excite within 3.9 mm of the target.) I ruled out the 800.7 keV peak for the same
reason. Lastly, while the 740.3 keV and 1347.7 keV transitions share the same lifetime, the
peak-to-total for 740.3 keV is significantly higher.

The 2064 keV transition has a very short known lifetime of < 0.7 ps. Combined with
the low 0.085c parent velocity, this gives a decay parameter of 4 > 56 mm™. This is short
enough for the source to appear like a stationary point source at the target. Neither gamma-
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ray imaging method has sufficiently good resolution to distinguish such a short de-excitation
curve. (Consider that 99.9% of the nuclei de-excite within the first 0.12 mm downstream of
the target.) This is actually extremely advantageous — it means the true emission points can
all be approximated as coming from the target location (zy = 0.0 mm). We can thus treat
the gamma-ray image as the imaging response, i.e. the difference between the measured and
true emission points. Characterizing this detector response is of course essential to accurate
lifetime measurements.

For this experiment, my goal was to use the measured imaging responses at 2064.1
keV to correct the images produced at 740.3 keV. This assumes that the responses are similar
at both energies. However, as we can see from Figures and [6.16] this is not at all a
good assumption. At 2064 keV, both imaging methods produce single-peak images, but
they have somewhat different shapes than those we produced in our simulations of the 1.0
MeV beam source. There is also significantly higher background. The Doppler-shift image,
in particular, resembles a Gaussian sitting atop a nearly uniform background. Unlike in
simulations, the energy spectrum continues past the photopeak energy. Recall that lower-
energy background below a peak causes a low tail of counts on the right side of the image.
Similarly, higher-energy background gives rise to a low tail on the left half of the image.

The images at 740 keV are much less well-behaved. The Doppler-shift image still
exhibits a clear peak near the target; this reflects the sharp de-excitation curve for the 740
keV transition. However, the background is far from uniform across the imaging range. In
fact, there appears to be a second, broader peak to the left of the target. This is due to
another nearby photopeak at 762.9 keV, which is too close in energy to be rejected directly.
The Compton image is also much degraded compared to the corresponding image at 2064
keV. From Figure and Table [6.12] we can see that the Compton background at 740
keV is significantly higher than at 2064 keV. While many of these background counts can
be rejected by data filters, the ones that remain will blur the output images.

I was thus left with a question — how to deal with the very different imaging back-
grounds for the two energies? To apply the detector response at 2064 keV to measure the
lifetime at 740 keV, I needed to reduce the two imaging responses to comparable forms.
Figures and illustrate my approach to the problem. The first step was to obtain a
raw gamma-ray image (top row). After that, I identified the imaging background by defin-
ing a peak window (middle row). I simply set these windows by eye. Lastly, I performed
a background subtraction to isolate the “true” image (bottom row). This subtracted all
counts outside the peak window. I required counts to go to zero at the window boundaries,
subtracting a trapezoidal approximation of the background within the peak area. I took the
remaining peak as the final image. In the case of the 2064 keV transition, this became the
imaging response I used in the lifetime measurement.

This is admittedly a very crude approach. However, I did not have time to develop a
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Gamma-Ray Images and Responses
Run: ANL M092 R111 (°’Mo, 2064keV)
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Figure 6.15: Gamma-ray imaging responses for the 2064 keV transition of Mo
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Gamma-Ray Images
Run: ANL M092_ R111 (°’Mo, 740keV)
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Figure 6.16: Gamma-ray imaging responses for the 740 keV transition of >Mo
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more rigorous method. Imaging response depends on more than a photon’s CM-frame energy
or the properties of the parent nuclei. It also depends on the highly complex structure of the
background in the allowed energy range (in this case, roughly 680 - 795 keV). This makes it
very difficult to use imaging responses at other energies or from other nuclei as surrogates
in lifetime measurements. It is also unclear how we would use this method for de-excitation
curves that span more of the total imaging window (i.e. long lifetime and/or high parent
velocity). As the 740 keV images show, we might not be able to use a trapezoidal estimate
for background in such cases.

Table [6.13] shows the results of the experimental measurements. I restricted tracks to
3-6 hits in length and the CM-frame energies to those in Table [6.12] but otherwise did not
apply any data cuts. I only calculated imaging resolution for the 2064 keV transition, where
I could treat the source as stationary and fit a Gaussian to the images. I then obtained
imaging efficiencies using the ratio of successful reconstructions to the number of counts in
their respective peak energy windows. I found that Doppler-shift imaging yields close to 5x
better resolution and 10x better imaging efficiency than Compton imaging, and therefore
seems the clear choice to use for these kinds of measurements.

2064 keV Transition
Compton Imaging Doppler-Shift Imaging

Imaging Peak Window | -40.0mm to 40.0mm -20.0mm to 20.0mm
Imaging Resolution 20.90 £ 2.23 mm 4.96 £+ 0.07 mm
Imaging Efficiency 1.057E-2 4+ 4.9E-8 1.279E-1 4+ 6.6E-7

740 keV Transition
Compton Imaging Doppler-Shift Imaging

Imaging Peak Window | -40.0mm to 60.0mm -30.0mm to 50.0mm
Imaging Efficiency 2.061E-2 + 7.6E-8 4.480E-3 £+ 1.6E-8
Measured Lifetime N/A N/A

Table 6.13: Lifetime and imaging performance for *>Mo

Unfortunately, the lifetime measurement was unsuccessful. In the Doppler-shift imag-
ing case, the 2064 keV imaging response was wider than the “peak” I defined for the 740
keV line. Because of this, the y? algorithm described in Section converged to a zero life-
time. In the Compton imaging case, I observed the opposite problem. This perhaps reflects
the stark difference in shape of the imaging responses at 2064 keV and 740 keV, even after
background subtraction.

Clearly, more work needs to be done to refine these measurement techniques. The
main problem lies in accurately characterizing the detector response for the transition under
study. There are a few methods we might try to improve this characterization. For example,
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Compton imaging is able to image stationary sources. We can therefore place a calibration
point source (like ®Co) at a fixed location on the beam axis, and use the measured image
as the detector response. This method does assume, however, that the velocity of the beam
has little effect on the overall imaging response. This method therefore does not work for
Doppler-shift imaging.

We could also make use of the y? fitting technique used in lifetime measurements
(Section . Instead of starting with a known detector response and an unknown lifetime,
we could use a transition with known lifetime to deduce the detector response. (The 2064
keV transition of Mo is a good example.) The goal is to find a hypothesized response that
most closely transforms the known source distribution (determined by lifetime and parent
velocity) into the measured image. We would have to propose the shape of the response, and
decide whether to account for geometric complications such as detector placement. Once we
have a properly-parametrized detector response, we could then construct a x? curve to find
the best-fit value for each parameter. However, this method assumes the surrogate response
thus produced is applicable to the state under study.

Lastly, we could potentially compute the detector response with a sufficiently-realistic
simulation. Due to time constraints, I only explored a simple 1.0 MeV beam source in
Chapters [4] and f] We could readily simulate any other specific experimental setup. We
would need to assume values for the detector energy and position resolution, as well as the
nuclear lifetime and velocity. But once these properties were known, we’d be able to simulate
photon tracks with known emission points, and construct images from there. The goal would
be to run such simulations for a range of lifetimes, producing a different response matrix
for each, and then find the one that produced the best experimental results. One could
potentially quantify this by looking for the response that yielded the smallest uncertainty
on the measured lifetime. This method seems the most promising of the three.

Despite the negative results of this experimental validation, I still have hope. The
740 keV transition of “2Mo has a very short lifetime. Combined with the low recoil velocity
of the parent nuclei, this de-excitation was on the extreme low-end of what I expected to be
able to resolve. It’s likely there are other states that would be more conducive to study with
gamma-ray imaging. We’ll discuss them in more detail in Section [7.2]
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Chapter 7

Conclusions

7.1 Comparing Compton and Doppler-Shift Imaging

Doppler-shift imaging avoids many of the issues with Compton imaging, and seems much
more promising for lifetime measurements with GRETINA. It delivers better resolution and
significantly higher imaging efficiency, especially at low photon energies. However, Doppler-
shift 1tmaging also rests on multiple assumptions which make it much less versatile than
Compton 1maging in other applications.

Both the Compton and Doppler-Shift imaging methods have their strengths and weak-
nesses, which we went over in detail in Sections [£.1] and 5.1} Table [7.I] summarizes the com-
parison between the two. Note that both imaging methods require full energy-deposition in
the detector.

Figures and provide an apples-to-apples comparison of the two imaging meth-
ods for a typical experiment, taken from Chapters [ and [5] Again, these results are for
a simulated beam source with 1.0 MeV CM-frame photon energy and 0.3c parent velocity.
A uniform (3.0 mm, 2.0 keV) detector resolution was applied to every simulated photon
interaction. We found that Compton imaging achieved 25.17 £ 0.65 mm imaging resolution
and 29.96 + 0.07% absolute imaging efficiency, while Doppler-shift imaging delivered 3.97 +
0.03 mm imaging resolution and 71.93 £+ 0.12% imaging efficiency.

Note that in Figure [7.2] no data filters were used to improve imaging quality. By
contrast, Figure [7.3| shows some of the better results achieved when filters were applied. By
far the most effective way to improve Compton imaging is the comparison of measured and
known CM-frame photon energies. (After a photon’s emission point is calculated, we can
use the corresponding measured emission angle to compute the corrected CM-frame energy.)
Using the same detector setup as above, I was able to narrow imaging resolution to 4.09 £
0.05 mm. This massive improvement came at a fairly high cost, however — absolute imaging
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Compton Doppler-Shift
Imaging Imaging
Largely insensitive to o4,
Strengths Largely insensitive jco oF Only requires a single hit
Does spectroscopy & imaging Usable for low-energy 7’s
High imaging efficiency
. o Highly- iti
Highly-sensitive to oy, . 1By §en31tlve to op .
Hichlvsensitive to sequencin Highly-sensitive to beam velocity
Weaknesses gLy 4 & Requires a relativistic source

Requires two sequenced hits

Low imaging cfficiency Requires prior spectroscopy

Poor Compton bkgd rejection

Table 7.1: Strengths & Weaknesses of Compton and Doppler-Shift Imaging

efficiency dropped to 2.202 £ 0.016% (7.501 £ 0.058% relative to the unfiltered case).

Doppler-shift imaging did not see such large improvements in its imaging resolution.
Here, it’s not detector resolution but rejection of Compton background that most limits the
fidelity of the output images. Of the data cuts I studied in my simulations, the most effective
one accepted or rejected counts based on emission angle. (Refer to Section) It does cause
the shape of the imaging response to change significantly due to geometric effects, although
this can be adjusted for in the detector response. A more important issue arises in realistic
experiments with complex energy spectra. Here, most photopeaks will lie above a Compton
background from higher-energy peaks. The angle-rejection technique does not help as much
in such situations. In fact, it may even be a hindrance, as it will reduce the number of true
photopeak reconstructions without removing higher-energy background.

In general, Doppler-shift imaging appears more promising for lifetime measurements
with the GRETINA detector, where Compton imaging is limited by the detector’s posi-
tion resolution and short Compton lever arms. But because the Doppler-shift method also
requires & priori knowledge of the source’s velocity vector and specifc CM energy, its appli-
cations outside of lifetime measurements appear limited. Compton imaging is much more
versatile, with applications in nuclear security, astrophysics, and nuclear medicine.
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Figure 7.1: Side-by-side illustration of the Compton and Doppler-Shift imaging techniques
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Figure 7.2: Comparison of Compton & Doppler-Shift imaging responses, no data filters
For a typical detector and lifetime
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7.2 Conclusions About Lifetime Measurements

The simulated lifetime measurements from Chapter [0 are very encouraging. They suggest
that, even with relatively poor imaging resolution, we can still determine lifetime fairly pre-
cisely (< 10% relative uncertainty). An experimental validation turned out to be much more
challenging than I had expected, however. In this section we discuss the reasons for this and
what can be done to improve future real-world measurements.

In Chapter [6] T sought to understand the effects of imaging resolution and statistics
on lifetime measurements. 1 did a semi-exhaustive 2D parameter search, varying imaging
resolution from 1.0 mm to 75.0 mm and statistics from 100 counts to 50K counts. A surprising
result was that, even with abysmal imaging resolution, it is still possible to measure a
lifetime within 1% uncertainty if given enough statistics. Tables to provide a detailed
breakdown of the simulation results. In a second set of calculations, I also looked into lifetime
precision over a range of lifetimes. Here, I kept the parent velocity constant at 0.3c, and
varied imaging resolution and number of counts separately. Again, the results appear quite
good. Figure [7.4] shows some of the lifetime precision curves obtained through simulation.

I also used the data to describe sensitive ranges for lifetime measurements with imag-
ing. These ranges show the lifetimes we could measure to within 10% uncertainty, given a set
imaging resolution and number of counts per de-excitation curve. Figure provides several
examples. In all cases, statistics seems to be the limiting factor in lifetime measurements —
not imaging resolution. In other words, improving GRETINA’s position resolution is not as
important as it might appear for this application. Suppose that, instead of 3.0 mm detector
position resolution, we had the 0.5 mm resolution typical of double-sided strip detectors (or
DSSDs). [25] With no data filters applied, Compton imaging would deliver 9.62 mm imaging
resolution instead of 25.17 mm (Table . However, this would only extend our sensitive
range from roughly 0.05 ns < 79 < 3.27 ns to 0.03 < 75 < 3.62 at 8 = 0.3c and Nggmples =
5000 counts. (Table And from Table[5.1] it is clear that Doppler-shift imaging resolution
is even less affected, only improving from 3.97 mm to 3.11 mm. It’s unclear exactly how
much this would improve lifetime sensitivity, but the gains would likely be very modest.

In the follow-up experimental validation, I sought to measure the lifetime of the 740
keV transition in “2Mo. I was hopeful that I could use the imaging response from the 2064
keV transition as a surrogate for the unknown response at 740 keV. However, the imaging
responses varied much more than anticipated between the 740 keV and 2064 keV emissions. I
attribute these differences to the differences in the energy spectrum near the two photopeaks.
The 2064 keV line stands alone on a relatively small Compton background (SNR = 1.102),
with no other photopeaks on either side for several hundred keV. As a result, the gamma-ray
images for this transition show a single clear peak (though it’s much sharper with Doppler-
shift imaging). By contrast, the 740 keV line sits atop a much higher relative background
(SNR = 0.325), and has a nearby peak at 763 keV which shows up prominently as noise in
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Figure 7.4: Lifetime measurement precision from simulations
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both the Compton and Doppler-shift images.

A large part of the difficulty is in correcting for this background imaging noise. The
complete dissimilarity in the images at 740 keV and 2064 keV frustrated my efforts to come
up with a standard approach to the problem. The background-reduction methods I developed
from simulations of a 1.0 MeV beam source were inadequate. Instead, I more or less had
to “eyeball” the background and subtract it to arrive at a “corrected” image. As I then
found out, the responses thus produced for the 2064 keV transition were not applicable to
the 740 keV case, and so I did not arrive at a valid measure of the lifetime. That said, this
particular experimental validation was an ambitious one. With a 35 ps lifetime and 0.085¢
parent velocity, the 740 keV state lies well outside the estimated sensitivity ranges. (I've
marked the transition in red on Figure[7.75])

To get better results in future experiments, a few things would need to hold true. We
might sum up these requirements with the following “rules of thumb”:

1. A de-excitation parameter between 0.003 / mm < p < 0.365 / mm
There is no hard and fast rule here, but a combination of low parent velocity and short
lifetime will make it very difficult to resolve a de-excitation curve even under the best of
circumstances. The 740 keV transition of Mo had a value of g = 1.1 / mm, meaning
that over 99% of emissions occurred less than 5.0 mm downstream of the beam target.

2. A gamma line in an uncrowded portion of its parent energy spectrum
The 2064 keV line from “2Mo has no other photopeaks around it for hundreds of keV.
By contrast, the 740 keV line sits atop a large Compton background from nearby peaks,
the closest of which is only 20 keV away (763 keV). As a result, photons from the 2064
keV transition are much easier to isolate and therefore produce a much cleaner imaging
response.

3. A comparable imaging response from a known surrogate state
Correcting for imaging effects requires the imaging response to be well-characterized.
However, to characterize the imaging response we need to find a surrogate state to
use. The surrogate should have a very short lifetime (behaving like a point-source)
and come from a comparable energy spectrum to the state under study. I simply did
not have this for the 740 keV 92Mo transition.

4. At least 25K net counts in the photopeak on the parent energy spectrum
To obtain 10% lifetime uncertainty with 25.0 mm Gaussian imaging resolution, I found
that we’d need approximately 1000 counts in the final image. Accounting for imaging
efficiency, which can be as low as a few percent for Compton imaging, we would there-
fore want close to 25K net counts in the photopeak. If the Compton background was
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particularly high below the peak in question (low “signal-to-noise”), we would want to
aggressively filter the data. This would further increase the statistics requirement.

5. A lab-frame gamma-ray energy between 500 keV and 8.0 MeV

It’s actually a bit unclear what photon energy is ideal for imaging. To use Compton
sequencing, we need tracks to have 3+ interactions, which becomes increasingly rare
as photon energy decreases. That said, as we saw in Section [3.3 mis-sequencing
errors become more prevalent as track length increases. We can also technically use
Doppler-shift imaging for single-hit tracks and Compton imaging for tracks with just
2 hits. However, it is easier to filter Compton background counts when using longer
tracks. High-energy photopeaks tend to have larger signal-to-noise ratios than low-
energy peaks.

With these requirements satisfied, GRETINA’s detector performance should be suf-
ficient to measure lifetimes via gamma-ray imaging. Finding states to measure is a complex
question, however. Not only should the emitted gamma ray satisfy the above requirements,
but the parent state must also be reasonably easy to populate in a beam experiment.

7.3 Future Work and Lessons Learned

This section concludes my presentation on lifetime measurements with gamma-ray imaging.
It brings up some of the most important findings, as well as the next steps I recommend
taking to further this research. This future work is left open to anyone who may be interested
i carrying on the torch.

The results presented here are extensive but far from complete. There is plenty of
opportunity for others to extend my work.

In Chapters [4 and [5 I used a series of simulations to study the effects of various
experimental parameters on Compton and Doppler-shift imaging quality. I quantified imag-
ing performance for a typical detector using both imaging methods, assuming a uniform 3.0
mm position resolution and 2.0 keV energy resolution for photon interactions. However,le
only did so for a very simple test case — photons of 1.0 MeV CM-frame energy, emitted by
parent nuclei with a 2.7525 ns lifetime and 0.3c lab-frame velocity. The results thus obtained
cannot be extrapolated or applied to all subsequent imaging problems, as I found in Section
[6.4f Differences in energy spectra and detector responses make it very difficult to do so.
Rather, I have developed a framework for studying such problems further. We could use
these models to simulate a great many other specific lifetime experiments, and from there
attempt to identify those worthy of pursuit with gamma-ray imaging.

Another of my goals, discussed in Sections and [5.3 was to identify a choice
of data cuts to optimize imaging quality. This also proved to be too large in scope to
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tackle here — there simply is no one-size-fit-all solution. The 1.0 MeV-photon toy problem
proved successful enough. I proposed a small set of potential filters for both Compton and
Doppler-Shift imaging, and found the ones which individually offered the most substantial
improvements to imaging quality. However, I did not study combinations of data cuts in any
detail. Nor did I come up with objectively-optimal choices for things like Compton lever arm
and sequencing FoM. These choices would depend on the specific experiment in question,
hinging on things like the photon energy, the number of counts that would be available, and
the desired precision in the measured lifetime. Fully exploring such a large parameter space
would keep a grad student busy for a very long time.

I also ran into limitations simply trying to define “optimum”. It was clear from my
imaging simulations that Doppler-shift imaging offers much better FWHM imaging resolution
than its Compton imaging counterpart, at least for the typical detector we have described.
But that single figure cannot account for subtleties in the imaging response, particularly
the long “tails” caused by Compton background in Doppler-shift images. The data cuts I
investigated for this imaging method did not actually affect the FWHM all that much, and
yet they often noticeably improved the output images of the de-excitation curves. However,
I did not use any other metrics to quantify these improvements, and so I did not draw
conclusions about the optimal filtering limits to be used with Doppler-shift or Compton
imaging. I can say, though, that Doppler-shift imaging is more promising, especially when
background is low.

In Chapter [6] T ran a series of simulations to investigate how lifetime measurements
are affected by imaging resolution and statistics. The findings were extremely encouraging.
This said, I made a few important assumptions. First, I set the parent nuclei’s proper lifetime
to 0.859 ns and lab-frame velocity to 0.3c. This combination is close to an ideal case, as it
means that 90% of the de-excitations occur within the imaging range (0.0 mm < z < 180.0
mm). Second, and perhaps more importantly, I assumed the imaging responses are purely
Gaussian in shape. This is true in some cases, especially if we ignore the high-error tails
on Doppler-shift imaging responses. However, subtleties like these can impact the measured
images quite significantly (see Figure . Third, I also ignored complications from specific
detector geometries, which affect imaging efficiency along the beam-line. To improve on the
methods here, it would be useful to study more complex and realistic detector responses.

One of the goals with the lifetime measurement simulations was to identify an effective
range for which Doppler-shift or Compton imaging might be advantageous compared to
RDM. I performed one set of simulations on this front, using a ¢ = 25.0 mm Gaussian imaging
response, a 0.3c parent velocity, and 50K samples per de-excitation curve. These more or
less confirmed my back-of-the-envelope estimates for the effective range (approximately 0.23
ns to 2.7 ns). I found that, with sufficient statistics like this, the range could be extended
significantly. I saw < 4% relative uncertainty between approximately 0.35 ns and 4.0 ns.
Obviously, this is another case where a one-size-fits-all solution does not exist. The effective
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range really depends on the required uncertainty, the parent lifetime, and the particular
imaging response. If I were to continue this study, I would use my framework to perform
sensitivity studies for a much broader range of experimental parameters.

The experimental validation (Section illustrated some limitations in my current
approach to the problem. I expected to be able to see the 35 ps lifetime of the 740 keV tran-
sition in *?Mo — both Doppler-shift and Compton imaging gave significantly better than 25.0
mm imaging resolution with the 2064 keV transition, and the available datasets contained a
sizable number of counts for imaging. However, as discussed above in Section [7.2] it proved
difficult to make such an apples-to-apples translation. The two photopeaks in question sat
atop large Compton backgrounds from other higher-energy peaks. In the case of the 740 keV
line, there was also a nearby photopeak that added to the imaging noise. The non-uniformity
of this noise made it difficult to quantify the imaging response, hence frustrating my efforts
to measure the lifetime of the 740 keV transition. Neither the Compton nor Doppler-shift
imaging techniques proved reliable here.

The next step is to assemble a list of candidate states to measure the lifetimes of. The
740 keV transition in *?Mo made for a particularly difficult experimental validation, but it
is what I had data for at the time. There are no doubt many other states that would prove
more successful with gamma-ray imaging methods. Experimental data exists for dozens of
isotopes, from which we might be able to draw a better candidate than *?Mo. Beyond that,
the NNDC Chart of Nuclides [22] could be used to identify thousands of other states which
satisfy the guidelines given in Section [7.2] As discussed in Section [7.2] we're looking for
states with > 1.0 MeV emissions and lifetimes > 200 ps. We need relatively strong emission
lines with low Compton backgrounds and no nearby photopeaks on the energy spectrum.

After obtaining a list of candidate states, we could then either use existing experi-
mental data to run through the imaging framework I've developed, or else propose a new
experiment. And then, once the validity of the gamma-ray imaging lifetime technique is con-
firmed, we could look for as-yet unmeasured states for future experiments. The researchers
at FRIB (Michigan State University) specialize in the study of rare isotope beams. They
are an authority on which states are currently of most interest to the community, and could
provide guidance on ones whose lifetimes likely fall in our feasibility range.

With that, I conclude my study of lifetime measurements with gamma-ray imaging. [
invite anyone who is interested to reach out to me, whether for help understanding a general
concept presented here, or to take over the reins of my work with lifetime measurements. It
has been a thoroughly engrossing project from which I've learned a great deal. My greatest
hope is that this dissertation has been useful to the reader, and I thank you for your interest
in my small corner of the world.
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Appendix A

Appendix

A.1 Derivation of the Compton Formula

The derivation of the Compton energy formula is straightforward, and included here for
reference.

Deriving the energy of a photon after Compton scattering is fairly straightforward. Let
the photon have initial 3-momentum p, ; and final 3-momentum p., ¢, and let the scattering
electron have corresponding momenta p.; and pe ¢. If we assume the electron is initially at
rest, then p.; = 0, and conservation of momentum gives:

Prii = Pr.f + Pe,s (A1)

Conservation of energy yields
E,i+m.®=E ;+FE.; (A.2)
= Byp ) (e s0)? + (mec2)? (A3)

where m, is the rest mass of the electron (511keV). The next step is to solve for p. ¢ from

Equation

DPe,f = P~y — P.f (A.4)

Pe,f - Pe,f = (Pv,i = Pr.f) - (Prji — Prs) (A.5)
= Pv,i " Pvyyi T Pv,f " Pry,f = 2Pv,i " Pr,f (A.6)

pif = p?m + pi,f — 2Dy iD~.5 COSH (A.7)

= Eg’i/c2 + E/’?Jc/c2 —2(E,;E, ;/c*) cosf (A.8)

where ¢ is the angle between p,; and p, ¢, i.e. the scattering angle of the photon. Note
that we used the standard relation between photon energy and momentum: E. = p,c. From
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Equation we now get:

V Pesc)? + (mec?)? = By — By g + med? (A.9)
(Pe.ge)* + (mec®)? = (B — By p)* + 2mec®(Ey; — By )
., (A.10)
+ (mec?)
EY, 4+ E2 = 2B, B, pcos0+ (me)® = B2, + E2  — 2B, E, (A1)
+2mec?(Ey i — E, 5) + (mec?)? '
—2E.;E, jcos0 = —2E., ;E. ; +2m.c*(E,; — E, f) (A.12)
—E, B, fcosf/m.c® = —E, ;E, ;/m.c* + (E,; — Eyf) (A.13)
E,;+E, E ;/m.® — E,E, ;cosf/m.* = E,; (A.14)
E.
E, ;|14 m:éQ (1—rcos)| =E,, (A.15)
E,
E 2 (A.16)

T T (Eyi/mec?)(1 — cosb)

This last result is the famous Compton energy formula.

A.2 Derivation of Relativistic Doppler Shift

Doppler-shift correction is one of the primary features of GRETINA. Here we derive the
formula relating a photon’s lab- and CM-frame energies.

Consider a nucleus traveling with velocity v, = Bea’ in the lab frame, S. Suppose
this nucleus emits a gamma at an angle ¢ relative to its velocity. Without loss of generality,
we can choose a coordinate system where the photon travels in the xy-plane. In natural
units, then, we can denote the photon’s lab-frame 4-momentum as:

Pu,Lab = (E’hpxypy;pz) (Al?)
= (B, |py| cos ¢, [p|sin ¢,0) (A.18)

where py = (pg, Py, p-) is the photon’s 3-momentum. By the Lorentz transformation, the
photon’s 4-momentum in the CM-frame S’ of its parent nucleus is then:

pucom = (E,, 1,1y, 1%) (A.19)
= (VEy = vBPe, YPe — VBEy, Dy, p-) (A.20)
= (VE, — vB|py| cos ¢, 7|p4| cos ¢ — vBE,, |p,[sin ¢, 0) (A.21)

From the energy coordinate, we see that:

B, =vE, —vB|py|cos ¢ (A.22)
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Note that for photons, E, = |p4|, so we have:

E/ =yE, —yBE,cos¢ (A.23)
El = yE,(1 — Bcos¢) (A.24)

In other words, recalling that S is the lab frame and S’ is the CM frame:

E
E el (A.25)

v,Lab = (1 — B cos @)

A.3 Other Methods of Sequencing

Photon tracks can be sequenced deterministically or stochastically. This section describes
multiple stochastic approaches.

The Compton kinematics approach discussed in Section is only one approach to
sequencing a photon track. Other common sequencing methods make use of Maximum-
Likelihood (ML) techniques.

One approach uses the energy-dependence of the Klein-Nishina formula (Equation

D to determine a sequence. Let % be the differential Compton scattering cross-section

and let o (E) be the integrated cross-section for a photon of energy E. Then the normalized
probability for scattering at an angle between 6 and 6 + df is:

d];é@) _ (JCEE)) (dUd(GE)) (A.26)

Picking a sufficiently small A such that the cross-sections are constant over the angular

range, we get: b 1 do(E) N A.27
(6) (aow))( de) o

The next step is to find the total probability for all scatters in the track. Since A# is
arbitrary, we can write:

Npigs—1 Npits—1

T T () ()
FoM = Nﬁl (Uct E>> (dacgf )) (A.29)

As before, we just go through every possible sequence of hits and find the one that maximizes
this quantity.
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A second ML approach takes advantage of the energy-dependence of mean-free-paths
in the detector. Roughly speaking, a low-energy photon should travel less distance than a
high-energy photon before undergoing an interaction. (This is not strictly true, since the
total interaction cross-section increases again above the pair-production threshold.) The
probability that a photon of energy F will travel a distance between x and = + dx in a
detector volume is:

dP(E) 1

— —z/L(E) A
o L(E)e (A.30)
1 M zN g po(E)
- meno(B) - o A31
na(E)e NA,OU(E)6 " ( )

With small enough Az, the integrated probability becomes:

MAz =N g po(E)
Y e ¥ A.32
NApO'<E) ( )

P(E)

Here, L(E) = 1/no(E) is the photon’s mean-free-path, o(E) is the total interaction cross-
section (including photoabsorption, etc.), n is the detector’s atom density, p is its mass
density, N4 is Avogradro’s Number, and M is the material’s molar mass. In HPGe, p =
5.32 g/cm?®, M = 72.6 g/mol, and n = 4.4 x 10?* atoms/cm?. Using similar arguments as
above, we define a FoM by the total probability of the photon traveling the full length of the
observed track:

Npigs—1 Npits—1 1
FoM = [ PE)= [] —me /"™ (A.33)

where z; is the distance from X; to X411 and Ej; is the outgoing photon energy from Xj;.
As before, we seek to find the sequence that maximizes this figure-of-merit. Note that this
last approach can be used to sequence 2-hit tracks.

It is possible to combine multiple approaches into a single FoM. For example, we

might use the product of Eq. [A.29] and

Nhits_l
B 1 (AEmeas,j - AECGZC,j)2
FoM = ((Nscatters - 1) ; AET%L&ULSJ :
Nhits—1 Nhits—1 (4.34)
ﬁ 1 do(E) ﬁ P(E)
: oc(E) do : J
j=2 7=1

In Section [3.3] we discuss the effectiveness of deterministic sequencing methods. It would be
very interesting to do a comparison with the stochastic approaches described above.
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A.4 Cone-Beam Intersections in Compton Imaging

This section provides the algebra behind the cone-beam intersections in Compton imaging. It
requires a little matriz math, but nothing too fancy.

In Compton imaging, we need to find where the Compton cones intersect the beam
axis. Reference |9] provides a general geometric expression for this problem, which we can
adapt here for our specific problem.

As noted in Section [£.1I} a Compton cone is defined by its vertex X¢, central axis
Ve, and cosine of opening angle puc = cosfc. A point Z lies on the cone if:

- (Z-X¢)
1Z — Xcl]

Re-arranging terms, we can rewrite this equation as:

A,

Ve (Z - X¢) = pellZ — Xc| (A.306)
Squaring both sides, we get:
(Vo (Z - Xe))* = 1t Z - Xel? (A.37)

Noting the vector identities (a-(b—¢))*> = (b—c)Taa’ (b—c) and (b—c)*(b—c) = ||[b—||?,
the above becomes:

(Z - Xc)'"VeVE(Z — Xe) = 16(Z — Xo)'(Z — Xc) (A.38)
(Z - Xc)"'M(Z -~ Xe)=0 (A.39)

where M = VCVg — pd 3 is a 3 x 3 symmetric matrix. We seek an emission point X
somewhere on the beam, which can be parametrized as Xo(t) = Bg + Bt with beam axis
B and beam anchor point Bg. In GRETINA, the beamline lies along the 2-axis and passes
through the origin of the lab frame, so we can simply set By = (0,0,0) and B = (0,0, 1).
This simplifies our expression for the emission point to Xo(t) = Bt. Substituting this
expression for Xo(t) for Z(t) into Equation [A.39] we get:

(Bt — X¢)TM (Bt — X¢) =0 (A.40)

BT'MBt* — (B"TMXc — XEMB)t+ XEMXe =0 (A.41)
With the matrix identity (DEF)T = FTET DT we note that:

(XEMB) = B"TM"Xc = BTM X (A.42)
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because M is symmetric. Since M is a 3 X 3 matrix, we know X¢ is a 3 x 1 column vector
and BT is a 1 x 3 row vector. Therefore, BT M X and XLM B are both 1 x 1 scalars.
So,

B"MXc=(XLMB) = XLMB (A.43)

This fact lets us rewrite Equation as a quadratic equation:
BTMBt* —2B"MXct + XEMXe =0 (A.44)

Let a = BTMB = B- (MB), b = —2B"MX¢c = —2B - (MX¢), and ¢ = XEM X =
Xc - (MXc¢), so at®> + bt + ¢ = 0. This can be readily solved for t, and from there the
cone-beam intersections are given by Xo 1 = t11§ and Xgo = tQB . (Note: With imperfect
detectors, a Compton cone may not intersect the beamline at all. This is the situation when
b — 4ac < 0.)

A.5 Cone-Beam Intersections in Doppler-Shift
Imaging

This section provides the algebra for finding cone-beam intersections in Doppler-shift imaging.
Things are considerably simpler here than for Compton imaging.

Finding the emission point in Doppler-shift imaging is a straightforward geometry
exercise. The emission angle p defines the opening angle of a “Doppler” cone — the set of
photon vectors with the same Doppler-shift. Unlike in Compton imaging, the cone axis here
is simply defined by the beam axis, B. The emission point Xp is the vertex of the cone, and
of course lies on the beamline. The point X, is a point on the forward sheet of the cone.
These constraints limit us to a single solution for Xgy. Figure illustrates the geometry.

First, define a right triangle from the three points X, X3, and Zy. Here, Zj is the
point of closest approach on the beamline to X;. The lengths of the three sides are given

by:

h=|X1— Zo| (A.45)
r= X1 — Xol| (A.46)
s = || Xo — Zol| (A.47)

The height and emission angle, 6, are related by h = rsinf and s = rcosf. So:

_ 42
b ang = Y121 (A.48)
s I

oo M (A.49)

Vi
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where 1 = cosf. This gives the distance between Xy and the point of closest approach.
Now that we have s, the emission point is given simply by:

Xo=Z,—sB (A.50)

Note that s will be positive if the emission angle is acute, and negative if 6 is acute. This
sign is determined by p in the numerator of Equation [A.49]

Accelerator
P

Figure A.1: Deriving the cone-beam intersection in Doppler-shift imaging

So now we just need to find h, which turns out to also be quite straightforward. [8]
Define the beam-line as A(t) = By + tB, where By is a set point on the beamline and B
is a unit vector defining the beam axis. (We put By at the lab-frame origin for simplicity.)
The point of closest approach can be written Zy = Bg + tOB. Let K = X; — By be the
vector from the beam set point to the first interaction point in the photon track. Referring
again to Figure we see that the distance between Bg and Zj is:

= |K||cosd = K - B (A.51)

Now that we have the 3D coordinates of Zy, we can solve Equation for h.

A.6 Imaging Effects from Non-Ideal Beams

Here we discuss imaging errors that arise from realistic product beams. While beams generally
are very highly-focused, parent nucler still do not form a pencil beam downstream of the target.
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From the derivations from Appendices [A.4] and [A.5] a photon’s calculated emission
point depends on the beam axis. In my imaging reconstruction code, I've assumed a strict
pencil beam directed along A(t) = By +tB = (0,0, 0)+t(0,0,1) in the lab-frame. However,
the actual angular distribution for the reaction products will have a finite spread. Reactions
are highly forward-directed in the lab-frame, but the degree to which this is true depends
on the specific kinematics of the reaction. Depending on the target thickness, the product
nuclei may also undergo significant straggling as they exit the target.

Consider a projectile that hits at a point By = (2/,%) in the plane of the target, and
subsequently reacts. Suppose the recoil nucleus (the parent of the photon we’ll measure)
heads off at an angle # relative to the nominal beam axis, B. For the sake of generality,
suppose also that the nucleus has a radial angle of  as measured in the target XY-plane. We
can define this heading vector as A’(t) = Bj+tB’, where B’ = (sin # cosn, sin f sin 7, cos ).
This is the line along which the photon will be emitted.

Emission Plane ?
(Yz)

Target

Incoming particle

Beam axis

Figure A.2: Estimated effects of beam deviations on imaged emission point

Because our imaging techniques use A(t) instead of A’(t) as the emission vector, there
will be some intrinsic imaging error associated with each calculated cone-beam intersection.
Figure provides a simplified illustration to estimate these errors. For example, consider
a parent nucleus that is created 4.00 mm above center on the target, and which recoils at
0.3c with a 1.00° divergence from the nominal beam axis (B = 2). For simplicity, assume
the beam divergence and photon emission are both in the YZ-plane. Suppose this nucleus
de-excites after traveling 100.0 mm, emitting a photon at 29.0° relative to its line of motion
(or 30.0° relative to B ). At the emission point, the parent nucleus is 5.75 mm away from the
beam axis. The true emission point is X§ = (0.00 mm, 5.75 mm, 99.98 mm), but tracing the
emission vector back to B yields an intersection at Xo = (0.00 mm, 0.00 mm, 90.04 mm).
The difference in true vs. imaged travel distance is |d — d’'| = 9.96 mm, which corresponds
to a full 7105 ps difference in apparent emission time. To rigorously quantify this error in the
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more general case, we would need to re-run full beam-cone calculations using the adjusted
trajectory of the parent nucleus.

The adjusted trajectories can be measured with a pair of microchannel plate detectors.
[4] These detectors are thin, highly-pixelated scintillators which record timing and position of
ions as they pass through. The detectors ideally should be thin enough to detect an incident
particle’s passing without affecting its trajectory. Figure[A.3|illustrates how this information
can be used to deduce the beam properties. Consider an ion which passes through the first
detector at position Z; and time t;, and through the second detector at Z5 and time t,.
The adjusted heading vector for this particle is thus:

A’ = B} +tB’ (A.52)
= Zy +t(Zs — Z1)/|| Z2 — Z,|| (A.53)

Furthermore, the measured speed of the ion is:

|Z> — Z,||

b= ty— 1

(A.54)

With this information, it is straightforward to re-run the beam-cone calculations to produce
adjusted emission times for each parent nucleus.

OOROO00000000000000

N
N
®

OODOO00000000000000000000000R00000000000

True Beam-Line
A'(t) =Z, + tB'

0000000000000000000030

* Not drawn to scale

Figure A.3: Microchannel plate detectors

A.7 Error Propagation in Compton Imaging

This section describes computing analytical error estimates for Compton imaging. These
estimates can be used to judge the reliability of the reconstruction for an individual photon
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track. The full derivation contains 20 pages of partial derivatives — those have been omitted
and “left as an exercise to the reader”.

We are interested in estimating imaging resolution in Compton Imaging. One way to
do so is through analytic error propagation. Recall the general formula for computing these

erTors:
N a2
2 2
Uz = Z <%> O':C], (A55)
j=1 J
where (x1, ..., xy) are the independent variables in our measurement. For this imaging prob-
lem, there are 8 such variables needed to define a given Compton cone. The cone vertex is
given by X¢ = X7 = (21,29, x3), and the second hit is at Xo = (24, x5,26). These two
points define the cone axis:
N X: — X5 T1— Ty To— Ty T3z — Tg
VC = = ( ) )
1 X1 — Xa| L L L

) = (v1,v2,03) (A.56)

where L = /(v1 — x4)2 + (2 — 25)% + (23 — 26)? is the Compton lever arm. Lastly, the
cone angle is determined by:

pe =1 —m.c? (— - —) (A.57)

where Fj is the photon’s lab-frame emission energy and E; is the energy after the initial
scatter in the detector. Therefore, the eight independent variables (i.e what we measure) are
(xla X2, X3,T4,T5,Le, E07 El)

Note that this analysis ignores the beam properties of the parent nuclei. To account
for variations in the beam, we would have to add the photon parent’s trajectory to the list of
independent variables. The velocity component is 4 variables: 8B = (Bb1, Bbe, Bb3), where
B is the heading for a particular recoil nucleus and Sec is its speed. We would also need a
beam setpoint, Bo = (by 1, bo 2, bo3) that the nucleus passes through. In all, this would add
another 7 independent variables to the analysis: (by, b, bs, bo.1,b02, b3, 5). For simplicity,
and because the variations in the beam are typically not large, I have ignored these.

In Appendix[A.4we went over the math behind finding emission points using Compton
imaging. The goal was to calculate the ¢ in z(t) = By + tB. In the end, we arrived at a
quadratic equation:

b= Vb? — 4dac

t 2 (A.58)
a=B-(MB) (A.59)
b=—2B - (MXc) (A.60)
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Again, M = VCVCT — pé I3 is a 3 X 3 symmetric matrix:

2 2
Uy — Ko V1V2 V1U3
M = Vv U — pd vavs (A.62)
2 2
V1U3 VU3 V3 — Uo

To get scalar expressions for error analysis, we evaluate a, b, and ¢ with known quantities
for the beam:

A

By = (0,0,0) B =(0,0,1) (A.63)
The matrix algebra is straightforward, yielding the following:

a=v; — ug (A.64)
b= —2[vyv371 + V032 + (V3 — 1E) 73] (A.65)
o= 23 — ) + 1303 — ) + 2305 — ) s

+ 2(v1v271 Ty + V1V3T1 T3 + VaU3T2T3)
Furthermore, note that Z(t) = Bg + tB = (0,0,t), so we can write the emission point
simply as its z-coordinate, z = t.

Now that we have these expressions, the partial derivatives of z with respect to the
independent variables (z1, ..., zg, Ep, E'1) can be calculated using the chain rule:

e SEE) e

n=1

Here, z is a function of the variables a(x1, ..., z¢, Eo, E1), b(x1, ..., xs, Fo, F1), and ¢(xq, ..., z6, Fo, E1)
from our earlier quadratic equation. So, for example:

0z B 0z Oa 0z Ob 0z Oc

9. ~ a0z, b om T dcom (A.68)

Calculating the partial derivatives was a lengthy ordeal, and so I'll just provide the
results below. Note that the partial derivatives of z contain a 4+ or F sign, which reflect
the root chosen in Equation [A.58, (This only works when Compton imaging yields a unique
emission point for the photon.)
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Partial Derivatives of z

0:
da

0: _

0b

%
Oc

B Vb? — 4dac

b N c—b*/2a

2a%  a/b? — dac
—14+b/vVb? —4dac

2a

Fl

Partial Derivatives of a

da  2uv3
8.171 N L

da  2u03
8%2 N L

da  2u3(1—3)
8:53 N L

da  2pume

0E,  E?

da__0a
Ory  Oxy
da B da
8.755 n 8x2
da__0a
81'6 N 8373
Do om.
0E,  E?
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(A.69)

(A.70)

(A.71)

(A.72)

(A.73)

(A.74)

(A.75)
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Partial Derivatives of b

88;)1 _ 2u3(2v3xy — 271 }JL T4) + dv1vov3T2 %308_;1 (A.76)
;;2 _ 2u3(2v3Ty — 279 Z T5) + dvivavzns 2x3§_;2 (A.77)
;;3 _2(203 - 1)(zlsc1 toats) $338—;1) (A.78)
aa_ai v (20} - 1L) — dojvyvgTy 29”3% (A.79)
88_555 _ 2uyms (203 — 1L) — dvyvovgry 2];35_; (A.80)
aa_;ﬁ 2203 - 1)(2191:1 +va1y) 2:(;35—; (A.81)
o _ _, 0a by, 00 (A.82)

0E,  OFE, OF, dF,



APPENDIX A. APPENDIX

Partial Derivatives of ¢

0
a_c = 20123(1 — v}) /L 4 2010505(1 — vo25) /L — 4v1v9v3923/ L
L1
Jda
+ 221 (voxg + v3w3) (1 — 20F) /L + x§a7 + 221 (v — p?) + 2v1v373
1
0
8—6 = 20023(1 — v2) /L 4 2v1v511 (1 — v121) /L — 4vyv9vsa1 23/ L
)
da
+ 22 (vy 2 4+ v3w3) (1 — 203) /L + x§a7 + 279(v3 — %) + 2v9v373
2
0
i = 23(v121 + Vax2) (1 — 203) /L — 2u3(v?2? + vixd) /L — 4vivovsz 129/ L
3
5 Oa
+ 2v3(v1x1 + Voxa) + T3=— + 2730
8[E3
0
i = — 20125 (1 — v3) /L + 2uyv3x5 /L + 4v1v9v30973 /L
4
9 5 0a
— 221 (vowy + v323)(1 — 207) /L + 25—
6374
0
870 = — 20pw5(1 — v3) /L + 2uoviant /L + 4vyvouswi w3/ L
5
9 5 0a
— 2x9(v1wy + v3x3)(1 — 203) /L + x5 —
81'5
0
870 = — 2x3(v121 + vox9)(1 — 203) /L + 2u3(via? + vaa3)/L
6
da
4 L+a-—
+ dv1v9usT 129/ L + 13 D
Jc  2ume, 4 , Oa
a—E) = Tg(xl + I‘2) +$38__E0
Oc 2ume , 5 4 , Oa
9E, ~ ~ EF (it®tagg
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(A.83)

(A.84)

(A.85)

(A.86)

(A.87)

(A.88)

(A.89)

(A.90)

For my work, I have assumed that (z1,...,26) are all equally-affected by position
resolution, o,,., and Ey and F; are equally-affected by energy resolution, or. To avoid
confusion, we will refer to the estimated imaging resolution as 0,4 instead of o,. Summing
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everything together with the Chain Rule, we find:
DN (92N (02N (92 (92, (92
0y 0xs 03 014 oxs Oxg =
AN EZAY
0Ey 0F;
2

— 2
- Oimg,pos + Oimg,energy <A92)

I've separated the resolution estimate into two components — one depending entirely on

position resolution (0jmgp0s) and one only on energy resolution (Cimgenergy). For typical
resolutions in GRETINA, 0img.pos >> Timg.energy- (See Figure [4.3)

2
Uimg -

(A.91)

2

+ g

As mentioned, the derivation of the above partial derivatives was a lengthy process,
and certainly open to error. I checked each expression numerically using Mathematica’s
procedural derivative-calculator (which unfortunately did not produce tractable formulae).
In addition, I performed an independent numerical check by tweaking each independent
variable for a sample Compton reconstruction. By introducing small changes in x; or another
of the variables, I obtained numerical derivatives to compare with the results of the analytical
expressions above.

Table shows the comparison for the following photon track. To determine nu-
merical derivatives, I shifted positions in 0.01 mm increments and energies in 0.025 keV
increments.

Hit | x (mm) y (mm) z (mm) AF (keV)
#1 | -81.4542 172.469 -30.0678 288.424
#2 | -100.3864 193.4548 -49.6538 210.0868
#3 | -101.4564 193.9505 -52.1735 474.4475
#4 | -96.0459 197.7831 -44.1857 0.6924
#5 | -95.9333 197.857  -43.978 199.5873

Table A.1: Sample photon track used in error estimates
Hits: 5, Track Energy: 1173.238keV

As we can see, the differences between the analytical and numerical results are gen-
erally within 0.5%. This confirms the formulas above. A final note — both the analytic
and numeric estimated errors for this sample track are 29.253 mm, assuming (3.000 mm,
2.000 keV) detector resolution. The track has a Compton lever arm of 34.387 mm, which is
why the error is relatively small. Other tracks I tested have errors in the hundreds or even
thousands of mm. It’s also clear that the position resolution error component dominates

(Gimg,pos)- Emergy resolution only affects the Compton cone angle, and in this case we see
op = 0.00292 radians (0.168°).
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Partial Analytic Numeric Partial Analytic Numeric
Derivative Estimate Estimate | Derivative Estimate Estimate
0z/0a -0.08191 — 00/0E 0.000723  0.000720
0z/0b 0.02344 - 00/0E, -0.001271  -0.001266
0z/0c -0.00671 - - - -
Oda /0y -0.01039 -0.01040 ob/0xy -4.0290 -4.0284
Oda/0xy 0.01152 0.01150 Ob/Oxs 1.7436 1.7467
da/0xs 0.02238 0.02237 0b/Oxs 5.2351 5.2424
da/0x, 0.01039 0.01040 ob/dxy 3.4018 3.4033
Oda/0zs -0.01152 -0.01153 0b/0xs -1.0484 -1.0458
a0z -0.02244 -0.02237 0b/0xg -4.4115 -4.4043
da/0FEy 0.000637  0.000640 0b/OE, 0.0383 0.0383
da/0E, -0.001120 -0.001120 0b/OE, -0.0674 -0.0673
Jc/0xy -167.46 -166.95 0z/0xq 1.0295 1.0253
Jc/0xy -734.68 -733.81 0z /0wy 4.9671 4.9613
dc/0xs -780.21 -780.22 0z /03 5.3535 5.3571
Oc/0xy 103.26 103.73 0z /0x4 -0.6136 -0.6170
Oc/0xs 684.85 685.43 0z /0xs -4.6166 -4.6217
Jc/0xg 633.98 633.96 0z/0xg -4.3535 -4.3510
Jdc/OEy 23.752 23.746 0z/0Ey -0.1585 -0.1584
dc/OE, -41.761 -41.755 0z/0E; 0.2786 0.2785

Table A.2: Numerical check of Compton imaging error estimates

Partial Partial Partial

Derivative Units | Derivative Units Derivative Units
da/dx; mm™ b/ 0x; - dc/dx; mm
da/OFE}, keV-1 Ob/OE,  mmkeV' |  9c/OF,  mm? keV!
0z/0a mm 0z/0x; — 00 /0FE), rad keV-!
0z/0b - 0z/0E,  mm keV! — -
dz/0c mm™ - — - -

Table A.3: Units for partial derivatives
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A.8 Error Propagation in Doppler-Shift Imaging

This section is very similar to the previous one, Section[A.7. However, the math behind
analytic imaging errors in Doppler-shift imaging is much simpler.

In Section we solved for a photon emission point based on the measured lab-
frame energy, assumed CM-frame energy, and track vertex. As with Compton imaging, we
are interested in estimating the imaging error per each track. Here, though, the math is
much simpler. There are only 5 independent variables: X; = (21, %9, 23), Fraw, and Ecyy.
Again, we're ignoring the variations in the beam for simplicity. Of these properties, the
beam speed would be expected to have the most effect, as it directly affects the calculation
of emission angle from Doppler-shift. (However, that effect should be small, as recoil speed
typically varies only by 1% or less at § = 0.3c.)

Equation gives this emission angle in terms of the measured lab-frame energy
and assumed CM-frame energy:

1 (. Ecm
= 3 (1 nyLab> (A.93)

Let the emission point be denoted Xo = Bg + tB. If we assume an ideal beam as before,
then By = (0,0,0) and B = (0,0,1). This lets us characterize the emission point simply by
its Z-coordinate, z = t, thereby simplifying the expressions we used in Section Recall
that Zo = By + toB is the point of closest approach between the track vertex X; and the
beamline.

to = ||B0 — Z()H = ||X1 —B()HCOSQ = (Xl —B()) . B = Xl B

::L‘3

(A.94)

h=|X1— Zo| = | X1 - toB|| = | X1 — 2:B|
(A.95)

= \/x} + 23

s = | Xo = Zo|| = hy/ /1 — 12
_p/at 4 a3 (A.96)
Vi-p?
z=1Zo—sB| =ty—s
pn/ 23 + a3 (A.97)

V1= p?
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Now we’re left to calculate all partial derivatives of z with respect to the independent
variables, (z1, 22,23, Era, Ecar). The math is straightforward and I will simply quote the
results here:

Partial Derivatives for Position Measurements

0z Tl
- _ A.98
o0 VI A
0z Tolt
- A.99
Orz /(2 +a3)(1 - p?) 99
0z
s 1 (A.100)
(A.101)

Partial Derivatives for Energy Measurements

0: __ Vmtw % _ 1 (A.102)

O (V1—p?)? o 1— 12
ag’/;b B ﬁ?{ab 825M =5 ;Lab (A.103)
ag;b = g_;agib 5 SjM = g—; ag’; - (A.104)
agib = %ag’j@ 5 ng = g—z ag’; - (A.105)

I again assumed (x1, 9, x3) are all equally-affected by position resolution, o,,., while
Er. and Eqyp are equally-affected by energy resolution, og. To avoid confusion, we will
refer to the estimated imaging resolution as 0;,,, instead of o,. Summing everything together
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with Equation [A.55] we get:
2 (92N L (22, (92Y e
img 3x1 8:102 8x3 Tz
0z 2+ 9z \°| ,
OFELab 0Ecn) | 7F

_ 2 2
- Uimg,pos + gimg,energy (A107)

(A.106)

As before, I've separated the resolution estimate into two components — one depending
entirely on position resolution (ojmgpes) and one only on energy resolution (jmg.energy)-
However, in this case we see that img pos = Timg,energy for typical resolutions — very different
than in Compton imaging. (Compare Figures and ) For these tests, I assumed
Ecy was precisely known, so that it did not affect the overall error estimates. Similarly, I
assumed the beam velocity was precisely controlled — though as we can see from Appendix
IA.5 uncertainty in 8 will certainly have an effect on the imaging error. The beam-cone
intersections explicitly depend on £.

I ran the same numerical checks of these error propagation formulas as I did for
Compton imaging. Table shows the comparison for a sample photon track. To determine
numerical derivatives, I shifted positions in 0.01 mm increments and energies in 0.025 keV
increments.

Hit | x (mm) y (mm) z (mm) AFE (keV)
#1 | -81.4542 172.469 -30.0678 288.424
#2 | -100.3864 193.4548 -49.6538 210.0868
#3 | -101.4564 193.9505 -52.1735 474.4475
#4 | -96.0459 197.7831 -44.1857 0.6924
#5 | -95.9333 197.857  -43.978 199.5873

Table A.4: Sample photon track used in error estimates
Hits: 5, Lab Energy: 1173.238keV, CM Energy: 1000.000keV

The differences between the analytical and numerical results are generally within
0.5%. This confirms the formulas above. A final note — both the analytic and numeric
estimated errors for this sample track are 4.255 mm, assuming (3.000 mm, 2.000 keV) de-
tector resolution. Both the position and energy resolution error components are on similar
scales. The emission angle is only affected by energy resolution, and in this case we find
op = 0.00591 radians (0.338°).
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Partial Analytic Numeric Partial Analytic Numeric
Derivative Estimate Estimate | Derivative Estimate Estimate

0z /0x4 0.34018 0.34081 _ - -

0z/0r,  -0.72028  -0.71972 - - -
92/ 1.00000  0.99997 90/0u 12785 -1.2759
0z/0u 130859 -396.82 00/98 - -

02/0EL,  -0.92076  -0.92122 | 0z/0FEc - -
Op/0EL,  0.00231  0.00232 || Ou/O0Ecy - -
00/0EL,  -0.00205  -0.00296 | 00/0Ecn - -

Table A.5: Numerical check of Doppler-Shift imaging error estimates

Partial Partial

Derivative Units Derivative Units
E)z/@x] — Q,u/c?Ek keV-!
0z/0E,  mm keV! 00/0u radians
0z /0 mm 90/0F)  radians keV!

Table A.6: Units for partial derivatives
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A.9 Gaussian Curve Fitting

I used Gaussian fits extensively in Chapters[f) and [3. This section goes into the details of
the curve-fitting algorithm I employed.

A Gaussian has the form:
y(z) = Ae~(@—w0)*/20% (A.108)

where A is the Gaussian’s amplitude, xg is its centroid, and o is its standard deviation. For
a normalized Gaussian, A = 1/0v/27. The Full-Width-Half-Max (FWHM) is related to the
standard deviation by FWHM = 2v/2in2c.

Suppose we're given a set of data points {(z/,7')} and want to fit a Gaussian shape
to them. One way is to linearize Equation

(z—xq)?
y/A=e" 28 (A.109)
)2
lny—lnA:—M (A.110)
202
x? — 2xx0 + 22
= — A111
202 ( )
1 L2 0y (a2 A
=ax’ +br +c (A.113)
where a = —1/(20?%), b = x¢/0?, and ¢ = In A — 22 /202. This equation is now in a form that

is readily solved by Matlab’s polyfit() function. [10]

Matlab’s polyval() function returns value for the coefficients a, b, and ¢ above. We
can then solve for the Gaussian’s standard deviation, centroid, and amplitude using:

o=+v—1/2a zo = bo® A = ecta0?/(2x0?) (A.114)

Furthermore, we can use error propagation on these expressions to estimate the error on
each parameter:

1

Oy = maa (A.115)
02y = 1/ (b/202)202 + (1/20)%57 (A.116)

o4 = A\/(b2/2a3)202 + (b/2a?)20} + 02 (A.117)
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(I'l leave the partial derivative calculations to the reader.) In addition to the coefficients a,
b, and ¢, the polyval() function also returns a covariance matrix from which the values of o,
op, and o, can be calculated. The formula below gives a vector V' whose elements are the
standard deviations of the fit parameters:

diag(C)

V= ” | R (A.118)
= (04, 00, 0c) (A.119)
K
||RH2 = Z(yk,meas - yk,fit)z (A120)
k=1

where C'is the covariance matrix, v is the degrees of freedom of the fit, and || R|| is the norm
of the residuals vector. These residuals are calculated for the kth z-bin as the difference
between the measured number of counts Y meqs and the fitted number of counts yy, fi:.

Deciding the range over which to perform the fit is an important question. In this
work, the gamma-ray images extend from -180mm < z < 180mm, and are generally not
Gaussian over this entire range. In my approach, I assume the z-bin with the most counts
is the centroid of the distribution. From there, I set the left- and right-bounds as the first
and last bins with at least half the maximum counts, respectively. I then extend the range
by two bins to either side. In special cases where the peak is very wide or very far off-center,
the FWHM may not be entirely contained in the imaging range. If we have at least half of
the peak, though, we can reflect it about its center to get a full peak to fit to. Otherwise,
the fit just uses the entire imaging range. Note that negative-count bins are set to 0 counts.

Lastly, choice of binning can also significantly affect the fit. For example, using
overly-wide bins may produce overly-wide FWHM’s. Overly-narrow bins will result in a
sparse counts vector that obscures the shape of the source distribution. I chose to use David
Scott’s 1979 “rule of thumb” [19], wherein the number of bins used to histogram data is
approximated as:

Npins = 2(2Npts)1/3 (A121)

where N is the number of samples to be histogrammed and N, is rounded up to the
nearest integer.

A.10 Source Code

I developed a C++ program called AnalysisTool specially for this project, from which I drew
most of my calculations. My work also relies on a series of Octave and Python scripts for
data interpretation and plotting.

AnalysisTool is a stand-alone executable written in C++. It depends on both the
C++ standard library as well as well-known Boost library [2]. The executable provides a
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command-line interface for many common tasks, including gamma-ray imaging with both
main imaging methods, and using either measured or simulated GRETINA track data. There
is also simple macro functionality by which a series of commands can be automated. However,
the tool is far from complete. Given more time, I would like to redesign AnalysisTool with
a GUI, multi-core support, and a more-unified set of features. As is, the software has
been built over many years and would benefit from greater standardization. Many features
simply spit out text files for use with an Octave or Python script. I also have yet to write
up comprehensive documentation.

The full source code used in this project is well over 1 MB, and would require a
few hundred pages to print. Instead, for those for are interested, please download the source
archives here: https://drive.google.com/file/d/0B9vcljsiW]jvamlFcVZwN1VZTXc/view?
usp=sharing

If you would like to use AnalysisTool, the best way would be to contact me directly
for instructions. (I can be reached at rdcrabbs@gmail.com.) I am happy to help you get
started.


https://drive.google.com/file/d/0B9vcljsiWJjvamlFcVZwNlVZTXc/view?usp=sharing
https://drive.google.com/file/d/0B9vcljsiWJjvamlFcVZwNlVZTXc/view?usp=sharing
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