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ABSTRACT

The viability of 3-D position sensing CdZnTe (CZT) semiconductor, high-resolution,
gamma-ray spectrometry imaging systems have impacted a wide array of nuclear applications. The
high performance of CZT at room temperature (<1% FWHM at 662 keV) and position sensing
capabilities allows for high fidelity Compton imaging applications for 3-D event reconstruction of
radioactive sources. Current improvement in this technology has allowed for research in its
application of high-flux and high energy (>1 MeV) gamma ray scenarios, particularly prompt
gamma ray detection and imaging for proton beam radiotherapy.

Proton therapy is proving to be an advantageous treatment option for cancerous tumors, as
the charged particle has a finite range which can aid in sparing at risk organs from unnecessary
dose. However, uncertainty arises in determining the absolute range of the proton within a patient.
This uncertainty can be detrimental in the treatment planning for radiation oncologist, as the safety
margins around the treatment volume must be well understood, to spare healthy organs that could
be at risk due to their proximity to the tumor. Therefore, real-time range and dose verification is
sought after, as it is vital in capitalizing on the advantages of proton therapy safely and effectively.

This work presents the use of a digital and analog application-specific integrated circuits
(ASICs) CZT systems and their feasibility in the detection of the prompt gamma rays that are
emitted from high-energy proton beams incident on various low Z targets. Through simulation we
study the spectral features of proton beam interactions in bone equivalent plastic, high density
polyethylene, and normal tissue targets and correlate these features to data retrieved experimentally
from high density polyethylene targets used for irradiation measurements.
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The list-mode maximum likelihood expectation maximization (LM-MLEM) image
reconstruction method is used to develop an ROI (region of interest) MLEM approach to mitigate
the effects of noise artifacts in the image space and computational expense, by truncating the image
space used for image reconstruction.

This work intends to provide an imaging approach via ROI-MLEM to proton beam range
verification (PBRV). ROI-MLEM capabilities are tested by imaging gamma-ray sources with
emission energies below and above 1 MeV and has shown to be able to separate sources to the
order of a centimeter with sub-millimeter pixel resolution. The limitations of imaging are studied
by understanding the detection limitations of the CZT systems employed for experimental analysis
in this work. The S400X, M400, and H3D-J systems, all CZT detector systems provided by H3D
Inc. are assessed in their performance of high energy and high-flux gamma ray detection. Proton
beam measurements with the M400 and H3D-J systems are used for prompt gamma-ray imaging
analysis of the 718 keV photon and the 4.44 MeV photon, both emitted from carbon-proton
interactions in the plastic target. The imaging analysis of these photons show the current state of
CZT and ROI-MLEM performance and the possible reasons for uncertainty in the beam range
estimation. Lastly, we discuss the considerations of CZTs limitations and advantages in this
application and the potential for improvement in both detection and imaging. This work intends to
provide an introductory assessment of CZT’s use for PBRV, with the future goal of achieving
millimeter accuracy in determining the Bragg peak location of the proton beam from prompt

gamma ray imaging, in real time.
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CHAPTER |

Introduction
1.1 Compton Imaging

Photons, or x-rays and gamma rays, have a long history of being particularly useful in
visualizing unseen objects through probing methods and identifying those that are radioactive
through their emission. In this text we focus on the gamma-ray, which is emitted from the nucleus
of an excited atom or a radioactive isotope. The gamma-ray can undergo mainly three types of
interactions: photoelectric absorption, Compton scattering, and pair production, all of which has a
dependency on the energy of the photon. Of the three methods, the Compton scattering mechanism,
named after Nobel Prize (1927) winner Arthur H. Compton, can provide a method of using the
angular information between each scatter site of the photon to infer an estimate of its originating
location[1].

A photon with an initial energy of Eo interacts with an electron, transferring part of its energy
to the recoiled electron (E1), and then scattering away with some residual energy, E», at an angle 6
as shown in Figure 1.1.

With the initial energy, Eo, and the scattered photon energy E», the deposited energy, E1, can
be obtained from simple subtraction. Thus the scattering angle can then be calculated using the
Compton scattering formula,[1]

Mmec?E;

cos(0) =1— EoE, (1.2)




employing the rest mass energy of the electron, mec?.

Figure 1.1: Gamma-ray Compton scattering interaction with an electron at rest.

If the scattered photon goes on to be photoelectrically absorbed at some location, knowing the

positions of this absorption site, P(ﬁ), and the location of the first interaction with the electron,
the direction of the incident photon can be contained to the surfaces of the Compton cone provided
some uncertainty from the position estimate of each interaction site. Figure 1.2 shows the estimated
Compton cone that provides a Compton ring of the possible incident photon’s originating location.

Using the directionality provided by the Compton ring allows us to reconstruct the source
distribution in space as a radiation image via Compton imaging.

Detecting photons for Compton imaging has long been used to describe the nature of radiation
in space and was first described by Lale in 1959 in a medical application, inspiring work for
Compton scatter radiography using x-rays [2], [3]. Compton imaging has gone on to prove to be
useful in a wide array of applications, especially medically, in practices such as PET (positron
emission tomography) and SPECT (single photon emission computed tomography) imaging [4]-
[7]. Various systems have also been employed for non-destructive assay of materials which probes

an unknown material via the collection of back scattered photons from a photon emitting source
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and detection system to one side of the intended target [8], [9]. Coded Aperture Imager (CAI),
pixelated Compton imagers, and Compton telescopes which employ multiple layers of the
detection medium to record multiple scatters and the absorbing interaction in the last layer, are all
attractive modes of Compton imaging that employ unique mechanisms to record the Compton

interactions for imaging in applications such as astrophysics [10], [11].

Figure 1.2: A Compton cone reconstruction from two interaction sites of the incident gamma
ray as depicted in Figure 1.1. The first interaction occurs at the position where the deposits E1
to the recoil electron and the second interaction is where the photon is absorbed depositing the
rest of its energy, Eo.

The challenge in each domain has consistently been the assay of high energy photons whose
probability of Compton scattering wanes as its more likely to undergo pair production which skews
the Compton ring estimate.

In the Orion research group, great strides have been made by past researchers in the realm of
Compton imaging. For example, Zhang et al. demonstrated that 3-D position information of

multiple gamma-ray interactions in a single semiconductor pixelated CdZnTe detector, can be



ascertained by measuring the drift time of the recoil electron clouds with an improved application-
specific integrated circuit (ASIC) design [12]. Lehner et al shows the capability of 4n Compton
imaging, achieving less than 30° angular resolution, imaging 662 keV photons emitted from a
Cesium-137 source using a single CdZnTe crystal detector (15 x 15 x 10 mm?) [13]. Xu and Chu
have both worked on the advancement of imaging algorithms for CZT detection specific Compton
imaging problems, developing methods such as LM-MLEM (list-mode maximum likelihood
expectation maximization), FBP (filtered back projection), EIID (energy imaging integrated
deconvolution) [14], [15]. Whereas other researchers such as Goodman and Jaworski demonstrated
various applications of Compton imaging in a wide array of scenarios, such as moving sources,
and shielding material identification [16][17]. Most recently, Shy developed methods to mitigate

noise artifacts from super MeV photons in Compton imaging[18].

1.2 Motivation and Outline of This Work

3-D position sensitive CZT has shown its capability to provide quick and accurate information
of radioactive sources in both position and energy, providing a means of imaging allowing for both
source localization and identification. Currently, research is pushing the bounds of CZT’s
limitations at high energies and under high saturation levels of extremely radioactive sources.

This work intends to show an understanding of CZT imaging and detection performance in the
arena of proton beam range verification (PBRV) for the use of cancer therapy.

PBRYV is a growing research field in medical physics, where the goal is to provide real time
analysis of the proton beam trajectory and dose profile within the patient. In doing so, uncertainty
in the dose distribution can be minimized potentially saving nearby healthy organs and tissue of

the tumor being treated via proton irradiation.



As the highly energetic proton travels through the patient, or any material, it can undergo many
different interactions with the atoms along its path, causing excitation of the nuclei along the way.
This excitation will lead to the emission of gamma-rays ranging in energy up to 15 MeV on an
average timescale of femtoseconds, we term these photons as prompt gammas (PG). The PG
emission of a standard dose pencil beam of protons can range anywhere from tens of thousands to
millions of photons per second, creating a very high flux environment. The job of CZT in this case
is to detect these photons, then image, and provide a means of correlating the PG emission to the
proton beam profile. The imaging analysis particular objective here is to estimate the Bragg peak
location with great precision, as this corresponds to the single point at which most of the dose is
deposited.

In this work we aim to provide a foundation in the understand of proton beam therapy and the
implementation of CZT for use in beam range verification. In chapter 2 we discuss the physics
behind CZT and the imaging model, along with the three CZT systems employed in this
foundational effort. Chapter 3 will then give a brief overview of the history of proton radiation and
therapy and some of the key physics behind the dose profile of the proton beam. Chapter 4 follows
the physics of CZT and proton therapy with the derivation of the imaging algorithm used in this
work, LM-MLEM. Here we will also discuss the development of ROI-MLEM specifically
designed to aid in overcoming some of the limitations of CZT in imaging high energy photons,
with high resolution in a timely manner. Chapter 5 follows up by using ROI-MLEM for two
methods of estimating the proton beam profile using two distinct PG emission photons from
carbon-proton interactions. The 718 keV photon and the 4.44 MeV photon are both PG that are
derived from two different modes of interactions between the proton and carbon nuclei (discussed

in Chapter 3) which could lend different information about the profile of our beam. Experimentally



the work takes a first order approach to difficulty focusing on single-pencil beam proton
irradiations of a homogeneous C2H4 plastic target. Chapter 6 discusses some considerations of the
limitations of CZT in the application of PBRV and areas where there is room for improvement
based on the findings in this work. Lastly, chapter 7 will summarize the efforts shown in this thesis
of using CZT in the application of PBRV via imaging prompt gammas and the many ways future

researchers can build upon the foundation provided here.



CHAPTER 11

Basis of CdZnTe Detection and Near Field Imaging

To obtain a precise estimate of the radioactive source distribution in space, whether it be
informative in the two-dimensional or three-dimensional frame, the detection parameters set for
locating the source must provide information that can be leveraged for calculating the originating
location of the incident gamma-ray. There are many materials employed today to detect and locate,
radioactive photon emitting sources such as, gas chambers, liquid or plastic scintillators, and solid-
state semiconductors[19][20]. For this work, room temperature operated, solid-state
semiconductor crystals, CdZnTe (CZT), are employed as the detection medium. The compact
design of pixelated CdZnTe based detection system allows for position-sensitive signal readout of
the energy deposition as the photons interact within the crystal[21]. The provided signal can be
further analyzed to estimate the origin of the photon via various imaging modalities.

The imaging space studied for the particular use in this work is in the near field of the detector
system, that is to say, the radioactive source is expected to be within range of the detector (< 1m
spacing between source and detection system for this work) such that the detection geometry needs
to be especially considered for image reconstruction. Thus, there are some assumptions that will

not stand given the nature of the photons being emitted from a source near the detection system.



2.1 Shockley-Ramo Theorem

The foundation of the Shockley-Ramo theorem is that the moving charge within a detection
medium induces charge on the electrodes of the detector and thus can be isolated and estimated
[22]. The theorem provides a simplistic way of theorizing pulse shapes of the induced signal, which
can provide information about the interaction location of the incident particle and the energy
deposited within the detection medium.

For a moving charge, g, the Shockley-Ramo theorem states that the charged induced on
the electrode, Q, is
Q = —q@,(x), (2.1)
where ¢, (x) is the unitless weighting potential profile of the negatively induced charged by the
moving charge carrier. The same could also be said for the current, i, induced on the electrode,
i=qv-Eqy(x), (2.2)
where v is the instantaneous velocity and E,(x) is the weighting field created within the detection
system between electrodes. The weighting potential and the weighting field define the potential
and field that would theoretically exist at the moving charge carrier with respect to the electrode
of interest.
The weighting potential can also be leveraged to have a profile driven by the detector

geometry and the specified electrode. Applying Green’s first identity allows for the follow

conditions:
E= —Vp(x) (2.3)
Boundary Condition 1: ¢4|; =0 (2.4)
Boundary Condition 2: V2@, =0 (2.5)



The first condition states that the electric field within the medium is the equivalent of the
negative flux of the weighting potential field. The following boundary conditions contain the
weighting potential to the volume of the of the detector. The first states that the weighting potential
at the surface of the detector is zero due to the grounding of all other electrodes. The second
boundary condition states that the volumetric flux of the weighting potential is equal to zero in the
case of no charge distribution within the detector. Both terms equaling zero allows for the
Shockley-Ramo theorem to be independent of space charge or externally applied bias. Employing
the Shockley-Ramo theorem is valid in the case of multiple moving charges in one medium. Thus,

the change in the charge induced on the electrode of interest, AQ, can be redefined as
Xy
AQ = fx ~aEodx == qleo(x7) — 9o (x|, (2.6)

where the change in the induced charge is independent of the electric field caused by the
applied bias voltage and space charges. Thus it is solely determined by the trajectory of the moving
charge carries relative to the specified electrode. Therefore, if the weighting potential is known for
a specific detector configuration the induced charged on any electrode can be easily calculated for

multiple moving charges, even in complex designs.

2.2 Detector Characteristics

The detection systems used in this work are based on cuboid, semiconductor, pixelated
CdznTe crystals. CZT detection systems have been historically employed as a gamma-ray
detector, as their large band gap of approximately 1.6 eV permits room temperature operation
allowing for electrons to be excited to the conduction band as radiation interacts with the medium
[19]. The CZT crystals used are approximately 22 x 22 mm? and are either 10 mm or 15 mm thick.

One of the square faces is a gold-plated planar cathode electrode and the opposite face consists of



an 11 x 11 array of anode electrodes. The signal from cathode and each anode electrode can be
individually read out using its unique weighting potential profile, as shown in Figure 2.1, provides
a means of determining not only the energy deposited but the location of the incident interaction
as well.

The number of electron hole pairs created as the electrons are excited into the conduction
band is proportional to the deposited energy of the incident photon. Coupling the energy deposition
proportionality with the pixelated design provides multi-dimensional information from the photon
interaction; energy, position (x, y, z), and timing. These characteristics of the detection design
allows for high performance and advanced applications of CZT in various experimental radiation

detection and imaging applications.

1

@(2)

Cathode

—Anode Pixel

depth (z)

Figure 2.1: Example of the weighting potential profile with respect to the cathode and a single
anode pixel.

With a high negative bias applied to cathode side of the CZT detector, the excited electrons
are steered towards a single pixel anode inducing their full charge on the collecting pixel and
transient charge on the neighboring pixels and cathode. The pixel anode that collects the full charge
signal provides cartesian information in the x and y direction on the location of the originating

interaction, with 1.72 mm pitch, or the size of the pixel. With the slope of the weighting potential
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of the cathode signal being a function of the thickness of the detector crystal, a ratio of the induced

signal on the cathode and collecting pixel anode provides depth of interaction information,

Q. nee(Z)
04  nge Z (2.7)

where no is the number of charge carriers and e is the charge of an electron. The charge induced
on the cathode is a function of Z or depth into the detector, and Qa is the charge induced on the

collecting anode pixel which is proportional to the number of charge carriers.

2.2.1 CZT Detection Systems Used in This Work

In this work, three different CZT detection systems are employed for gamma-ray detection
and imaging analysis. Each crystal is equipped with 121 anode pixels ina 11 x 11 array and a
planar cathode, allowing for 3-D position sensing and energy read out. Each system is provided
by H3D Inc. in Ann Arbor, MI [23]. More details about the basis of the design of these systems

can be found in [24] [25].

2.2.1.1 H3D-J system

Figure 2.2 shows the schematic and detector housing of the H3D-J (formerly called Polaris
J3) system which has two detection stages, each stage containing four modules, and within each
module there are four CZT crystals in a 2 x 2 array. The modules in the first stage are comprised
of crystals that are 2.0 cm x 2.0 cm x 1.0 cm and the second stage modules are comprised of
crystals that are 2.0 cm x 2.0 cm x 1.5 cm. This results in 64 total CZT crystals with a total active
volume of 320 cm?, the largest detection volume CZT array system built by H3D Inc for research

applications. The two detection stages are sandwiched together one on top the other with a 5 cm
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separation distance between them. H3D-J employs 16 independent readout analog-based ASICs

and uses a calibrated dynamic energy range of 50 keV to 3 MeV per detector pixel.

10 mm 15 mm
il ol ool o’]'o'-

Figure 2.2: H3D J system.

2.2.1.2 H3D M400

The M400 is a modular compact design system housing only four CZT crystalsina 2 x 2
array. Each crystal is 2.0 cm x 2.0 cm x 1.0 cm in dimension and employs an analog ASIC for
signal readout. The compact design of these systems allows for easy maneuvering and block-style
geometry building when using more than one system. They also provide the option to synchronize
data collection such that coincidence events can be recorded across multiple systems. The

dimensions of the M400 system shown in Figure 2.3 i1s 5.8 cm x 5.8 cm x 10.2 and weighs 1.3 Ibs.
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Figure 2.3: M400 detection system.

2.2.1.3 S400 X
The S400X system, shown in Figure 2.4, houses the same configuration of four CZT

crystals like the M400 system but utilizes a digital direct attached ASIC for signal readout.

Figure 2.4: H3D S400X system.
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This allows for a dynamic range energy calibration up to 9 MeV. Its outer design allows
for a permanent mounting of the detector and is more robust in comparison to the M400, with

dimensions of 9 cm x 15 cm x 21 cm.

2.2.2 Performance and Limitations

Continual research over the past 50 years have led to strides in the improvement of CZT
detection and imaging capabilities. Each of the systems described in this chapter have shown to be
able to achieve about 1.1% full width and half maximum (FWHM) resolution at 662 keV.
However, the majority of the CZT detectors developed in the Orion Research Group at the
University of Michigan boasts a FWHM resolution of less than 0.5% [26].

Both the S400X and the M400 models allow for on-the-fly processing of all data collected,
whereas the H3D-J system requires post processing to separate and filter the events. The timing
resolution of all the systems are quoted as less than 500 ns. However, the digital ASICs employed
in the S400x systems are about an order of magnitude slower than that of the analog ASICs
employed in the M400 and H3D-J systems. The timing resolution of these systems can allow for
high-activity source detection, processing events on the order of 10,000 (digital) to 60,000 (analog)
cps (counts per second).

For imaging purposes, the spatial resolution of these system is a vital aspect. The analog
readout ASIC system’s spatial resolution is limited to 1.72 mm in both the and X and Y direction
which is the pitch of a single anode pixel. This spatial resolution is three times larger than the 0.5
mm Z axis depth resolution. To improve upon this, the digital ASICs can provide sub-pixel
position sensing techniques [27]. This is achieved through analysis of the signal recorded from the
transient signal induced on the neighboring pixels surrounding the collected anode pixel.

Measuring the charge induced on these neighbor or non-collecting pixels is optimized through
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digitized signal processing, pushing the spatial resolution within a pixel to 300 um at 662 keV
[28]. Thus, where the digital ASICs are hindered by timing, they provide a superior spatial

resolution, when subpixel sensing is enabled, in comparison to the faster analog ASICs.

2.3 Near Field Imaging Model

Defining an imaging model will provide a base for solving any imaging problem that
correlates observation data with ground truth information. It is typically impractical to derive an
image directly without the collection of observations or measurements, provided a detection setup.
Thus the relationship between the expected observation and the final image can be represented in
matrix notation as follows:

vy = Tf, (2.8)
where f is the image vector of length J, such that j € {1, 2, ..., J}, ¥ is the expected observation
vector of length I, where each element is a recorded observation event, y; = y[i]. To provide a
correlation between the expected observation and the final image, f, the system matrix T, is
segmented into | x J system matrix of elements, tjj. Thus the matrix form of this general imaging

model will look like such:

71 tipn tiz e tigm1r ty [ hA
V2 b1 t22 o tyj-1 Uy f2
o P T A 2.9)
Yi-1 ti-11 ti-12 o ti—iy-1 t-ng | [fi-1
Vi tip tiz ety Ly f

The system matrix is a convolution of the parameters describing both the detector setup
and the experimental probability of obtaining the expected observation. For the purposes of
deriving an observation, from each event, i, in Compton imaging, each event will also hold a set

of parameters describing the event within the system matrix:
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where E and R represent the energy and location of each interaction, m, respectively, for that event,
i. Thus, for Compton imaging, tij, is the probability that the event, i, can be emitted from the image

element, j.

2.3.1 Source Distribution in a Near Field Imaging Space

For practical computation, it is suitable to use a discrete or pixelated imaging space to
characterize the source distribution, which is the expected number of photons emitted over an area.
This allows for our image vector, f, from Eg. 2.8, to become a function of the source distribution,
such that,

fUl = f(xp), (2.11)
where ¥; is the position of the source value, or intensity at the j-th image pixel, where j € J.

There are a number of ways to define the image space to best suit the problem and detection
setup. Most commonly, a spherical or cartesian coordinate system is used for localizing radioactive
sources. Either system can be employed for 2-D imaging, and it is more feasible to employ the
cartesian system for 3-D space imaging. Each method has their strengths and conditions before
being employed for specific imaging problems [14]. In this work specifically, a 2-D spherical
coordinate system is employed for imaging of sources within close proximity of the detection
system, or near field.

Near field imaging implies that the distance between the source being observed and the
detection system is too small to assume that that the distribution of the photons attenuation into
the detector is uniform. In a far-field scenario the space between the source and detection system

is large enough such that the detector can be treated as a point detector. This difference in imaging
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space with respect to Compton imaging corresponds to how we define the origin, or the vertex, of
the Compton ring and how it is back projected. Under far-field approximations one can set the
vertex of all reconstructed Compton cones to the center of the detection geometry. However, in
the case of near field imaging this simplification does not hold, and the vertex of each Compton
cone must be centered to the point of origin of the first interaction of each event as seen in Error!
Reference source not found.Error! Reference source not found..

Setting the vertex of each event to the location of its first point of interaction will account
for the attenuating effects of the detector near the source and correct for the depth of each
interaction within the detector volume. Since near field imaging corrects for the originating
interaction location within the detection medium the radial extent of the 47m spherical imaging
frame must also be set as a focus distance such that the imaging frame intersects the source’s true

location.

2.3.2 Performance and Limitations

When employing a 2-D spherical coordinate system for near field Compton imaging the
blurring or noise associated with the image reconstruction will be affected by the radial distance
set as the extent of the imaging frame between the source and the detector. As the imaging frame
deviates from the true distance between source and detector, this blurring effect will also hinder
the position or location estimate of the source in the azimuthal and polar directions as wellFigure
2.5 compares the spread of the source distribution and position estimate of the same Cs**’ check
source data taken with the M400 detection system with a 30 cm separation distance, at varying

focus distances and using a far field approximation.
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For this measurement, the Cs'®’ check source is placed near the center of the detection
system and expected to be imaged at 90° in both the polar and azimuthal directions, corresponding
to a (0,0) x-y coordinate in the cartesian frame. Figure 2.6 shows that when the focus distance is
set properly (at 30 cm) the angular resolution is near its peak and allows for a more precise estimate

of the source’s true location in comparison to other radii set for the imaging frame.
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Figure 2.5: 2-D 4m image reconstructions of a Cs**’ check source at varying image frame
radii.
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Figure 2.6: 1-D profiles along the peak intensity in the (a) azimuthal and (b) polar directions

of each image reconstruction shown in Figure 2.6. The dotted black line represents the true

source location. (¢) FWHM versus image frame radius.
It is also possible to back project Compton rings onto a 2-D cartesian space or into a 3D cartesian
space rather than a 4x sphere for near field imaging. A 2-D cartesian space is often preferred for
near field imaging since the detector’s geometry plays a considerable role. Since the vertex of each
Compton cone reconstructed possess 3-D information about the event location, the back projected
cone can be viewed in a 3-D space, as presented by Xu [29]. Using fundamental trigonometry, the
azimuthal, and polar positions of the source distribution can be converted to cartesian coordinates

further compensating for the change in solid angle of the angular bins or the pixel sizing and shape

over a spherical imaging frame, where the cartesian coordinates are equal to:

x =1 cos(0)sin(¢) (2.12)
y = r sin(0)sin(¢) (2.13)
z =1 cos(¢) (2.14)

where ¢ and 8 represents the azimuthal and polar coordinates of the vertices of each pixel,
respectively and r is the distance between source and detector, or the radius of the imaging
sphere.

A 3-D imaging frame can be advantageous as it provides a depth perception of the source’s
distribution as well, which can provide a more accurate description of the source’s shape and

extent. However, this approach demands more storage space and computational time in both the
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cartesian and spherical coordinate system. It is also worth noting that to an untrained eye, the blur
of the Compton rings in a cartesian coordinate system, especially in a 3-D space, can be difficult
to interpret and may lead to confusion about the source’s true distribution in space if not properly

accounted for or reduced via filtering or iterative methods for noise reduction.

2.4 Imaging Reconstruction Modalities or Methods

Compton imaging can be carried out using several different reconstruction methods.
Classically, there are two different classifications of reconstruction algorithms: (1) inverse or direct

reconstruction methods and (2) iterative methods.

2.4.1 Inverse Reconstruction Methods

Of the inverse methods, the naivest method is simple back projection (SBP). Simple back
projection is a widely used imaging tool as it is computationally efficient, providing both speed
and an adequate level of accuracy. As briefly described in Chapter 1, the Compton angle for each
event is calculated based on the first scatter in the detector providing the half-opening angle of the
Compton cone and the lever arm drawn between the first and second interaction provides the
general direction of the incident gamma-ray. In SBP, each Compton cone is back projected to the
desired imaging frame, where only the rings of the cones are seen in the final image. SBP
reconstruction sums the back projected rings on the imaging surface, and with enough overlap or
summation of the rings, the source estimate is improved, as shown Figure 2.7. Complete derivation

and further details of this method can be found in the following references[10], [11] ,[12], [30].
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Figure 2.7: SBP reconstruction of increasing number of Compton rings. Note the improvement
of the source location with increasing overlap of events.

To take the inverse method, SBP, a step forward, filtered back projection (FBP) can be used
to overcome the inherent limited resolution of SBP, assuming there is associated Gaussian noise
accounting for the uncertainty of detecting the observation. FBP is used to deconvolve the point
spread function (PSF) or blur introduced by the uncertainty of the detection system, thus improving
the resolution of the reconstructed images [31]. However, FBP requires a filter that appropriately
models the point spread function of the system, which can be a challenge. For image reconstruction
with CZT systems, a Weiner filter is applied to minimize the mean square error during the inverse
process. The following references provide detailed derivation of the FBP reconstruction algorithm

[10], [18].

2.4.2 Iterative Methods

For many imaging problems a direct reconstruction may not be the ideal imaging modality,
especially in source estimation that utilizes Poisson data. Iterative reconstruction methods can
achieve an accurate description of the source estimate and often provide a higher image resolution

in comparison to the direct methods. Maximum Likelihood Expectation Maximization [14], [15]
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[33], Order Subset Expectation Maximization [14], and Energy-Imaging Integrated Deconvolution
[15], [34] are all iterative methods that have been fully implemented in the Orion Research Group.

Although iterative reconstructions can produce high resolution images and are widely used in
Compton imaging applications, they can often be computationally expensive. To achieve
maximum accuracy and resolution in the final image the data set provided to the algorithm must
be iterated over to provide some statistical improvement via noise reduction or estimate
enhancement. To do so the system matrix or data bank must be stored in memory for the duration
of the processes, which can be computationally consuming. A complete derivation and detailed
description of list-mode Maximum Likelihood Expectation Maximization (LM-MLEM) is
provided in Chapter 4 of this text, in which the list-mode attribute allows for the system matrix to
be created in step with the algorithm, saving some computational expense in both speed and

storage.
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CHAPTER 111

Proton Radiation and Therapy

3.1 History of Hadron Therapy

Hadron therapy, often termed “ion beam therapy”, uses fast hadrons or subatomic particles,
that can undergo strong interactions, for clinical radiotherapy. Hadron therapy was developed to
obtain a better dose deposition profile when compared to x-rays used for conventional radiotherapy
[35] [36]. In the last 60 years, many milestones have been achieved in the advancement of the
technology and applications of hadron therapy. Much of the success of hadron therapy is in part
due to: (1) the development of rotating gantries, delivering the clinical beam to the patient at
different angles, (2) the development of scanning beams, used to precisely radiate a tumor’s full
geometry, and (3) their unique dose profile which has a finite stopping point, corresponding to the
location of the largest dose deposition along its path, thus mitigating any associated exit dose, as
seen in standard x-ray radiotherapy.

The first hadrons used in radiotherapy were fast neutrons in 1936 published by J. Lawrence
et. al and were used clinically in 1938, treating patients using a 37-inch cyclotron accelerating
deuterons up to 8 MeV [37]. Boron Neutron Capture Therapy (BNCT) is another technique that
utilizes epithermal to thermal neutrons by using a radiotracer that allows for the boron compounds
to accumulate in the tumor. When the low energy (0.025 eV) neutrons hit the *°B nuclei in the

tumor they are absorbed by the boron atoms which emit alpha and lithium, ’Li, ions which have
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very short tracks and very high LET (linear energy transfer) [38]. The energy released by the
emitted ions are confined to the tumor controlling the breakdown of the cancerous tissues.

Neutrons have shown to be particularly useful in attacking radio-resistant tumors or tumors
that did not respond to standard x-rays. However, neutrons are difficult to collimate and have an
unfavorable depth-dose distribution and for that reason are typically not used clinically [39].

In 1946 Robert Wilson introduced highly accelerated protons to hadron therapy after
realizing that the depth-dose profiles of the protons in matter have a significant increase at the end
of their range, or in their “Bragg peak” [36]. Today, both carbon ion and protons have been the
forerunners in hadron therapy as they both provide advantageous dose-depth profiles and are
capable of effectively irradiating x-ray resistant tumors. Although carbon and other light ions have
the advantage of a finite dose range, the growth of dedicated clinical facilities was much slower in
comparison to x-ray therapy. The reason for the slow growth of hadron therapy is the cost and
scale of medical proton accelerators [40]. For x-ray therapy of deep tumors, it is enough to
accelerate electrons up to 10 MeV, whereas protons must reach an energy of at least 200 MeV for
the same range [39]. The energy requirements and magnetic rigidity of steering a massive number
of heavy protons (1832 times heavier than electron) causes a typical proton gantry to be about 5-
10 meters long and weigh about more than 20 tons, like the proton gantry used at the University
of Florida’s Proton Therapy Institute in Figure 3.1 [41]. The weight and size for a carbon ion gantry
to achieve the same requirements, is only scaled up, which are typically four times heavier, as

carbon ions are 12 times heavier than the proton.
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Figure 3.1: Illustration by the University of Florida Proton Therapy Institute of the cyclotron
used to accelerate hydrogen atoms for use in three separate gantries.

As of today, over 170,000 patients have been treated using proton therapy and over 10,000
using carbon ions. Newly developed cyclotrons, such as the seven-meter diameter 250 MeV
synchrotron built by Fermi Lab, have led to enormous strides in the number of clinical practices
of hadron therapy for various cancers [42][43][44]. The Fermi cyclotron is one that introduced
adjusting the angle of the beam’s trajectory and scanning beams, which actively covers the tumor
volume with “spot” or “raster”’ scanning of multiple beams. Compared with photon therapy, hadron
therapy technology and underlying physics provides the benefit of reducing the volume of
irradiated normal tissue and improvement in the defining the target area, as shown in Figure 3.2
which compares a standard x-ray treatment plant with that of a proton therapy treatment plan for

the same tumor geometry [45], [46].
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Figure 3.2: Treatment plan comparison using proton beam therapy (left) and x-ray therapy
(right) for gastric cancer, studied by Dionisi et al.

3.2 Proton Beam Radiation

Proton beam radiation therapy (PBRT) is one of the latest types of radiotherapy, which
has shown a satisfactory curing effect, especially for pediatric cancers [40]. The high energy
protons can penetrate skin and tissue, undergoing a slowing down process as it interacts with the
matter through nuclear scattering interactions and ionization. The point at which the proton rapidly
and locally deposits the most amount of energy per a differential path length is referred to as the
Bragg peak, detailed in section 3.2.2. This unique feature of the dose distribution of protons gives
this radiotherapy technique an advantage over traditional photon therapy which has an associated
exit dose as the photons leave the patient before full attenuation, leading to the irradiation of
normal tissue along its path past its intended target location. The ability to spare nearby healthy
tissue and have a conformal dose distribution is the highlighting feature of PBRT [47][48].

However, there are significant physical factors of PBRT that can hinder the reliability of

this form of radiotherapy. The relative biological effectiveness (RBE) of proton therapy is typically
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low, except at the end of the particle range. In practice, a fixed RBE value of 1.1 is used [49]. Yet,
due to the true nature of the dose distribution of the proton beam drastically changing near the end
of its track causes uncertainty in the RBE as the RBE should change along the proton’s path with
the increasing dose at the Bragg peak. The uncertainty in the RBE leads to uncertainty in the
effectiveness of the dose delivered to the specified region over time. Also, the uncertainty in the
range of the beam delivered during treatment can lead to the beam undershooting or overshooting
the tumor, resulting in a geometrical miss of the tumor and the delivery of excessive dose to
adjacent healthy tissues and critical organs that could potentially be at a health risk due to their
proximity.

To mitigate these limitations of proton radiotherapy, effort has been placed in developing
methods to measure the proton beam range during the treatment process based on the information

acquired from the photons emitted during proton interactions within the patient [50][51].

3.2.1 Proton Interactions with Matter

Accelerated protons can interact with matter through various mechanisms in which the
proton collides with either the orbital electrons of an atom or its nucleus. Coulombic interaction
with the bounded electrons of the atom, nuclear reactions, and Bremsstrahlung processes can all
take place, however Bremsstrahlung at therapeutic energies is nearly negligible [52]. Majority of
the highly energetic protons will travel a nearly straight path as it loses energy typically to inelastic
interactions with the atomic electrons which does not cause much deviation to the protons path, as
it is much heavier in comparison to an electron. However, there are instances where the proton can
be deflected by the large mass of the nucleus when passing close by, or the proton can undergo

nuclear reactions with the nucleus, both of which can cause the proton to deviate from its intended

27



path or be absorbed altogether. Figure 3.3 illustrates the basic modes of interactions that the proton

will likely undergo in a therapeutic scenario.

(a) Ionization (b) Elastic Scattering (c) Inelastic Scattering (d) Nuclear Absorption

Figure 3.3: Illlustrations of proton interactions: (a) lonization of the target atom through

Coulombic interactions, (b) Elastic scattering due to the repelling forces of the atomic nuclei

and the proton, (c) Inelastic scattering causing secondary particle emission, (d) Nuclear

absorption of the primary proton. (p = primary proton, e= electron, n = neutron y = gamma ray,

a = alpha particle)
3.2.2 Bragg Curve Characterization

As the proton undergoes nuclear interactions within a patient, the proton loses energy until

its only mode of interaction is ionization with electrons near the end of its track. A proton will
typically reach this state at about 100 keV, leaving little energy for the proton to travel much
further, thus the maximum differential energy loss will be localized to this point. This slowing
down process or bombardment of the proton can be theoretically described as the energy loss rate
or the linear stopping power, S, which is defined as,

where dE, is the differential energy loss along the differential path length, dx. It is
convenient to define the energy loss rate as independent of the mass and as a function of the
average beam intensity and not a single particle. The stopping power of light ions or particularly,

protons, is usually calculated under the following assumptions: (1) the light ion is moving much
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faster that the target atoms, and more specifically, the electrons; and (2) the ion is much heavier
that the target electrons.

The linear stopping power can be further developed to characterize the stopping power of
a light ion beam within a homogenous medium, i.e. water, tissue, or bone, which is ideal for most
dosimetry problems. However, to characterize the proton energy loss for a specific therapeutic
case, the energy loss rate equation becomes more complex and thus poses a challenge in
approximating the true nature of the continuous slowing down or energy loss of the energetic
particle.

The energy loss rate for an accelerated beam can be described using various formulas to fit
the problem in question. The following approximations only consider the energy transfer from the
projectile to the medium via continuous bombardment of the particle in motion, thus the statistical
fluctuation or straggling of the residual energy over its path, E(x), is not considered. Described
here are three different methods increasing in complexity thus increasing in accurately describing
the nature of a proton beam in any medium. The first is a function of mass density or the “mass
stopping power”, secondly, the Bragg-Kleeman Rule (BKR), and lastly the Bethe and Bloch
formula.

The mass stopping power formulates the energy loss as a function of the mass density, p,

of the absorber material,

dE (3.2)

S(p) = T odx

This model is simple in approach but defines the differential energy loss of the ion as a
function of the absorber material and assumes that the target is a homogeneous material. This

approximation would not be the ideal choice for depicting the true energy loss and range of the
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proton, since the energy loss of ions passing through matter could be a function of both nuclear
stopping (ion-nuclei interaction) or electronic stopping (orbital electron-ion interaction) as dictated
by Bohr [53]. Both modes of stopping will have different effects on the energy loss and trajectory
of the proton and should be accounted for.

The energy loss rate formula based on the BKR was originally derived for alpha particles

but provides an accurate description of the proton energy loss as well [52],[54],

sy = —E L 4pi
) R T (3.3)

where p is a constant that accounts for the dependence of the proton’s energy on its velocity and
A is the absorber material coefficient. Both constants can be derived by fitting to ranges derived
from Monte Carlo based simulations or experimental data. The absorber material coefficient can
be described using the following equation,

1
pap’ (3.4)

A=
which is a function of the absorber’s density, p, the proton’s velocity constant, p, and a, the material
derived constant from measurements or theory. The stopping power, S, is typically given in units
of MeV-cm?/g, where p unitless, and A, having units of cm?/g.

Lastly, the Bethe-Bloch formula is a more physically accurate description of the slowing
down process of the proton in a uniform medium by solely accounting for the ionization processes,
ignoring any energy loss by nuclear reactions with the target nuclei, as the dominant mode of

interaction is the electronic stopping. For complete derivations, the following references are

suggested [55], [56]. The Bethe-Bloch formula is described here as,

s = =) = () )| (B2 20 F] 9

where:
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Na = Avogadro’s number

p = density of the absorber material

0 = density correction

Z = the atomic number of the absorber material

e A = atomic weight of the absorber material

e re = classical electron radius

e C = electron shell correction

e | = average excitation potential of the material atoms
¢ = speed of light

e Zerf = the effective charge of the particle
e [ =v/c wherev is the velocity of the proton
o y=INIH)

The energy loss rate according to Bethe-Bloch is thus directly proportional to the electron
density of the absorber material and the velocity of the projectile. The electron shell and density
correction factors involve relativistic theory and quantum mechanics, which become significant at
very high or very low proton energies, which is absorber material dependent. Many have
completed experiments and simulations to give accurate corrections for various high energy light
ions stopping power for specific target mediums. See the International Commission of Radiation
Units and Measurements (ICRU) Report-49 by Berger et al. for a complete article on stopping
powers and ranges of protons and alpha particles [57]. Andersen and Ziegler also provide an
extensive study for the proton specifically [58].

Ziegler et al developed a software package SRIM — Stopping and Range of lons in Matter
that utilizes the Bethe-Bloch formula to derive the stopping power and theoretical range of light
ions, most notably, H, He, and Li [59]. Figure 3.4 plots the stopping power as a function of proton

energy in water, tissue, and bone, using SRIM-2010.
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Figure 3.4: Mass stopping power and projected range curves calculated for three different

materials. Bone equivalent plastic (solid line, p=1.83 g/cm?), Polyethylene (dashed line, p =
0.97 g/cm?), Tissue (dotted line, p=1.03 g/cm?®)

The comparison of the electronic mass stopping power to the logarithmic range of the
proton as a function of increasing energy shows that that the trend is nearly the same for all three
materials peaking at energies around 100 keV. The projected range profiles show a linear
relationship between the logarithm of the proton energy and range. Thus the calculation of the
proton’s range can be described as a power law given some correction factor for the material [60].

Plotting the specific energy loss or stopping power of an accelerated proton in some known
material, is referred to as the Bragg curve. The Bragg curve is also a very accurate description of
the dose deposition of the central axis of a proton beam, following the beam’s nearly straight
trajectory until coming to rest._At this rest point, the dominant mode of interaction is ionization in
this concise location and the proton abruptly loses the rest of its energy. The Bragg curve can then

be converted to dose and used to display the dose deposited by the proton within the target or
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patient over its entire trajectory. Figure 3.5 shows a theoretical Bragg curve for a 100 MeV proton
beam in polyethylene.

This theoretical Bragg curve applies to the central axis of the beam however, in practice,
not all protons will lose their energy the exact same way. Thus, there is expected perturbation
about the derived Bragg curve profile. There are specific regions of the proton’s Bragg Curve that
will deviate from its theoretical stopping point as there are protons that will deviate from the nearly
straight path due to the random nuclear processes. The following subsections will briefly describe
those regions of interest along the Bragg curve and the uncertainty in these regions and other

variations of the Bragg curve for tumor specific irradiation.

Stopping Power [MeV/mm)]

5 . . N
20 40 60 80 100

Depth (mm)

Figure 3.5: Theoretical polyethylene (density = 0.97 g/cc) Bragg Curve for a 100 MeV proton
beam.
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3.2.2.1 Bragg Peak

The Bragg peak signifies the differential depth where the largest amount of energy is
released by the proton. Before this point, the high energy proton has given off a large portion of
its energy before it reaches the Bragg peak range, around 1-2 MeV, thus losing the rest in a very
short distance. The width, location or depth into the target, and height of the peak are all features
that depend on the proton stopping power and energy uncertainty. The Bragg curve and peak are
one-dimensional attributes describing the average energy loss of the proton beam along its central
axis. However, due to the random interactions of each proton in the beam, the Bragg peak will
have some spread radially and laterally about the beam central axis. The depth at which the Bragg
peak occurs is very near the end of the beam’s range but there are still residual ions that extend

slightly beyond this point.

3.2.2.2 Distal Fall off Region

The distal fall off region of the Bragg curve extends from the Bragg peak depth location.
The width or the extent of this region is not constant for proton energy or material and possibly
depends more on the random fluctuations of the proton interactions than the rest of the Bragg
curve. The distal fall-off ends where the stopping power or dose falls below a set threshold value,
i.e. %1 of the max dose. This region corresponds to the residual energy left past the Bragg peak

until the complete stop of the proton beam.

3.2.2.3 Range and Straggling

Due to the natural randomization of the nuclear processes the proton can encounter, we do
not expect each proton in a therapeutic beam to travel a straight path for its projected range. For
the most part, we assume that the slowing down of the beam is a continuous smooth process,

neglecting slight deviations in the trajectory by focusing on the beam and not the individual
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particle. Although the assumption is valid, summing these small aberrations from the random
bombardment of each proton will lead to variations in the range, the energy loss rate, and the
angular projection of that proton along the beam path. all of which can be termed as straggling.
Straggling is the accumulation of many small stochastic fluctuations in the energy loss of the
proton beam.

The range of the proton is defined as the distance traveled until the proton has lost all its
energy, the proton comes to rest and no further dose is deposited. The mean range, R, of a proton

can be approximated by integrating the reciprocal of the stopping power[61]

— P 1 d
R—L 05) E. (3.6)

Equation 3.6 shows that given an initial energy, Eo, the mean range is the depth at which
50% of the protons come to rest. Energy and range straggling heavily influences the shape of the
proton Bragg curve and thus the fluctuation in the range. The energy straggling of each individual
proton will alter the stopping point or range of that proton, contributing to the uncertainty of the
projected Bragg peak for a monoenergetic beam. Several authors have shown that the energy
straggling can be approximated to a simple power rule that gives the sigma as a function of the
theoretical proton beam range; for example Chu et al describes the sigma as,

or = kR (3.7)

where R, is the range in water, in centimeters, for a monoenergetic proton beam, k is the constant
of proportionality, and m is empirically determined for the absorber [62].
Figure 3.6 shows the trajectory of 1E6 protons with an initial energy of 100 MeV and the

calculated range and straggle longitudinally, laterally, and radially about the singular beam in a
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high-density polyethylene target (p= 0.97 g/cm®) using, the SRIM extension Transport of lons in

Matter (TRIM), SRIM/TRIM-2010.

10W STATS_ Range _Stlaggle
Longitudinall 74 0rmm| 991 um

Lateral Proj.| 875 um| 1.30 mm

Radial . 1.37 mm 1.18 mim

in Polyethyl

=]
E

— Target Depth —

Figure 3.6: TRIM simulation of 100 MeV protons in polyethylene and the associated mean
range and straggle of the beam intensity.

3.2.2.4 Spread-out Bragg Curve

With technological advancement in therapeutic proton beams, the depth-dose distribution
can be modified for volumetric specifications. By intentionally modifying the Bragg peak location
of each proton beam the summation of many singular beams can provide a 3-D region of maximum
dose deposition. Clinical systems can either raster a modulated beam back and forth or
magnetically steer very radially small beams with varying energies to extend the Bragg peak region
and dose over the desired volume. Figure 3.7 gives an example, from Liu and Chang, of a spread
out Bragg peak (SOBP) which can also experience the hills and valleys depending on the

technology’s method of spreading the dose [47].
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Figure 3.7: Cumulative total dose from 6 beam pulses to create a spread out Bragg peak, SOBP
[47].

3.3 Prompt Gamma Ray Emission

Along with the dominating interactions with the orbital electrons within the target medium
the proton can also undergo nuclear reactions with the atomic nucleus which can cause the nucleus
to become excited, break apart, or absorb the proton and become an entirely different nucleus.
Although nuclear reactions only make up about 0.1% of the reactions an accelerated proton will
undergo before coming to rest, these reactions can lead to a cascade of nuclear events emitting

gamma rays on the order of 10° photons per 100 keV [63][64].
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As the highly energetic proton travels through any given medium, it can undergo four
different nuclear reactions with the target nuclei of mass number (Z) and atomic mass (A) leading
to reaction products that are left in an excited state:

1. The proton can be captured by the target nuclei creating an unstable nucleus:
(Z,A) - (Z+1,A+1).

2. The proton can cause a two-body break up reaction:
(Z,4) - (Z1,A1) + (22, A2),

in which the sum of Z1 and Z2 equals Z and the sum of Al and A2 equals A. Where either or
both products can be excited.

3. The proton can inelastically scatter with the target nucleus:
(Z,4) - (Z,4Y),

where the nucleus is now in the excited state and will emit some energy to reach its ground

state.

4. The proton can cause spallation reactions where the proton energy surpasses the total binding
energy causing full spallation of the nucleus, breaking it down to many small atomic number
fragments. For example the 11-body reaction of p*+ ?C — 5 (*H) + 5n + Ha.

The excited products of these interactions can decay by emitting gamma rays. These photons
can be emitted as both prompt and delayed emissions, ranging in half-lives from orders of
magnitude less than picoseconds to minutes post proton interaction [65].

For this work, the proton-induced reactions with oxygen and carbon are the focus as they are
two of the most common elements in the human body. The target material used in the experimental
analysis, shown in later chapters, is a high-density polyethylene (HDPE) plastic, CoHa, with a
density of 0.97 g/cm?®, and deexcitation gammas are not expected from proton-hydrogen
interactions. The nuclear deexcitation gamma-ray lines for proton interactions with *2C and 0O

are shown in Table 3.1 and their measured half-life are adapted from the study conducted in [65].
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Line (MeV) Reaction Transition Mean Life (s)
0.718 12C(p, x)1B* 108*0.718 1.0E-9
12C(p, x)1°C(e)B* 27.8
¥0(p, x)10B* 1.0E-9
1.022 12C(p, x)1°B* 10B*1.740 — (0.718) 7.5E-15
160(p, X)lOB-k
1.635 180 (p, x)MN* 1¥N*3.948 — (2.313) 6.9E-15
2.000 12C(p, x)11C* 11C*2.000 1E-14
2.124 12C(p, x)'B* 11B*2.125 5.5E-15
2.313 10 (p, X)1*N* 14N*2.313 9.8E-14
2.742 %0(p, p)te0* 160*8.872 — (6.130) 1.8E-13
3.684 %0 (p, x)3C* 13C*3.685 1.6E-15
4.438 L2Cp, p))t2C* 12C*4.439 6.1E-14
®0(p,x)t2C* 6.1E-14
12C(p, n)?N~* 11E-3
4.444 12C(p, 2p)HB* 11B*4.445 5.6E-19
5.105 %0 (p, x)1*N* 14N*5.106 6.3E-12
5.180 0 (p, x)1°0* 150*5.181 <4.9E-14
5.240 0 (p, x)'°0* 150%5.241 3.25E-12
5.269 0 (p, X)1°N* 15N*5.270 2.58E-12
5.298 0 (p, x)1°N* 15N*5.299 1.2E-14
6.129 %0(p, p)te0* 160*6.130 2.7E-11
6.175 0 (p, x)'°0* 15%0*6.176 <2.3E-14
6.322 0 (p, X)1°N* 15N*6.324 1E-15
6.337 12C(p, x)1C* 11Cc*6.339 <1.1E-13
6.476 L2C(p, x)HC* 11C*6.478 <8.7E-15
6.741 2C(p, x)"B* 11B*6,743 4.3E-20
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6.790 12C(p, X)11B* L1B*6.792 5.6E-19
6.916 160(p,p ) 180* 160%6.917 6.8E-15
7.115 160(p, p)L60* 160%7.117 1.2E-14
7.299 160(p, X)'5N 15N*7.301 1.4E-16
15.10 12C(p, p)12C* 12C*15.11 1.5 x 107

Table 3.1: Expected proton induced reactions on *2C and °0.

As seen in Table 3.1, the expected gamma ray lines range in energies up to 15 MeV. The
mean life of these reactions range in time from shorter than picoseconds to tens of seconds, many
of which are close in energy, no more than 100’s of keV apart. Both the lifetime and energy of
these gamma ray lines will play a significant role in accurately detecting them for spectral analysis.
For each of these reactions there is an associated cross-section that gives the probability that the
proton will cause the reaction given that proton is at a particular energy. Detailed experiments and
simulations have been conducted to provide the cross-section for various prompt gamma

emissions, here are a few of those studies [65]-[69].

3.4 Proton Energy Threshold

For many of the reactions shown the proton would need a large amount of energy to not
only overcome the binding energy of the nucleus but then enough energy to cause it to break apart
or create some momentum to excite the nucleus to provide a gamma-ray from de-excitation.

If we consider the reaction
p+A—-b+B, (3.7)
where p is our particle of interest, the accelerated proton, A is some target nuclei, and b and B are

both reaction products. We must also remember that our reactions are not limited to just two
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products and could possibly be a summation of more than two, i.e. b + b1 + b2... bN. Typically,
nuclear reactions are surmised to no more than 4 fragmented products.

Employing the law of conservation of energy and momentum proves that the minimum
energy required, kinetically, or the threshold energy, Ew, of our proton to initiate the above reaction

in 3.7 can be equated to

M
o Matmp) 8

Emin = Etn = — M,
where Ma and mp are the atomic mass of our target nucleus and nuclear mass of projectile particle,
respectively. Q is the g-value or decay energy, quantifying the energy released during the decay
process,

Q = E; — Ef = (my — mp)c?. (3.9
Q is equal to the difference in the initial energy, Ei, and the final energy, Es, of the nuclear
reaction, where ma is the rest mass of the reactants and mg is the rest mass of our products, and ¢
is the speed of light.
Equation 3.8 is valid for energies much less than the rest mass energy of the involved
particles thus allowing us to treat the threshold energy equation classically or as non-relativistic.
However, at high energies, the relationship between the rest mass energies of the particles must

be accounted for using the relativistic equations for energy and momentum. Thus the threshold

energy is calculated as

0 (my + My + mp + Mp)

3.10
0 (3.10)

Emin = Etn =

For most inelastic scattering processes that result in the emission of a prompt gamma-ray

the threshold energy is slightly higher than that of the deexcitation photon, as the proton only needs
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enough energy to excite the nucleus so that it decays via the gamma ray. However for nuclear
spallation reactions that results in fragmented products the threshold energy required is much
higher. Knowing the threshold energy requirements for specific prompt gamma-ray lines can be
useful information in deciphering where along the proton beam these photons will be emitted and
thus correlating their emission to the range of the proton beam, the Bragg peak location, or even

the dose distribution.
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CHAPTER IV

LM-MLEM for Prompt Gamma Ray Imaging

4.1 Introduction

The goal of an imaging algorithm is to provide an estimate of the source distribution in space
based on the observed data and the detection system response. Experimental imaging can be treated
as a parameter estimation problem for an observed measurement for a given set detection
parameters. Each photon interaction is treated as a Poisson random variable when estimating the
source location due to counting statistics. Gaussian blurring of the calculated Compton ring for
each photon interaction provides a noise model that introduces the uncertainty in the energy
deposition and position of the interaction to accurately depict the real detection system’s response.
This noise model can introduce error in the final image reconstruction especially in the cases of
low statistics.

Employing an iterative algorithm such as, Maximum Likelihood Expectation Maximization
(MLEM) for Compton imaging is useful as it can provide an informative observation in the
reconstruction of sparse datasets, which is the nature of Compton imaging events. For image

estimation of Poisson measurements, iterative methods have the advantage compared to direct

Portions of this chapter is based on submitted work currently under peer review: V. Nwadeyi, J. A. Fessler,
Z. He, “Region of Interest Image Reconstruction for Compton Imaging Using 3D Position Sensing CdZnTe,” IEEE
Transactions on Nuclear Science, 2021.
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methods as they can provide a superior resolution through improvement of the source estimation
from statistical inference [33].

This chapter will provide a derivation of MLEM for Compton imaging with the condition that
the observation data set is list-mode data. List-mode data means that there is a defined finite
number of events based on a preset number of accepted events and or preset measurement time
[70]. Following the derivation of list-mode MLEM (LM-MLEM), the application of LM-MLEM
to high energy and high flux Compton events will be assessed. The ultimate goal of this work, is
to provide an image estimate of prompt-gamma ray photons, specifically the 4.44 MeV photon
from Carbon interactions for proton beam range verification [71], [72].

When imaging prompt gamma-rays there is the issue of noise due to partial energy deposition
events, the Compton continuum beneath the photopeaks, chance coincidence events, and the
limitations of CZT detection efficiency at high energies, all of which interfere with the
reconstruction of Compton cones[73], [74]. One method to overcome this noise interference in the
imaging domain and save computational cost of the ML algorithm is to truncate the image space.

Truncating the imaging space can be a simple solution when prior knowledge of the source
location is introduced. Truncated field of view (FOV) imaging is a method employed for many
medical imaging applications where the source is much smaller than the FOV and high imaging
resolution is desired [7], [75], [76]. Truncating the FOV is introduced in this chapter as a method
to reduce computational cost and mitigate noise interference for MLEM reconstructions, while
enhancing the pixel resolution of the final image reconstruction.

However, when employing MLEM for image reconstruction for a FOV that is too small,
the source distribution estimate converges to the corner of the image space. To overcome this

corner convergence, we redefined the LM-MLEM algorithm as ROI-MLEM to allow for the
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update of the region of interest (ROI) space. This chapter derives ROI-MLEM and assesses its

capability to provide image reconstructions in a pre-defined ROI space.

4.2 Derivation of List-Mode Maximum Likelihood Expectation Maximization

One method of source distribution estimation is to treat the image reconstruction as a
parameter estimation problem, where the gamma-ray source distribution in space is the parameter
estimated from a given set of detected observations. Thus our parameter estimation problem can
take the form of a discrete imaging model in matrix notation, like the imaging model introduced

in section 2.3,

Tf =g, (4.1)

where f is the source distribution image vector and the parameter to be estimated. To estimate f, a
set measurement, g, and a response function, T, is needed. T contains the spatial probability that
a photon would be recorded as an event of g. The estimation problem can be rewritten as a function
of the mean estimate of each event in our observation by discretizing the source estimate of f to
the number of photons emitted from each element of the image vector. Each element of f can be
seen as an independent random variable, and the sum of the Poisson random variables allows for

4.1 to be written as a model describing the mean of the i"" measurement,

]
9i = Z tiif;, (4.2)
=1

where the image vector, f, is discretized into J imaging pixels, or voxels. The response function,
T, is a system matrix of size 1x J, comprised of elements, tjj, over all image elements {7, 2 ...J}
and for each event, i. That is to say that each row of T is the reconstructed Compton ring for that

event, or the probability of that event occurring in each element of f. The mean observation g,
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contains the attributes of each photon event in the list-mode data, i.e., { g1, 92. ..., 91 }, Where
each g; can contain position, timing, and energy information about each photon and each
interaction that photon underwent, depending on the detection system information output. The
assumption that the mean of each observation element is an independent Poisson variable for each
photon event can also be made.

Directly solving the system of equations in equation 4.2 could be attempted but would not
result in a well-defined source estimate due to the low intrinsic count rates of photon detection.
Instead the ML method tries to solve the problem from a statistical standpoint [77]. By
determining the likelihood of observing g as a function of f, the problem can be carried out by

maximizing the likelihood of the probability of observing each event of g in f, that is,

I

PN =] |e@ (i—) 43)

i=1

Thus the probability or likelihood of observing g is a positive definite that can be simplified by

maximizing the logarithmic likelihood of equation 4.3,

1 —
LgIf) = InPglf) = ) ~gi+ giln(55). (@.4)

i=1 v

Expanding equation 4.4 and substituting g;, from equation 4.2 we get the following,

1 [J J
L(glf) = le tyf; + 900 ) tyf;) —In (gi)| (45)
i=1 [j=1 =1

Equation 4.5 can be maximized, that is, maximize the log-likelihood of the source distribution

estimate in our image vector, by taking the partial derivative with respect to an image vector
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element, fj, and setting equal to zero. However, equation 4.5 nor its derivative is a linear equation
and would be difficult to solve directly.

Alternatively, equation 4.5 can be maximized iteratively by employing the expectation
maximization algorithm [78]. This is a two-part process: the expectation step and the maximization
step. (1) The expectation step calculates the expected value of the observation, g, given the
previous estimation of the source estimate, which we will denote as f™, where the current iteration
of the source estimate image vector is f™*1, which is the image of interest. (2) The maximization

step finds the maximum-likelihood of the source distribution estimate based on the expected value.

4.2.1 Expectation

The expected value of the source distribution can be described as a function of the
probability of the photons emitted in the image space. Given the n™" estimate of the source
distribution the probability can be calculated as,

tiff"
Yot (4.6)

PGl =
Equation 4.6 describes the probability for the event, i, to be emitted from pixel j. From our
observation measurement, we can obtain gi detected counts for each event i. Therefore the
expectation of the number of photons that were detected for pixel j for each event i, &jj, given gi
and the n' estimate of our source distribution, f™, can be calculated as,
E(eij]g0 ™) = 9:PGI1D). (4.7)
The expected total number of photons to be emitted from pixel j and then detected based on

the observation measurement is then given by substituting equation 4.6 into 4.7,
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5(s0./7) = ZglE(elAgl,f )- Z (L) 49
'=1"1

Thus equation 4.8 gives the expected value of the source distribution which describes the
mean value of the number of photons emitted from each pixel in the image vector given the
measurement dataset detected by the detector and the previous estimate of the source distribution.

Rearranging equation 4.8 gives,

1
gitij
E(sjlgi fm) = ffnz <J—> (4.9)
= \Ljioy tij fji
which will be used in the maximization step.

4.2.2 Maximization

Given the Poisson nature of a photon measurement, the total number of photons detected
from each image pixel j, &, can be defined as a Poisson variable. Thus the maximum likelihood
of the expectation of ¢ can be equated to its observed value of the mean value of the number of

emitted photons in each pixel, &, i.e.
I g ¢
§=E(glg:i ) = Z T (4.10)
2] =1 lj’f;"

To find the next iteration of the source distribution estimate, fj"“, equation 4.10 is divided
by the probability that a photon emitted from pixel j is detected as any event i, which describes the
sensitivity of the system, s;.

1
i=1

Therefore, the iterative estimate of the source distribution, fj becomes
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~ 1
P " gitij (4.12)
, J '
S = L tip 7

The source estimation problem is a function of list-mode data or a preset number of
events, this means that in comparison to all possible measured events over all pixels, for each
detection parameter (energy, depth, pixel resolution, etc.) that the observation data set, g, will be
a very sparse vector, where each measured event will be ones and all other elements zeros. Thus

the list-mode MLEM algorithm can be written as,

frt = _Z __tu (4.13)
] J = Z§’=1 tijr fi7

where the mean value of the observation.

4.3 Application for High-Flux and High-Energy Gamma-Ray Scenarios

Historically, LM-MLEM has been shown to be advantageous in imaging various radioactive
sources, and only improves with adequate photon counting statistics. In comparison to SBP
(simple back projection), MLEM provides a superior result with enhanced angular resolution for

the same number of events. For example 10,000 photopeak events are reconstructed for a near
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Figure 4.1: (a) SBP and (b) LM-MLEM reconstructions of the same 10,000 photopeak events
from experimental Cs**’ data.
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field (30 cm) Cs'*” measurement. The SBP reconstruction and the 25" iteration of LM-MLEM are
shown in Figure 4.1 for comparison.

MLEM iterates over the information and while doing so suppresses the noise associated with
the uncertainty of the individual Compton rings, through enhancement of the pixels that reveal the
most likely location of the source, as indicated by the intensity bar. Thus, improving the spatial
resolution from a FWHM estimate of (34.87, 35.86) to (8.16, 8.03) in the polar and azimuthal

directions, respectively.

4.3.1 High Energy and High Flux Source Imaging Using LM-MLEM

Due to CZT worsening energy resolution with increasing energy deposition, at photon
energies above 2 MeV, the number of poorly reconstructed events will increase. The event
reconstruction will inherently influence the development of the Compton cones, and in turn affect
the image reconstruction using MLEM. At these higher photon energies, CZT is more susceptible
to partial energy deposition events, chance coincidence events, and charge sharing events, which
can skew the estimate of the Compton scattering angle used as the half opening angle in cone
reconstruction and sequencing[18]. These events have also shown to be difficult in sequencing the
order of the interactions, which can distort the lever arm of the Compton cone. When noise from
these types of events is introduced in the image frame it can lead to high-frequency artifacts, shift
variant and shift in-variant artifacts, all of which can hinder the ML image reconstruction.

In high-energy applications, there is often partial energy deposition events, which lead to
a buildup of events in the Compton continuum which are multi-scatter events beneath photopeaks
with a lower incident energy than the originating high energy photon. These partial events are then

picked up as imageable events of a different photopeak. These Compton continuum events can
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lead to noise in the image reconstruction causing a miscalculation of the cone opening angle or
lever arm as the full energy deposition calculation is incorrect for those events.

If the incident energy of the photon is at least 1.022 MeV, pair production becomes a factor.
The probability of collecting pair production events exponentially increases as the energy of the
photon surpasses 1.022 MeV. This becomes an issue in imaging as the annihilation photons either
escape the detector, leaving the energy deposition for the incident photon incomplete, or the
annihilation photons are readily absorbed close to the photon’s interaction and close in timing of
the originating photon’s interaction making it difficult to truly identify those events as pair
production events or true Compton events near 511 keV. Recent work has been done in efforts to
mitigate these events by simply discarding events that deposit energies near 511 keV or based on
the cone opening angle that is associated with a two-pixel event where the 511 keV gamma is
sequenced second [32]. However, in many cases this can lead to nearly a 50% loss of events and
there is the possibility that some of these events may truly be real Compton scatter events. Also
for most gamma-ray imaging problems, the data set may be too sparse even before discarding those
ill-recorded events.

When the emission rate of the source exceeds, 30,000 events per second, the sources are
described as high flux sources and typically refers to sources that exceed 10s of Curies in isotropic
emission. For high-flux applications where the source is emitting many photons within a short
period of time, chance coincidence events become the predominant cause of noise events that are
translated to the image space. Under rapid bombardment of impinging photons CZT can become
saturated as the number of triggers surpasses its timing window, not allowing enough time for full
data collection. When this happens the events default to becoming Compton continuum events or

low trigger events that are appended to other Compton events as a part of their scatter. The
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mischaracterization of the rapid-fire events leads to error in the image reconstruction from
miscalculation in the Compton ring reconstruction.

High flux emissions are very apparent in prompt gamma-ray imaging where there are many
photons impinging on the detector with varying incident energies [5]. When there are photons with
an energy above the photopeak of interest, it is possible these photons will cause a rise in the
Compton continuum below the photopeak, as there are partial deposition events that will be
recorded with lower energies and binned beneath the photopeak. These events have the potential
to result in Compton cones that are pointed in the wrong direction and away from the source. It
can be quite difficult to separate these events from true photopeak events.

In direct or Fourier transform imaging methods, it is possible to subtract images of the
noise from the image of the photopeak by imaging Compton continuum events from both the left
and right side of the photopeak. However, the continuum removal is not as simple as with iterative
methods such as MLEM.

Experimentally, it has been shown that for high energy photon data that the energy
resolution is much worse than it is predicted by simulations carried out by Geant4. This could be
due to the charge sharing effects that are known to arise with larger electron clouds due to larger
energy depositions from high energy photons. Figure 4.2 shows image reconstructions of a PuBe
source at 30 cm distance from the H3D S400 X detection system and a Geant4 simulation of the
same geometry.

Chapter 6 discusses in more detail why there is such a discrepancy in the energy resolution
at high photon energies in CZT. Nonetheless, for both image reconstructions we see shift-variant
noise artifacts that hinders the source reconstruction, forming a lower intensity ring around the

source estimate and a ring opposite of the meridian of the 4n image. These ring artifacts are a
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product of pair production events that are recorded as full energy deposition events and will be

constant regardless off the source position in space.
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Figure 4.2: 4.44 MeV photopeak image reconstructions from an experimental PuBe source

measurement (left column) and Geant4 simu

lations (right column). Both reconstructions use

5000 photopeak events. Shown are iterations 1 (a and d), 10 (b and e), and 20 (c and f).
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As the number of iterations increases the source distribution starts to separate for both
image reconstructions. At high energies and under a high flux of photons the risk of losing source
distribution uniformity is also increased as the number of imageable photopeak events wane with
energy resolution and detection efficiency. Pair production events can also be removed by setting
a threshold on the opening angle of the events. Depending on the incident photon energy and
sequencing of events the annihilation photons result in an opening angle near 90° [32]. However

the same risk of removing true Compton scattering events apply.

4.4 Truncated Field of View Imaging Using Standard MLEM

To mitigate the noise artifacts in the imaging space without the removal of too many events,
one method could be to truncate the imaging FOV. Truncated FOV imaging has been employed
for many medical applications where the FOV is much larger than the expected source distribution,
or the source location is well known prior to the image reconstruction [7], [76], [79]. In the case
of 3D position sensing CZT detection systems, there is no restriction, collimation, or preference to
the incident direction of the incident gamma rays. Because CZT can record events from any
direction 41 Compton cone reconstructions are projected back to the imaging space about the
detector and are used for MLEM imaging [33]. 4n imaging has proven to be very useful in
unknown source localization and far distanced imaging [14], [80], [81]. However, in cases such as
proton beam range verification, where submillimeter resolution is desired and the expected FOV
is well defined given the patient or target parameters, 4m imaging can be computationally
expensive. In these scenarios the desired FOV is much smaller than the given 4z space but requires
many pixels to achieve the resolution requirements, meaning conventional LM-MLEM will spend
unnecessary computational time reconstructing an image in space where the source is not expected

to be seen. Reconstructing that imaging space greatly increases the size of the data system matrix
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when convolving the total number of reconstructed Compton cones with the number of pixels
required to achieve a high-resolution result over the entire imaging space.

Truncating the image space will discard events that do not reconstruct to the desired FOV,
require less pixelation for the same imaging resolution, aiding in the improvement in the image
reconstruction of the source distribution. Table 4.1 shows the trend in the time to reconstruct the
1% iteration or image estimate for the same measured data over varying FOV sizes. For each FOV

less than 4r the azimuthal and polar dimensions are equal.

Image size Num Pixels Reconstruction pixel resolution
(® = 0) time (s) (cm)

360° 720 1450.8 0.8

180° 606 749.9 0.05

90° 328 29.09 0.05

60° 222 25.06 0.05

45° 168 11.77 0.05

30° 112 8.87 0.05

Table 4.1: Time to reconstruct the first iteration of the same photon data for varying
FOV sizes.

However, when applying standard MLEM to reconstruct a space too small about the

detector, there will be artifacts along the edges or in the corners of the new FOV.

441 Corner Convergence Error

When using MLEM as an approach for imaging a space smaller than 4w, the image could
become susceptible to artifacts along the edges or corners of the image. These artifacts affect the
detection of the real source as they increase in intensity with each iteration of MLEM. Events such

as chance coincidence, charge sharing, pair production, partial energy deposition events, or mis-
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sequenced events can all lead to corner and edge artifacts where the rings produced from these

events are cropped when intersecting in the smaller FOV.
Figure 4.3 demonstrates the error in the amplified corner convergence of the MLEM
reconstructions when sizing down the imaging space for the reconstruction of 718 keV photopeak

events using an imaging space truncated to 60° x 60° about the hotspot.
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Figure 4.3: MLEM reconstruction of a truncated imaging space using the 718 keV photopeak
in a 60° x 60° FOV. The image is turned axially to show the image in depth accentuating the

corner artifacts (right column).

Although the image seems uniformly low across the entire FOV, except in the corners, there
is valuable data within the pixels. To assure that there is data within these image reconstructions
the outermost 10 pixels are removed along the edges of the image in Figure 4.4. This removed less
than 3° overall along each side of the image and allowed for the removal of the strong corner

artifacts and the rescaling of the intensity of the image to a much lower value.
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Figure 4.4 shows that there is valuable information about the source location in these
truncated imaging spaces but was heavily diminished by the amplified corner/edge artifacts when
using standard LM-MLEM. For example, when comparing iteration 15 from both the 60° and the
40° image reconstructions, one can see there are very strong artifacts along the top of the 40° image

that are not seen about the source location from 50 ° to 10° in the 60° image.
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Figure 4.4: MLEM reconstructions of truncated imaging spaces using the 718 keV photopeak.
The 10 outermost pixels are removed along the edges of the 60° x 60° imaging space, reducing
the FOV to 57.8° x 57.8°. (Proton beam profile enters the target with respect to the image from
top to bottom)

As the FOV reduces in size, the corner and edge convergence become more prominent and
completely diminishes the reconstruction of the true source distribution, as the corner artifacts
increase in intensity with each iteration. This convergence is due to an ill-weighting of photon

events that result in large portions of the Compton rings not being accounted for in the system
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matrix of the truncated FOV. This phenomenon can be explained by breaking the updated LM-
MLEM equation into two components:

1. Back Projection: This is the summation of all measured events or the mean expectation of the
total number of photons emitted from each pixel.

2. Forward Projection: This is the sum value of each Compton cone based on the previous

iteration, or the likelihood estimation for each event.

4.4.2 Back Projection Analysis

The back projection is defined as:

] )
i=1 z:j’=1 tif'fjr’l

NgB

(4.14)

which sums the value for all events of each matrix element, ¢;;, divided by the forward projection.

j
If the first projection or initial estimate of the source distribution, is uniform, that is, f;" = fj1 =1,
then this means that the initial estimate of the source distribution is equal for all pixels in the image
space. Therefore, the first iteration of MLEM is equal to the back projection of all the Compton
rings calculated from the list-mode events. Figure 4.5 shows the back projection over all pixels, J,
in a 4n imaging space and in a 60° FOV for the same list-mode data of experimental 4.44 MeV
photon events, from a PuBe source, recorded by CZT.

When comparing the first iteration of the back projection for the 47 projection to the 60°
projection, the 4x projection shows a hotspot for the source distribution and other Compton rings
in the image space that are developing noise artifacts, but the 60° FOV results in a uniform back

projection with amplified peaks at the corner.
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Figure 4.5: (a) The 1st iteration of adr MLEM image reconstruction of 4.44 MeV photons from
experimental PuBe data. (b) The back projection of all Compton rings in the 4m space,
developed using (4.14), prior to reconstructing the first iteration. (c) The back projection in a
truncated 60° FOV of all Compton rings that intersect the FOV outlined by the dotted green
line in (a). (d) A line plot of the intensity along the first row each back projection shown in (c),
highlighting the sharp corner convergence at 62° and 122°

Referring to Figure 4.5(d), the line graph represents the top row of pixels in the 60° FOV,

showing that for the first back projection, the intensity of the image is maximized at the corners

and begins to stabilize around a maximum intensity of one, with each iteration. The intensity color
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bar for the 4n back projection shows a mean expectation up to a maximum value less than 1, as
expected, since the initial image estimate is set to one for all pixels. However, the initial estimate
of the background summation in the 60° FOV sharply increases to a very high value. The following
iterations in the truncated FOV subsequently drop to a lower probability estimate as shown by the
color intensity bar, at attempts to reflect the more accurate estimation of the source distribution in
the image space. However, the estimation of the source distribution in the subsequent back
projections have no effect on the final image reconstruction, which is dominated by the mean
expectation estimate of the first calculation of the back projection prior to the first iteration, where
the convergence points to the corners of the truncated image space as the most likely location of
the source distribution.

To investigate the cause of the increasing value of the corners in the back projection of the
truncated field of view, analysis of the forward projection step of the MLEM equation is needed,

as this convergence is most prominent in the first iteration.

4.4.3 Forward Projection Analysis
The forward projection contributes to the likelihood estimate of each Compton event used for

calculating the back projection,

J

z o fh (4.15)

j=1
and provides an estimate of the probability for each, as a function of the previous source
distribution estimate. Any truncation of the FOV from 4x will alter the projection of each Compton
ring in the smaller imaging space. Thus, the value of each forward projection would change due
to the change in the FOV. If the FOV is truncated, so will parts of the Compton ring that do not

intersect the new image space. Such truncation would lead to inaccurate estimates of the
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probabilities. The truncated information still defines the probability of the source distribution for
that reconstructed photon event, however, is not accounted for in the smaller FOV using LM-
MLEM. The truncation of the Compton ring causes the forward projection to deviate from the
original probability density of the ring in 4w. This deviation can lead to two possible limits as the
forward projection is calculated for each event, i, over all pixels within the redefined image space:
Limit 12 X, 0 fF > 1

Limit 2: ¥4, 0 fF < 1

Limit 1 occurs when the reconstructed Compton ring is truncated such that majority of the
pixels in the truncated FOV are within the most probable locations of the Compton ring. For
example, this limit can be approached for a ring that is very wide due to gaussian blurring caused
by large uncertainty in the event energy deposition or sequencing.

Limit 2 is often associated with events that reconstruct near the edges or in the outer
perimeter of the truncated FOV. In this case the trailing end of the Compton ring’s Gaussian curve
is reconstructed within the smaller imaging space. This outermost edge of the Compton ring is the
least likely location that the photon could have originated from and very few pixels of the truncated
space will reflect these lower probability estimates, depending on how far away the Compton ring
is projected outside of the truncated image space.

Figure 4.6 is a 2D histogram of each Compton ring’s (reconstructed in Figure 4.5) forward
projection value as a function of the pixels it intersects in both the 47 imaging space and the 60°
FOV. Normalizing each forward projection value bin by the number of events recorded between
each limit shows the significant disparity between the likelihood estimate of the forward projection
for the same Compton rings reconstructed in a 47 image space and the 60° image space. When

imaging in 4n, all reconstructed Compton cones result in a forward projection estimate value
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greater than one. When truncating the image to 60°, the likelihood estimate predicted by the
forward projection of many of the events shift to values much less than one. Simply discarding
events that result in a low forward projection probability estimate may prove to be disadvantageous
as many of those partial Compton rings can contribute to the characterization of the source
distribution. The majority of these low probability events in the truncated imaging space are
reconstructed to the outer most pixels (at 62° and 122° in the polar and at 54° and 114° in the
azimuthal). However, there is at least 17% of these events that are reconstructing to the inner pixels
of the truncated FOV in the azimuthal direction and at least 23% in the polar direction.

In both limit scenarios the forward projection for each of these types of events will result
in an improperly weighted back projection where all pixels corresponding to the Compton ring’s
location will falsely approach a value of one. That is to say,

tij B (values(j) » 1)
Zf tii ~ Cone Sum value > 1

~ 1forallj

or

tij _ (values(j) «'1)
SItfr ~ Cone sum value «< 1

~ 1 forallj.

While on the other hand, events with a forward projection estimate in between the limits,
or those Compton rings that reconstruct perfectly within the truncated FOV, will be properly
weighted, but result in a value less than one. The final calculation of the back projection, in the
truncated space, will then correspond to the location of the limit bound events only, which are

most likely to reconstruct in the corner pixels of the image space, as shown by Figure 4.6.
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Figure 4.6: (a) A 2-D histogram of the forward projection value calculated using (3) for each
Compton ring reconstructed in 4n shown in Fig.1(a). (b) A 2-D histogram of the forward
projection value of all Compton rings intersecting the truncated 60° FOV. The forward
projection value is binned in the azimuthal and polar directions for each pixel that the Compton
ring intersects. All blacked out regions indicate that zero of the Compton rings resulted in a
forward projection value of that magnitude in the respective pixel locations.

4.5 ROI-MLEM

Imaging within a specified ROI will allow for analysis of events that only reconstruct within
the desired location, and in doing so enhance the algorithmic convergence to the expected source

location. However, to achieve a clear representation of the estimated source distribution using
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MLEM, some modifications are needed to the algorithm to compensate for the truncation of the
Compton rings in the smaller FOV.

In this work, ROI-MLEM was developed to reconstruct only the Compton rings that
intersect a desired region within the 4n imaging frame about the detector, allowing for enhanced
pixel resolution and reduced computational cost when comparing to standard MLEM for a 4n
space with the same resolution. Implementing ROI-MLEM, the computational expense of the
iterative process will be reduced as the high-resolution needs depend only on the pixelation of the
ROI and not the entire 41 FOV. Therefore, the system matrix size required for ROI-MLEM s
much smaller in comparison to 4 imaging for the same resolution, as we are not only reducing
the number of overall image space pixels but the number of events that will have nonzero values,
as there are a smaller number of events crossing the truncated space. The methodology of ROI-
MLEM adapts that of Ziegler et al in which a mask is applied to a 4n FOV to allow for
reconstruction of the ROI alone [76]. Derivation of ROI-MLEM deviates from Ziegler’s
application in that the Poisson nature of Compton rings precludes subtraction of the unwanted
image space about the defined ROI.

Erroneous convergence to the amplified values at the corners of the image space, when
using MLEM in a truncated FOV is in part due to the ill-weighted probability of each Compton
ring that partially intersects the truncated FOV and produces an incorrectly amplified estimate in
the image space. The algorithm needs to be revised to compensate for the full probability of each
Compton ring regardless of its appearance in the region of interest or truncated FOV. Thus, the
ROI-MLEM reconstruction method is based on the reframing of the MLEM algorithm shown in
equation 4.13, where the system matrix for each event must be defined in two parts. One part

defines the event probability (Compton ring) within the ROI and the second part defines the same
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event in 41 which will be denoted as the ‘background’. The forward projection of the standard
algorithm can then be broken into the summation of two components:

J

]R

Jj'=1 J'=1
This restructuring of the forward projection allows for the iterative update of the source

distribution within a smaller imaging space. Here, th., , defines the ROI system matrix elements,
or the probability that the detected event originated from pixel j of the ROI space. The ROI can
then be imaged using a fine pixel mesh grid, where j € {1, 2, ..., JR}, where J R is the total number
of pixels defining the ROI space. Redefining the forward projection enables high spatial resolution
imaging for the desired ROI space alone.

The background is summed as a scalar value for each photon event, Bj, and is expressed
as,

Bi=
k

K
fle masktiy- (4.17)
=1
Equation 4.17 is the sum value of the background system matrix, t,, which is the
probability of each event over a coarse mesh of K pixels in the 4n space, where k € {1, 2, ..., K}.

This is multiplied by f,EmaSk, which is the projection of the background image space. The final

equation of the ROI-MLEM algorithm is expressed in 4.18, and now updates over the ROI space

alone as the rest of the 4m space is accounted for in Bi:

er.l ! tR
Rn+1 _ ] Ly
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where, sz, represents the sensitivity of the detector system to the photons emitted from all pixels

in the ROI and fR;l is the source distribution estimate image vector that is now a function of the

ROI space alone.

45.1 Background Constant

The background projection, fg ..k, is the product of the reconstruction of the first ML
iteration or back projection, using the standard ML equation, of each event, i, in the background
FOV, by an apodizing mask that is formed by convolving a uniform mask and a cos? function that
allows for a smooth transition to the ROI space in which the pixel values are zeroed, similar to
Ziegler [76]. Creating this mask, ensures that the drastic change in the probability density function
of the Compton ring in the background and the ROI space does not create artifacts at the edges of
the ROI. Figure 4.7 depicts the development of f,‘imask for the image reconstruction of a simulated

gamma-ray point source.
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Figure 4.7: (a) 1 LM-MLEM iteration of the background FOV which is multiplied by the (b)
apodizing cos? mask that smoothly transitions to the ROI where all pixel values go to zero in
the (c) masked background projection.

The purpose of the background constant, Bi, is to suppress the ill-weighted Compton rings
that intersect the ROI space in only the edge and corner pixels. The background constant is only
calculated to provide the initial probability estimate of each Compton ring, this ensures that the
probability of each event in the 47 space is accounted for as we iterate over the smaller imaging

space. The Compton rings intersecting in the edges or corners of the ROI will be associated with
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a large constant, as opposed to those Compton rings that fully reconstruct in the ROI that will
correlate to a low background that will not suppress the overall estimate of that event in the ROI

imaging space.

45.1.1 Apodizing Mask Considerations

When selecting the ROI from the 47 imaging frame the edges of the ROI must be smoothly
transitioned from the background 4n imaging pixels, such that the transition in data from those
edge pixels do not become amplified in the image reconstruction. This allows for the ROI to be
reconstructed without causing any artifacts along the edge of the ROI frame. For this work, a
uniform mask slightly larger than the dimensions of the ROI is created then convolved with a cos?
function such that the values in the center remain at unity corresponding to the exact dimensions
of the ROI and the edge pixels of the mask transitioning into the background space fall to zero. An
example of this is dramatized in Figure 4.8 which would be employed like the example shown in

Figure 4.7.

Figure 4.8: Exaggerated Cosine Apodizing Mask

This mask can be used as the first estimate of the source distribution, f R and then inverted
and applied only to the background system matrix used for the background constant, fi®,

evaluation.
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4.5.2 Comparative Analysis of Standard MLEM and ROI-MLEM
All image reconstructions shown using ROI-MLEM are chosen based on the iteration with

the max SNR value,

Psignal
SNR ==, (4.19)

Phoise
where, Psignal, 1S the summed value of all pixels in the image that correspond to a signal value of a
least 50% of the max intensity of the image, normalized by the number of pixels that are at least
50% of the max intensity. Pnoise iS the standard deviation of all remaining pixels in the image that
have a value less than 50% of the max intensity of the image.
To compare standard LM-MLEM SNR to the ROI-MLEM SNR the signal pixels of the
LM-MLEM reconstructions are chosen from the inner most pixels of the image excluding the outer
edge pixels. This alleviates the signal being read as only the corners and allows for evaluation of

the source distribution calculated by MLEM.

4.5.2.1 Simulation and Experimental Cs 137 Results

For proof of concept, image reconstructions of a simulated 10 cm Cs'*’ line source are
compared using both MLEM and ROI-MLEM in a 90° FOV. Using the 662 keV energy line
ensures a noise-less simulated data set for CZT detection, which should favor the image
reconstruction using both ROI-MLEM and standard MLEM. Both reconstruction methods used
40,000 photopeak events in an energy window of 657 keV to 667 keV and utilized 300 x 300
pixels for a pixel resolution of 0.3°. Figure 4.9 shows the image reconstruction for the 22" iteration
of both the ROI-MLEM and MLEM.

The image reconstructions show that the ROI-MLEM algorithm results in a clearer and
more uniform representation of the simulated line source. At the same iteration, MLEM starts to

break apart the source distribution, causing noise artifacts that deviate from a single uniform source
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distribution. which could be due to the altered convergence rate of MLEM in the truncated space,
which focuses on the amplified corners. It should also be noted that the ROI-MLEM reconstruction
shown in (a) of Figure 4.9 does not eliminate the corner convergence but controls the value of
those pixels allowing for a better estimation of the true source distribution, whereas the LM-
MLEM image shows that the corners have a value an order of magnitude higher than what is

estimated for the source.
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Figure 4.9: (a) 4 image reconstruction, (b) LM-MLEM, (c) LM-MLEM with the outermost
10 edge pixels removed, and (d) ROI-MLEM, 22" iteration reconstructions of a simulated 10
cm Cs'¥ line source. (e) and (f) compares the FWHM values in the Y and X directions,
respectively of (c) and (d) reconstructions, for both imaging algorithms, and (f) compares the
SNR values for 50 iterations of both methods.
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Method SNR FWHM-X FWHM-Y
(= 0.28 cm) (x0.28 cm)
LM-MLEM 6.77 1.40 cm 9.17 cm

ROI-MLEM 15.28 3.24cm 9.49 cm

Table 4.2: Comparison of the SNR and FWHM of the image
reconstructions developed using LM-MLEM and ROI-MLEM of
the 10 cm Cs'*’ line source simulation. The FWHM error is taken
as twice the pixel pitch.

The full 4x reconstruction shown in Figure 4.9 (a) shows that the source distribution is more
comparable to that of the ROI-MLEM reconstruction.

Table 4.2 indicates the FWHM values in both directions taken through the peak centroid of
each image reconstruction and the SNR value for the 22" jteration shown in Figure 4.9. ROI-
MLEM results in a closer estimate of the sources true length but a wider estimate in the x-direction
of its width. This could be due to the inherent gaussian uncertainty of the Compton rings in the
near field [33], and ROI-MLEM enhancing those rings that converge within the ROl and not near
the edges. Although the MLEM reconstruction results in a thinner line source it suffers from a
poorer uniformity in the sources intensity which also affects the fit applied to the FWHM
calculation. With each iteration the FWHM and SNR calculations for the LM-MLEM
reconstruction is unstable and does not plateau which can lead to complications when choosing
the best iteration, whereas the ROI-MLEM convergence does plateau indicating that further
iteration does not improve the image.

Comparatively, ROI-MLEM is used to image experimental Cs'®’ data. Four experimental
one-hour Cs®’ check source measurements were taken with a source-to-detector distance of 30 cm

away from the H3D S400X system (see chapter 2 for system details). The source was measured at
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a stationary position in front of the detector and then moved to the right by 3 mm, 5 mm, and 10
mm for each additional one-hour measurements.
The optimal ROI-MLEM iteration reconstructions, based on the SNR value, are shown for

each measured position of the Cs®

source in Figure 4.10. Iterations 25, 25, 26, and 27 resulted in
the max SNR iteration for the “No Shift”, “3 mm”, “5 mm”, and “10 mm” reconstructions,
respectively. The ROI is designed as a rectangular frame spanning 60° in the polar and 90° in the
azimuthal, utilizing 300 x 450 pixels resulting in a 0.3° (0.02 cm?) pixel resolution.

The reconstructions show that the position resolution is not fine enough to separate the
sources if they were reconstructed in the same image, as the average FWHM in the X-direction

(left to right) for each measurement is 4.93 cm = 0.04 cm. The FWHM of each source

reconstruction is much larger than the shift increments as seen in (c) of Figure 4.10.
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Figure 4.10: ROI-MLEM reconstructions of the Cs!*’ shifted source measurement. (a) No Shift,
(b) 3 mm shift, (c) 5 mm shift, (d) 10 mm shift.

However, taking a 1D slice through the peak centroid shows that the source’s location can
be estimated from taking the difference between the no shift estimate and the shifted measurements
peak centroid values in Table 4.3, derived from Figure 4.11. For each slice, a Gaussian fit is applied
and the peak location of both the data and the fit are compared. The average error based on the
three shifted source locations is 1.7 mm and 1.4 mm for the Gaussian fit and data curve,

respectively. : : :
Shift Peak Location Difference

Fit Data Fit Data

No Shift 115 12.6 -- --

3mm 17.3 16.8 5.8 4.2

5mm 18.2  18.9 6.7 6.3

10mm 21.0 210 9.5 8.4
Table 4.3: Source distribution location estimation
based on the peak centroid location in the Xx-
direction of the 1D profiles of the image
reconstructions shown in Figure 4.11
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Figure 4.11: 1-D profiles through and Gaussian fit of the peak centroids in the X (a) and Y (b)
directions for the image reconstructions shown for the Cs'3’ shifted source measurement. (c)
and (d) shows the top 50% of the intensity normalized by the peak value in the X and Y
directions, respectively.

ROI-MLEM has shown its capability to reconstruct a simulated extended source well
enough to provide an estimate of the source shape and extent with an absolute error of 5.1%. This
algorithm also shows its usefulness in estimating source location with submillimeter pixel
resolution, resulting in an average 1.7 mm error when applying a Gaussian fit. The following
subsection discusses the application of ROI-MLEM on more complex data sets where the noise in

the event reconstruction affects the source distribution in the rendered image reconstruction.

73



4.5.2.2 High Energy and High Flux Applications

The capability of imaging 4.44 MeV photons using ROI-MLEM was tested from a PuBe
source measurement taken with the S400X system at a 30 cm distance over the span of 6 hours.
The PuBe source was placed in a thin lead source holder and was shifted 1 cm to the right halfway
through the measurement, the other detector plane was placed as close as possible to the PVC to
detect more of the 6.1 MeV events, the detection setup is pictured in Figure 4.12. For the image
reconstruction of the PuBe source, only the single module events from the detector directly facing

the source were used for image reconstruction.

Figure 4.12: PuBe source measurement setup.

Figure 4.13 shows the recorded energy spectra from both modules before (left) and after
(right) shifting the source, highlighting the degradation in energy resolution at the 4.44 MeV

photopeak.
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Figure 4.14 shows the image reconstruction of the PuBe source for both the left and right

position reconstructed in a 4t FOV and a ROI space, 90° x 90°. The ROI-MLEM reconstruction

mitigates the interference of the noise artifacts

reconstruction using standard MLEM.
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Figure 4.14: ROI-MLEM image reconstruction of the 4.44 MeV photopeak from Mod 0 for
both the left and right positions of the PuBe source.

Computationally, the 4m image reconstruction is limited to a pixel resolution of 0.8 cm for

an imaging radius of 30 cm, making it impractical to use for measuring the 1 cm shift of the
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extended PuBe source. Using the ROI images a 1-D slice through the peak centroid along the x-
axis can be taken to measure the reconstructed shift of the source from the location of the peak in
each image, as shown in Figure 4.15. The images show that we can reconstruct 4.44 MeV
photopeak images and see at least a 1 cm shift of the source at a 30 cm distance. The 1-D slice plot

shows that the shift of the peak centroid is 0.93 cm which results in a 7% error of less than 1 mm.
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Figure 4.15: 1-D Slice through the peak centroid of both ROI-MLEM reconstructions shown
in Figure 4.12.
The PuBe source used in this example exceeds 10s of Curies but is for the most part
monoenergetic and did not saturate the detection system. However, the following chapter will
show the complications of imaging high flux photons that range in energy from several hundred

keV to 10s of MeV.

4.5.2.3 Computational Performance

Table 4.4 reflects the reduction in computational expense when reconstructing the 4.44
MeV photopeak events using ROI-MLEM. The time to reconstruct the first iteration is reduced by
61% when comparing the 4z reconstruction from Figure 4.5(a) to the ROl image reconstruction in

Figure 4.14(a) of the left side measurement, using the same number of events. The 4n image
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reconstruction pixel resolution is limited by the computational constraints of the computing system
used for this work, however, is comparable to the resolution of the other tested imaging frames.
When comparing the same 90° FOV reconstructions using standard MLEM and ROI-MEM, the
timing and computational use differs slightly, ROI-MLEM being greater due to the computation
used for the background system matrix constants, which is only computed once, and the values are
stored for use in the following iterations. The background constant, used for the images shown in
Fig. 8, is calculated using a 40 pixel resolution (4050 pixels over a 4z space). This calculation can
be optimized for each imaging problem, based on resolution requirements, and improving accuracy
of estimating the Compton ring, adding little expense in the computation.

Here we have seen ROI-MLEM prove to be particularly useful in imaging high energy
sources, providing submillimeter accuracy, and shortening image reconstruction time.

# Of Pixels  Pixel Res. Time (s) RAM Usaget

(D x0)
MLEM 47 ‘ 720 x 360 0.5° 338 41.3%
MLEM 60° 120 x 120 0.5° 21 10.0%
MLEM 90° ‘ 300 x 300 0.3° 116 11.1%
ROI-MLEM 90° = 300 x 300 0.3° 132 11.7%

Table 4.4 Computation performance comparison of the time to reconstruct the 1% iteration
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CHAPTER V

Proton Beam Range Verification Methods

5.1 Motivation

It has been proposed that the gamma rays emitted during proton beam therapy could be of
diagnostic value in understanding the energy deposition of the proton along its path. For proton
therapy, the 4.44 MeV gamma-ray emitted from Carbon deexcitation, is of particular interest for
proton beam range verification (PBRV). The 4.44 MeV photopeak has shown to correlate to the
Bragg peak of the proton beam thus giving insight to the location of the largest differential dose
deposition [61], [82]. If the image of the 4.44 MeV can accurately describe the location and
distribution of the proton beam, this could aid in reducing the uncertainty in the dose deposition
of the beam. The risk to nearby healthy organs to the tumor location could also be mitigated and
the prompt gamma-ray analysis could potentially aid in the understanding of the radiobiological
effectiveness (RBE) of the proton beam as a function of depth in the patient.

However, imaging just the one photopeak has its challenges as the influx of photons created
from the proton beam are not monoenergetic. Typically the energy of the emitted photons range
in energy from several hundred keV to 15 MeV and have an associated cross-sectional dependency
on the target material composition and proton energy [65]. Adding another layer of complexity, is
the emission rate of the photons of interest. They are typically referred to as “prompt gammas”, as
many are emitted, including the 4.44 MeV from carbon, on the order of picoseconds post proton-

nuclei interaction. For a radiation detector, this large range of photon energies coupled with the
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fast emission rate, easily causes complications in data collection, mostly due to noise from
incomplete energy collection, saturation of the detection system due to timing limitations, and
chance coincidence photons causing a misread of multi-photon interactions as single events [32],
[73].

The motivation of this work is to discuss and analyze CZT’s capability of not only detecting
these photons, but methods employed for imaging specific photopeaks and full spectrum analysis
to aid in best correlating the prompt gamma ray emission to the Bragg curve profile of the intended
proton beam. The ROI-MLEM algorithm derived in Chapter 4 is used as the imaging modality of
choice, however, SBP and standard LM-MLEM images are presented when necessary for
comparison or to display the extent of the noise created in the imaging domain from prompt

gamma-ray detection.

5.2 Prompt Gamma Correlation to the Proton Beam

Theory shows that the gamma-ray emissions from proton beam therapy can provide
information about the dose profile of the proton beam given a specified material, with aims to
show this correlation in-vivo and in real time so that adjustment to the treatment plan can be readily
made or verified prior to the patient’s therapy treatment [83], [84]. This theory can be realized
through the understanding of the proton energy threshold associated with the prompt gamma (PG)
emission for a monoenergetic proton beam. In Chapter 3, the proton interactions that cause the
emission of prompt gamma rays are detailed and outlined for specific elements that are known to
be in the human body. Here we will analyze the dependency of the gamma ray emission on the
proton energy by discussing the thick target yield approximation. Understanding the dependency
of the emission profile will provide insight when analyzing the geometrical distribution of the

gamma-ray emission derived from Monte Carlo based simulations. Analyzing the geometry of the
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PG emission profile can aid in comparing the distribution of the photons as a function of energy,
proton trajectory, and target material. Building integrity in the correlation of the PG profile to the
proton depth profile provides a solid base in the argument that imaging these photons in practice
can provide practical information in determining the location and dose profile for clinical practice
and safety.

In this text, the problem is contained to a first order degree of difficulty, that is, our target of
interest is homogeneous but close to that of human density and composition, (e.g. plastic
phantoms, water tanks). Clinically, we would expect the proton beam to travel through different
layers of material before coming to rest, which could easily add layers of complexity to our
problem given the number of elements and change in density in each material coupled with the
change in proton energy. For this reason we focus on the beam trajectory through a single material
with the assumption that all protons come to rest in that material. This study is done for the proton
beam’s profile for multiple materials, namely, high-density polyethylene (HDPE), bone equivalent
plastic (BEP), and adipose tissue. Furthermore, the study focuses on monoenergetic pencil proton
beams. Although in clinical practice, spread-out Bragg peaks (SOBPs) are desired as they can
encompass 3-D volumes thus covering the entire tumor, most SOBPs are achieved by pulsating
pencil beams. So it is assumed that the knowledge we gain in theory and experimental analysis
from a pencil beam geometry can be readily applied to a SOBP study where multiple beams of

different energies are utilized.

5.2.1 Thick Target Yield Approximation Derived from Threshold Energy
The threshold energy to produce nuclear reaction fragments and particles, is the minimum
kinetic energy that the colliding particles must have and is always greater than or equal to the rest

energy of the desired production fragments, also known as the Q-value. As the accelerated proton
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travels through the medium, it will come in contact with various elemental atoms or nuclei which
will vary in rest energy all while the incident energy at each collision for the proton is changing.
The rapid state of these collisions combined with the change in proton energy can make it
seemingly difficult to depict where along the proton’s path that a certain particle would be emitted
from for a specific collision, provided the energy of the collision is at least at threshold.

In practice, the formation of radioactive particles and other emissions from isotopic
reactions with charged particles are defined by a reaction cross-section. Some research takes the
approach of experimentally quantifying the thick-target yield (TTY) and production yield with the
use of heavy charged particle beams [85], [86]. However, the cross-section values do not give a
direct correlation to quantify the gamma-ray emissions that can accompany the reaction of interest.
[87]. The difficulty lies in the continuous change in the charged particle energy as it slows down,
which complicates the estimation of when particular reactions will occur along its path.

Alternatively, the TTY approximation can be derived as a macroscopic cross-section to
provide a correlation between the nuclear reactions and the properties of the target and assess the
quantity of particles formed [88]. Here we define the TTY and derive it in terms of threshold
energies to provide an approximation of the depth at which the proton reaches the threshold, and
the specific nuclear reactions will no longer take place past this depth.

The reaction probability can be defined as,

Yy =2
N;’ (5.1)

where Np and N; are the number of produced particles and incident particles, respectively.
Following Aikawa et al., the TTY can be derived from the differential reaction probability dY at a

differential length, dx, in the target,
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N
dy = o (p—A) dx, (5.2)
Ar

which is a function of ¢, cross-section [cm?], target density (p) [g/cm3], mass number (Ar) [g/mol],
and Avogadro’s number (Na).

Remembering that the stopping power of the accelerated charged particle, is largely in part
a function of the target density and particle energy, i.e.

S(E)=—p (Z—i)- (5.3)

Deviating from Aikawa, we can then obtain the TTY as a function of depth in the target by

rearranging the stopping power and substituting it in equation 5.2,

a  op (NA>

dE ~  S(E)\4;/) (5.4)
For our problem we are concerned for only the depth at which the projectile reaches its

threshold energy, Ew. As this tells us approximately where the reaction production ceases as any

depth beyond this point results in an energy too low to cause the reaction of interest. Knowing this,

we can rearrange equation 5.4 to solve for the TTY as a function of depth.

Y(E) = ‘%(%) dE.

(5.5)
For the intended goal of associating the TTY with the production of PGs we can utilize the
measured cross-section for specific PG reactions, e.g those calculated in [3], making the cross-

section a function of the charged particle energy and the target nuclei. We can solve equation 5.5

as a function of differential path length, using the general form of the stopping power, - dE/dx,

PNy
Y(E) = ZO-V(E)dx'

(5.6)
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Here we can solve for the TTY from the projectile’s incident energy until the depth at
which it reaches the specified Ew for our reaction of interest. Aikawa, demonstrates in equation
5.7 that for a given projectile and target material the TTY can be analytically derived as an
integration from the incident energy of the projectile, Ein, to zero where the incident particles come

to rest within the target, with the assumption that the incident beam current is almost constant [88],

Ny, (Fin
Y(Epn) = Tfo (E)ﬁdE (5.7)

Equating equation 5.6 to 5.7 and integrating from the incident energy of the projectile to
its threshold energy provides a means of estimating the depth at which the reactions will stop,

occurring in the medium for the specified Ew. That is,

Y(E;, = Ep) Nafp f o o(E) a5 = PN f ’ (Ey)d
N = — _— = — o X,
in th AT Eon S(E) AT xen y\“th (58)

and rearranging and simplifying gives an equation solving for the approximate depth at which the
projectile reaches its threshold energy, xu,

A Ein

1
14
00, o) ), 7OV 5 1 T 59

Note that the cross-section within the integration, o(E) is simply the cross-section of the
reaction across all energies and not necessarily the emission of the PGs, as we have shown in
Chapter 3 that different PGs can occur from the same reaction, and multiple reactions can induce
the same PG. We also must note here that the cross-section is valid only for proton-nuclei
interactions, meaning that they do not consider multi-element compositions but assume a target of
one element.

We can use equation 5.9 as a means of estimating the point at which the reactions that

causes the emission of specific PGs stop within the target. Knowing where these emissions occur
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along the beam path aids in correlating the geometric distribution of the PGs to the beam path and
Bragg Curve.

Figure 5.1 gives the estimated, xun, for the 718 keV emission from 2C(p, x)1°B* as a
function of the incident proton energy. The cross-section table from [65] is used and fitted with a
4™ power polynomial to estimate the cross-section at various energies, shown in Figure 5.2 and

the S(E) is calculated SRIM 2010.

0 50 100 150 200 250 300
Incident Energy (MeV)

HDPE BEP —@—TISSUE

Figure 5.1: Threshold depth estimate based on the 22.1 MeV threshold energy of the *2C(p,
X)1°B*, 0.718 MeV emission. The materials estimated are HDPE (p=0.97 g/cm®), Bone
Equivalent Plastic (p=1.82 g/cm?), Tissue (p=1.03 g/cm?).

The error in the threshold depth calculation is largely in part due to the incomplete cross-
section values and the fit of the polynomial. Another possible reason for the large error bars is that
depth of the reaction rate for a proton-nuclei reaction within a multi-element target is being
estimated. The cross-section values are based on the single carbon element however the
calculations are dependent on the density and stopping power of materials with different

concentrations of 12C.
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R*=0.7979

50 150 250 350 450 550
Incident Energy (MeV)

Figure 5.2: 2C(p, x)!°B*, 0.718 MeV Cross-section experimentally given by Kozlovsky [61] .

Fitted with a 4" degree polynomial.
5.2.2 Spatial Distribution Analysis

To analyze the spatial distribution of the emission of PGs emitted from proton interactions,

both Geant4 (G4) and MCNP simulations were developed. In Geant4 the Polaris3 — Prompt
Gamma Compton Camera Simulation (PGCCS) developed by Peterson et al. was used to analyze
the PG emission from various low Z targets and the detection capabilities of the Polaris J3 system
(detailed dimension in Chapter 2). MCNPG6 is used in this text to analyze the PG and neutron

emissions in the same low Z targets used in the G4 simulations.

85



Table 5.1provides the atomic information of each target material studied, (1) HDPE, (2)

Bone Equivalent Plastic (BEP), and (3) tissue.

Elements HDPE Bone Eq. Plastic Tissue
(%) (p=0.97 g/cc) (p=1.82 g/cc) (p=1.03 g/cc)
H 0.33 0.06 0.11

C 0.67 0.54 0.26

N 0.22 0.03
O 0.03 0.60

F 0.17

Ca 0.18

Na 0.001
P 0.002
S 0.003
Cl 0.002
K 0.002

Table 5.1: Elemental composition of Simulated Targets

5.2.2.1 MCNP Simulation Analysis

In these studies single pencil proton beams are used ranging in energies from 50 MeV to
250 MeV in 50 MeV increments, for the same target dimensions, 50 cm x 10 cm x 10 cm, with
the beam traveling along the central x-axis as shown in the schematic of Figure 5.3. CZT was not
employed in this simulation as the focus was the originating and scattering locations of the photons,
neutrons, and protons within the target. Here we discuss a 3-D, 2-D, then 1-D (along the beam

path) analysis of each target material.

86



Target

—>

Proton Beam: 1E8 Protons (50 cm x10 cm x 10cm)

Centered (-10 cm, 5 cm, 5 cm)
I"‘V

-X +X

Figure 5.3: Schematic of MCNP6 simulations of various low Z targets and a 0.25 cm radius
proton pencil beam incident from the central -x axis.

To obtain a 3-D emission profile of the particles of interest a volumetric mesh F4 tally was
used encompassing the entire target, if the particle surpassed the energy threshold and crossed the
voxel then it is tagged and tallied in that voxel. Figure 5.4 shows the 3-D distribution of the
neutron, photon, and proton emission for 50 MeV proton beam for each target material, as planar
slices in the z-direction.

A consistent trend is evident in the spatial distribution of the of particles for all studied
materials. The gamma ray flux is very similar to that of the proton tracks within each target, staying

concentrated along the beam path. However, the neutron emission shows a different profile.
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Figure 5.4: 3-D Distribution for HDPE (top row), BEP (middle row), and Tissue (bottom
row) targets simulated in MCNP6.The intensity bar corresponds to the number of tracks
tallied in each voxel. The 3-D target is truncated for the gamma and proton tracks in the X

direct

seen from proton interactions, with a very different cross-section, which implies that there is the
possibility that the photopeaks we focus on for imaging could have events associated with neutron
interactions. The 3-D neutron profile shows that majority of the neutrons travel far past the beam’s
end point, many escaping the target. The HDPE target indicates a cutoff point suggesting that some

of the emitted neutrons come to rest near 40 cm into the target, which could be due to the high

ion to 10 cm.

As stated in chapter 3, neutrons are capable of inducing many of the same nuclear reactions
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concentration of hydrogen slowing down the neutrons. This is confirmed by the dose profiles
shown in Figure 5.5 from the neutron presence in each target material which is approximately three
times higher in the HDPE than the other two materials. However, this means that the photons that
are created from the neutron emission will only lead to noise in the image space, as they do not

follow the trajectory of the of the proton beam.

6 x107° Neutron Dose to Target
——HDPE
——BONE
5[ | = TIss
4+
o3
2 =
1 L
0- ‘ : : :
50 100 150 200 250

Beam Energy (MeV)

Figure 5.5: Neutron dose calculated by MCNP6 using a F6 tally, as a function of proton beam
energy.

Examples of the 2-D profiles are shown in Figure 5.6, Figure 5.7, Figure 5.8 and to give a
better representation of the lateral spread in the neutron, photon, and proton distribution profile,

respectively for the 100 MeV, 150 MeV, and 200 MeV proton beam simulations.
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Figure 5.6: 2-D neutron mesh tally profile simulated in MCNP6

The neutron tracks show that they do not correlate to the proton’s emission profile and are
more prominent further from the beam’s origin. When comparing the photon’s lateral spread to
that of the protons, we see that its much broader along the y-axis than the protons. This plumage
in the photon’s distribution could suggest that many are born far from the beam’s central axis
which could be in part due to the secondary neutrons causing further nuclear reactions or from

protons that straggle from their trajectory, as shown in Figure 5.7. This straggle typically increases

radially with proton beam energy about the central axis of the beam.
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Figure 5.7: 2-D gamma mesh tally profile simulated in MCNP6

As the widening of the proton beam increases with energy so does the lateral spread of the
gamma-ray distribution. With increase in proton energy the gamma-ray distribution shifts further
from the incident edge of the target and does not become prominent until a further depth into the
material, as seen in the 200 MeV distribution for the HDPE target in Figure 5.8. This could be due
to the low cross-section of proton-nuclei reactions at very high energies for C. Thus the proton
will mostly travel a straight path scattering off electrons, until it loses enough energy to slow down

and cause gamma emitting reactions.
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Figure 5.8: 2-D proton mesh tally profile simulated in MCNP6
The straggle of the proton beam distribution is most prominent near the end of its track at
high energies. At 100 MeV the beam stays nearly consistent and concentrated about its central axis

across all materials. As the incident energy increases so does the chance of scatter thus causing

deflection from the intended path of the proton.
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Figure 5.9:1-D profiles along the central beam axis of the photon and proton intensity.



Lastly, 1-D profiles are compared for the proton and gamma distribution to ensure that
there is correlation between the proton trajectory and the emission of the photons. Figure 5.9
compares the intensity of all three particles along the central axis of the proton beam. At the point
at which the protons come to rest within the target we can see that the gamma ray tracks follow
suit. There are also stark differences in the gamma ray distribution profile across the three materials
as a function of energy. As the energy of the proton beam increases, in the HDPE target, the most
intense location of gamma-ray profile begins to shift closer to the end of the proton beam,
suggesting that very little nuclear reactions happen near the beginning of the proton track. This is
plausible as at the higher energies the protons may be less susceptible to proton-nuclei interactions
or scattering until it slows down enough to cause an energy transfer to the atoms of interest.

The MCNP study shows that the expected noise in the spatial distribution of the gamma-
rays produced during a proton beam irradiation should be expected more so laterally than
longitudinally along the beam’s path. This associative noise with the PG emission could be in part
due to the neutron emission that can go to produce more gamma rays or the straggle of the incident
protons. It is also worth mentioning that in practice, the tertiary emission of gamma rays from the
neutrons could happen much later after the therapeutic beam shuts off causing residual noise in

time.

5.2.2.2 Geant4 Simulation Analysis

Geant4 simulations using the Polaris3 — Prompt Gamma Compton Camera Simulation
(PGCCS) can provide the originating location of each detected gamma ray produced from all
protons, neutrons, and other secondary particle induced reactions. For each simulation the proton
beam energy was increased by 50 MeV from 50 MeV to 250 MeV and the originating location

distribution and reaction types that caused the gamma-ray emissions were analyzed.
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For each simulation, a beam intensity of 5E8 protons was used to irradiate a 50 cm x 20
cm x 20 cm target along the x-direction. The proton beam radial width was 0.125 mm and the
Gaussian spread in the beam energy was 4 keV. The gamma rays tracked are the ones that cross

the CZT detector system that is 10 cm below the target parallel to the beam, shown in Figure 5.10.

T e o e s
I ==

Figure 5.10: Schematic of the HDPE using PGCCS.

To understand the noise in the photon emission the data was separated by the particle that
induced the reaction: proton induced, neutron induced, and ion induced. Figure 5.11 shows an
example of this for the HDPE target and the 250 MeV proton beam irradiation. The neutron
induced reactions resulted in less than 20% of all photon emissions for all beam energies and
targets and were more so prevalent in the bone equivalent plastic simulations.

Although, the number of neutron-induced photons is low in comparison to the number
induced by protons. the deviation of the neutrons from the beam trajectory can lead to a more
spread-out PG emission. When imaging PG lines that are induced by both neutrons and protons
there can be additional noise in the image space correlated to the neutron induced interactions.

Across all simulations the effects of heavy ion-induced gamma-rays were minimal.
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The proton induced profile shows that most of the detected photons collected by the Polaris
J3 detector originate below the firs 100 mm of the proton beam, this could be due to the centering

of the detector below the target, or that as the protons continue to travel, the photons near the end

of the track tend to leave the source in directions away from the detector.
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Figure 5.11: 2-D distribution of gamma rays emitted from nuclear reactions induced by protons,

neutrons, and ions within the HDPE target. The intensity bar corresponds to the number of
photons emitted in the voxel (0.5 cm?®)
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To focus on the PG’s that will be used for image reconstruction, a 1-D profile, shown in
Figure 5.12, illustrates the 718keV, 4.44 MeV, and the 511 keV annihilation photons distribution
as a function of energy to assess their usefulness in determining the proton beam’s range and
endpoint. The 511 keV emission is included as we can see these photons directly from proton
interactions and from pair production events produced by the PGs. All three materials consistently
demonstrated that the 4.44 MeV peaks are well within the Bragg peak region, the 718 keV
distribution tends to plateau as a flattened curve as the proton energy increases, and the 511 keV
emission could also serve as a good estimator of the beam’s length.

However in practice, the 511 keV emissions are not only prompt but can also be delayed
on the order of minutes, which leads to noisy and less-informative reconstructions than what is
seen in Figure 5.12 for the HDPE distribution.

Figure 5.13 and Figure 5.14 illustrate the 1-D profiles for both the BEP and tissue targets,
which show similar profiles with slightly distinct features. The 718 keV emission profile shows
that in the higher density material, BEP, we see sharp peaks slightly shorter in depth in comparison
to the 4.44 MeV and 511 keV profiles, suggesting that in imaging there should be a brighter hotspot
near the end of the track. Versus, the lighter materials which have a broader and more flattened
curve which suggests the expectation of a more uniform distribution in future image

reconstructions of this energy line.
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Figure 5.12: 1-D distribution of the 4.44 MeV, 718 keV, and 511 keV depth profile along the
proton central axis as a function of proton beam energy in the HDPE target simulated in
PGCCS.
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Figure 5.13: 1-D distribution of the 4.44 MeV, 718 keV, and 511 keV depth profile along the
proton central axis as a function of proton beam energy in the BEP target simulated in PGCCS.
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Figure 5.14: 1-D distribution of the 4.44 MeV, 718 keV, and 511 keV depth profile along the
proton central axis as a function of proton beam energy in the tissue target simulated in PGCCS.

Across all three materials the 4.44 MeV profile is much more prominent near the end of
the beam path than the rest its profile giving promise to being able to reconstruct a clear hotspot
near the Bragg Peak location. Using this energy line for MLEM reconstructions suggest that the

latter region of the profile could be lost with each iteration as the focus of the reconstruction would
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be the maximum likelihood location of the 4.44 MeV’s origin which points to the end of its profile

from these simulations.

5.2.3 Spectral Analysis
A spectral analysis of the prompt gamma emission from homogenous targets is studied to

validate the effectiveness of detecting these photons.

5.2.3.1 MCNP Analysis

MCNP simulations were used to obtain a spectrum of the emission of the photons from
three different target materials. A F2 tally provided the surface fluence of the gamma-ray
emission from each surface of the target as function of energy as shown in Figure 5.15, Figure
5.16, and Figure 5.17 for the HDPE, BEP, and tissue targets, respectively.

These spectra show the gamma-ray emission from each target material as a function of
proton beam energy. As the composition of the target material becomes more complex (list of
elements for each target is shown in Table 5.1) so does the energy spectra which shows an increase
in gamma-ray lines associated with the de-excitation of the various elements in the targets. There
are also photopeaks that show only after a certain proton beam energy which can be leveraged in
future work when determining the beam’s endpoint and Bragg peak based on the energy threshold
required to create certain prompt-gamma ray lines. These spectra show that the change in material
can be easily identified by unique lines in the spectra, many of which fall within CZT’s dynamic
range of 3 MeV.

Under many of the photopeaks, for example the 4.44 MeV emission from carbon, there is
a broaden hump which signifies the down scatter of these events prior to leaving the target. This

could also be a function of the incomplete physics model for secondary particle tracks at such high
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energies in MCNP simulation packages. For example, the 718 keV peak from carbon is not present

in the energy spectra shown nor is it found in the proton cross-section tables for MCNP.
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Figure 5.15: MCNP6 gamma-ray energy spectra from proton beam irradiation of the HDPE
target.
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Figure 5.16: MCNP6 gamma-ray energy spectra from proton beam irradiation of the BEP target.
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Figure 5.17: MCNP6 gamma-ray energy spectra from proton beam irradiation of the tissue
target.

5.2.3.2 Geant4 Analysis

A HDPE target was simulated for the spectral analysis using the PGCCS. In this simulation
the beam utilized 5e9 protons, and the energy is incremented by 5 MeV from 20 MeV to 100 MeV
and is shot parallel to the Polaris J3 detection geometry similar to the schematic shown in Figure
5.10

Figure 5.18 shows the energy spectra for each simulation and a zoomed in view of the 718
keV and the 4.44 MeV photopeaks as these are the proton-carbon interactions of interest for beam
range verification. The energy spectra show a consistent increase in the overall number of events
as the incident proton energy increases as expected, with a higher energy the higher the probability

of scattering events before 1onization at the end of the proton’s track.
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Figure 5.18: Polaris J3 recorded energy spectra of the HDPE Simulation up to 5 MeV. Bottom
figures show the 718 keV (left) and the 4.44 MeV (right) photopeaks.

The origin data was used to analyze the geometrical distribution of the 718 keV and the
4.44 MeV emissions within the HDPE target. Their 1D profile was compared to SRIM simulations

of the expected stopping power or Bragg curve associated with the incident beam energy and
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composition and density of the target. Figure 5.19 shows the 3D distribution of the 718 keV and

4.44MeV emissions for the 20 MeV, 70 MeV, and 100 MeV proton beams.
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Figure 5.19: 3-D distributions of the originating locations of the 4.44 MeV (red) and the 718
keV (blue) photons within the HDPE target that were detected by the Polaris J3 system. The

bottom right figure shows the number of emitted 718 keV and 4.44 MeV photons for each
proton beam energy.

Figure 5.19 shows that while the 4.44 MeV emission is the most prominent for most beam
energies it also results in a more widespread area of scatter than that of the 718 keV. For example
in the 100 MeV proton beam simulation the 718 keV results in more emissions detected by H3D-

J however, within the target, the 3-D distribution shows that most of the 718 keV’s are found to
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be more centralized around the beam versus the 4.44 MeV which shows more events throughout
the entire target, with the largest concentration near the end of the beam path. This could be due
to their different proton energy thresholds, the 718 keV has a threshold of 22 MeV which means
that the proton must deposit at least that much energy to induce this photon, so theoretically, the
proton should not be too far from its normal trajectory before depositing this much energy within
a reasonable incident energy window. On the other hand, the 4.44 MeV can be seen from a proton
energy of at least 5.1 MeV which means a 100 MeV proton could scatter quite a bit away from its
path before creating this photon.

Figure 5.20 shows the normalized intensity depth profile of both the 718 keV and 4.44
MeV lines for the 70 and 100 MeV proton beams in comparison to the Bragg curve calculated by
SRIM2008 along with the peak difference between the 1D profile and the Bragg curve for all
simulations.

The depth profiles are normalized for the number of events at every 0.2 mm step for both
emissions divided by the sum of all 718 keV and 4.44 MeV events at that step. There are no 718
keV emissions for the 20 MeV beam simulation as this beam energy is below the 718 keV energy
threshold. The peak difference plot in Figure 5.20 reveals that the average distance between the
4.44 MeV peak and the Bragg peak is 1.80 mm £ 0.56 mm and 8.94 mm + 1.06 mm for the 718

keV peak location.
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Figure 5.20: 1-D Profile of the 718 keV and 4.44 MeV photon emission within the simulated
HDPE target with respect to the Bragg curve for each beam energy within a CzH4 target
calculate by SRIM. The bottom left figure shows the peak difference between the 718 keV and
the 4.44 MeV profiles with respect to the Bragg peak, respectively.

The difference in the depth at which we see the Bragg peak and the peak of the two photon
energy lines does not vary much with proton beam energy, spanning roughly 2 mm for each

photon.

5.2.4 Analysis Summary
The theoretical analysis show that the photon emission from proton interactions within

various targets closely follow that of the proton’s trajectory. There is an obvious spread or noise
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associated with the PG emission that could be in part due to both the neutron emission from proton
interactions and the straggle of the proton beam itself.

Of the three targets simulated, HDPE, BEP, and tissue, the results show that there are many
photopeaks for each that can be used for imaging analysis and differentiation between materials
for future work with heterogeneous targets.

When focusing on the HDPE target, specifically studying the 4.44 MeV and 718 keV
emissions, the PG profiles closely follow that of their theoretical yield. The 4.44 MeV profile ends
closer to the Bragg peak location than the 718 keV emission as its threshold energy is as low as
5.1 MeV whereas the 718 keV emission will need 22 MeV for its nuclear reaction. This
information can be leveraged in imaging as the 4.44 MeV profile shows a sharp rise near the end
of its track suggesting that in images, the full profile of the beam will be lost to the iterative
algorithm of MLEM which will inherently converge to the 4.44 MeV peak. Whereas the 718 keV
profile shows a more flattened and evenly distributed profile suggesting that although it may not
end at the Bragg peak, its profile could lend information about the full length of the beam provided
we estimate the difference between the threshold location of the 718 keV emission and the Bragg

peak location.

5.3 Verification Method I: 718 keV Imaging

The 718 keV photon emitted from carbon-proton spallation can be an advantageous PG for
PBRYV in imaging as its energy is within the dynamic range of CZT, close to that of 662 keV where
CZT boasts a 0.3% energy resolution. At this energy, event reconstruction should be robust enough
to allow for well reconstructed Compton cones for imaging, despite the background noise
associated with PG detection. Simulations show that for the most part the 718 keV emission is

nearly even along the entire beam profile for various materials. This type of emission profile could
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serve well in determining the full extent and dose profile of the latter portion of the proton beam
before it’s Bragg peak.
In Chapter 3 we derived the threshold energy as the result of a simple two-body breakup

reaction and described it as the following,

(my + My + mp + Mp)
2M, '

Eqp = —0Q (5.10)

Where Q is the Q-value of the reaction or the decay energy of the reaction, which is
multiplied by a function of the mass of our target material (Mr) and reaction product (Mg), and the
atomic mass of our projectile (mp) and the rest mass of our reactants (ma) and products (ms).

For the analysis of the 718 keV emission from *2C(p, x)1°B*, we will depend on the threshold
energy of this reaction to provide a means of estimating the proton’s depth of rest. Treating this
reaction as a simple two-body problem implies that it will always have the minimum or negative
Q-value, and therefore occur at the minimum threshold energy.

At sufficiently high energies, spallation will take place and all fragments lighter than the
target nucleus can be produced. The p* + 2C — °B* + 3He reaction emits the 718 keV gamma
from the first excited state of °B. The electron capture decay of 1°C can also produce the7 18 keV
line, which decays in 19.255 s to the 718 keV level of 1°B 98.53% of the time (the other 2% is
given to the 1.022 MeV line). The excited 1°B will then promptly emit the PG in 718.35 keV
energy. In practice, when the proton beam comes to rest, the prompt gammas from °B will stop
immediately, while the decay from °C will decrease with a half-life of 19.255s. Thus for our
simplified problem, the 718 keV emission will havea Q = -(19692.852 + 718.35) keV and E
=22124.980 keV from the 2C — °B*, Whereas any °C produced from ?C during the irradiation
of the target will have a threshold of 25320.84keV. Since the focus is the imaging of the PGs we

will focus on the 22.1 MeV threshold produced directly from 1°B*. Although, we must keep in
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mind that the latter can cause residual or late photons in practice, which could lead to potential

noise, when imaging multiple beams of the same target.

5.3.1 Bragg Peak Fit for High Threshold Energy Prompt Gammas

Figure 5.21 shows the correlation of the peak and drop-off or stopping point of the 718 keV
photons emitted from PGCCS simulated proton beams on HDPE, BEP, and tissue targets. These
profiles are compared to the estimated depth at which the proton will reach 22 MeV on average.
We derive this depth from SRIM2010 simulations which provide the proton energy loss as a
function of depth. As the proton beam energy increases so does the discrepancy between the 22
MeV depth calculated by SRIM and the peaking and stopping point of the 718 keV profiles.

The largest error is found in the tissue profile followed by the HDPE target which shows its
largest deviation at the 250 MeV proton beam. However, all three targets show that the 718 keV
emission closely follows its theoretical threshold, the largest discrepancy being in the peak values
which could be due to the flattening of the 718 keV profile making the peak value difficult to
decipher from the rest of its emission profile. Also, Kozlovsky shows the 718 keV cross-section
peaks at around 28 MeV [65].Therefore, if following the experimental cross-section, we should

expect the peak to be further from the beam’s end than the threshold depth of the 718 keV profile.
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Figure 5.21: Comparison of the PGCCS 718 keV peak location to the SRIM2008 calculate
depth at which the proton beam reaches 22 MeV.
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Focusing on the HDPE target alone and comparing the 718 keV profile peak and stopping
point to the Bragg Peak for each simulated proton beam shows that there is an apparent relationship
between the beam’s Bragg peak location and the depth at which it reaches the threshold energy for
the 718 keV emission, as shown in Figure 5.22.

This correlation indicates that the 718 keV peak and distal fall off or “stop” point follows
the trendline of the Bragg Peak calculation as a function of proton beam energy very closely. This
implies that if we can obtain an accurate estimate of the 718 keV emission end point and peak
values that we can use either of these locations to estimate the proton Bragg peak’s location by
fitting those values to the exponential curve for this specific material. Along with finding the Bragg
peak location, the 718 keV profile should also provide information about the full profile or length
of the beam given the spatial analysis discussed in the previous section.
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Figure 5.22: Comparison of the 718 keV peak and stop depths recorded from PGCSS to the
SRIM2010 calculated Bragg peak locations for an HDPE target.
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5.3.2 Experimental Analysis

Two S400x digital CZT systems and two M400 analog CZT systems were used for proton
beam measurements at the Maryland Proton Therapy Center (MPTC) in Baltimore, Maryland. In
this series of measurements, the detectors were placed at 96 cm and 30 cm from the isocenter of
the high-density polyethylene (HDPE) target, p= 0.97 g/cm?. The further distance was used as a
precautionary measure to ensure that the systems will not be oversaturated at high proton beam
energies and dose rates. Figure 5.23 depicts the measurement setup used for both the digital and
analog systems provided by H3D at the MPTC. For imaging analysis we will focus on the 30 cm
separation distance measurements detailed in Table 5.2. The dimensions of the HDPE block used

for these proton beam measurements are 38.1 cm x 25.4 cm and 5.0 cm thick.

Digital
Detectors S

Figure 5.23: Proton beam measurement setup for the analog and digital systems. The top image
shows the 30 cm separation setup, and the bottom figure shows the 96 cm separation
measurement setup. (The green cross on the HDPE Block indicates the location of the proton
beam entrance.)
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AM 9

AM 10

AM 11
AM 12
AM 13
AM 14

Table 5.2: Summary of Beam Measurements at 30cm

100 MeV

100 MeV

100 MeV
100 MeV
150 MeV
200 MeV

50 kMU/min

50 kMU/min

100 kMU/min
150 kMU/min
150 kMU/min
150 kMU/min

100 kMU

100 kMU

100 kMU
100 kMU
100 kMU
100 kMU

Separation Distance KMU = kilo-Monitor Units

The M400 system circled in red in Figure 5.23 is used for ROI-MLEM imaging of the
listed proton beam measurements denoted as “AM” for Analog Measurement. All measurements
were imaged using the 718 keV photopeak. ROI-MLEM was used to reconstruct images in a 40
cm X 27 cm image space about the center of the target profile.

Figure 5.24 shows the ROI image reconstruction for AM 9-12, cropped to the size of the
target (HDPE) profile of 38.1 cm x 25.4 cm. These measurements only varied in dose rates as the
proton beam energy remained constant at 100 MeV. Each image reconstruction shows a consistent
overshoot of the expected beam range of 7.4 cm (calculated by SRIM2010). This could be due to
the maintenance issues experienced with the gantry the day of the measurement or a misalignment
of the target for these consecutive measurements. Although, the accuracy in estimating the beam’s

true depth within the target is hindered by this unexplained overshoot, there is promise in the

precision of the reconstruction across these measurements.
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Figure 5.24: ROI-MLEM image reconstructions of the 718 keV photopeaks from measurements
AM 9-12. The pixel resolution averages 0.025 cm?. The red line indicates the distal fall-off of
the proton beam and the green line represents the trajectory of the beam, the green arrow
indicates the direction.

Figure 5.25 provides a comparison of the peak location of the 718 keV image
reconstruction shown in Figure 5.24. A 1-D profile is taken through the maximum intensity of the
image reconstruction along the beam’s trajectory and compared to the region at which we expect
to see the beam enter and come to rest with in the target.

The uncertainty in the peak centroid of each image reconstruction shows to be less than 1
cm at a 30 cm image distance. Although all four measurements reconstruct past the expected beam
location, we can verify that CZT and ROI-MLEM imaging can provide reproducibility in the PG
emission depth estimate of multiple proton beams on the same target.

For these measurements, the FWHM for each 1-D profile was measured to estimate how
well we can predict the full range of the proton beam. The calculated average FWHM is 6.89 cm

+ 0.65 cm. According to SRIM and G4 simulations, for a 100 MeV proton beam, the expected
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beam range is 7.4 cm and the expected threshold depth for the 718 keV emission is 6.99 cm. This
shows that when using the FWHM, we can estimate the full range of the beam profile with 6.8 %
error when directly correlating the FWHM to the beam range, and we are within 1.4% error when

using the FWHM to estimate the 718 keV threshold depth.
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Figure 5.25:1-D profile comparison of the 718 keV image reconstructions for measurements
AM 09-12.

Measurements AM 13 and AM 14 were taken at the highest proton beam energies and dose
rates allowed by the proton beam gantry. For these measurements, the M400 systems experienced
its highest dead time rate at approximately 75% while the S400x systems were nearly completely
saturated at 95%, (see Chapter 6 for further detail on detector performance). Figure 5.26 shows the

image reconstruction of both AM 13 and 14 for the 718 keV photopeak.
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Figure 5.26: ROI-MLEM image reconstructions of the 718 keV photopeaks from
measurements AM 13 an AM14. The pixel resolution averages 0.025 cm?. The red line
indicates the distal fall-off of the proton beam and the green line represents the trajectory of
the beam, the green arrow indicates the direction.

In the image reconstructions of the proton beam measurements with the highest proton
beam energy and dose rates we see an apparent increase in the noise reconstructed in the image
space. However, there is promise in these results as the majority of the intensity in the images
reconstruct below the expected distal fall-off of the proton beam. As the length of the proton
beam’s depth into the target increases so does the potential of the source reconstruction, the
uniformity is lost and the hotspot begins to break apart and separate into smaller hotspots rather
than a singular uniform extended source distribution, as shown in the AM 14 reconstruction. This
separation of the source distribution is in part due to the noise in the image space and lack of
counting statistics in the photopeak leading to a less even distribution of events along the entire
path of the beam. It is also worth noting that for such a high dose rate, the detection time was less
than a minute for both measurements leaving little time for data collection hindering the statistics.

Figure 5.27 compares the 1-D profile of AM 13 and AM 14 to their expected Bragg peak

locations and threshold depth for the 718 keV emission.
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Figure 5.27: 1-D profile comparison of the 718 keV image reconstructions for measurements
AM 13 and AM 14.

The 1-D profiles reveal a slight increase in depth for the AM 14 emission profile in
comparison the AM 13, however it does not align with the threshold location. These profiles also
show very similar features around the -10 cm depth and trailing decay past the peak locations,
these similarities and closeness in depth of the peaks could be due to the residual photons emitted
from AM 13 being recorded in AM 14 data. During data collection there was less than a 30 second
rest period between beams. It is plausible that at such a high proton beam energy and dose rate that
there were enough 718 keV emissions from 1°B* and the slower decay of °C that were collected
from the AM 13 irradiation that could have been recorded during the AM 14 irradiation. This could
have easily skewed the data collection to closer reflect that of the previous measurement. We also
see that the AM 14 profile does not drop to less than 50% intensity until its theoretical threshold

depth.
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From the image reconstructions shown, it is quite difficult to pick a stopping point of the
718 keV emission due to its hill-and-valley Gaussian like curvature, therefore we rely on the peak
location to provide an estimate of the Bragg Peak location for the above measurements. Utilizing
the curve fit equation provided in Figure 5.22, we can estimate the proton beam’s incident energy
and thus its theoretical depth in the HDPE target. Figure 5.28 demonstrates the estimated incident
proton energy from the peak location from the image reconstructions of the 718 keV emission for
the AM measurements. The same peak locations are used to estimate the expected 22 MeV proton

energy threshold.
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Figure 5.28: Estimation of the incident proton energy and threshold depth from the peak
positions of the 718 keV image reconstructions for the M400 AM measurements.

The data fit shows that the AM 09-12 result is nearly a 20 MeV overestimate of the proton
beam originating energy whereas AM 13 comes the closest to its originating proton beam energy
followed AM 14 which is under by only 40 MeV. The threshold depth estimate is also best shown

by AM 13 whereas AM 14 results in a depth closer to AM 13. Further fitting parameters could be

119



included to better approximate the beam’s end point using the peak location of the 718 keV
emission profile from image reconstruction. Although, AM 09-12 results in an over estimation the
proximity of their estimate to one another for the same beam energy provides promise of the 718
keV emission, or any photon that results in a high energy threshold with a high branching ratio,
being used as a PG emission for imaging analysis for comparison to the Proton’s Bragg peak
location.

As the proton energy and depth into the target increased so does the elongation of the 718
keV emission profile in imaging. This could be leveraged with improved results from possible
longer measurement times and careful attention to the time frame in between beams. With closely
impinging beams we run the risk of residual photons causing a miscalculation in the next beam’s
analysis due to late photons from the previous beam while PGs are being recorded for the current

beam, as we saw from AM 13 to AM 14.

5.4 Verification Method 11: 4.44 MeV Imaging

The 4.44 MeV emission from the carbon nuclei-proton interactions, has been of particular
interest in proton radiotherapy for estimating the location of the Bragg peak within a carbon-rich
material [50], [72], [89]. The 4.44 MeV PG can be derived from two modes of nuclear spallation
with carbon,

(1) 2C(p, 2p)!'B* — 4.444 MeV

(2) 2C(p, n)2N* — 4.438 MeV

and inelastic scattering on 2C can cause the carbon nuclei to become excited and emit a 4.438
MeV gamma ray. Of these three modes the excitation of the >C atom results in the lowest threshold
energy of approximately 5.1 MeV as it only requires a little more energy than that of the first

excited state. The first nuclear spallation reaction requires the proton have an energy of at least
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17.3 MeV and results in a PG emission on the same timescale as the deexcitation of the C atom,
at 6.1E-14 seconds [65]. The second reaction could be considered a delayed photon emission as

the excited 2N has a half-life of 11ms.

5.4.1 Simulation Analysis

Knowing that the threshold energy of the 4.44 MeV photon is around 5.1 MeV suggests
that this photon could easily be seen near the end of a highly energetic beam as the proton could
travel nearly its entire path before it reaches an energy below 5.1 MeV and coming to rest. Figure
5.29 shows a 2-D profile of the 4.44 MeV emission on a simulated HDPE target using PGCCS.
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Figure 5.29: Simulation of the 4.44 MeV gamma ray distribution within a HDPE target.
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The 2-D profiles show that the 4.44 MeV emission does not deviate much from the beam
path and the most intense point of the emission corresponds closely to that of the proton beam’s
end point. As the energy of the proton beam increases so does the non-uniformity in the 4.44 MeV
emission profile, as there are more chances of carbon-proton scatter at such a high incident energy.
However, for this target, the profiles are consistent as a function of energy.

The PGCCS simulation utilized 1E9 incident protons for each initial energy however, the
overall number of 4.44 MeV photons to reach the Polaris J3 detection system resulted in poor
photopeak statistics, see Figure 5.18. With low statistics it is infeasible to image the photopeak
using an iterative method like MLEM as the convergence of the image reconstruction will suffer.
The low number of events collected by CZT at this energy could be attributed to several factors,
one being the inherent worsened energy resolution for CZT at this energy due to dynamic range
limitations, the tendency of the photon to undergo pair production prior to reaching the detector,
and the down scatter of the photon along its path. It has also been shown that the PG emission is
nearly isotropic, with the detector system parallel to only one side of the target, this leaves room

for many other photons to escape detection [84]

5.4.2 Experimental Analysis

The low statistics seen in simulation translates to data collected experimentally. The H3D-
J (formerly known as Polaris J3) detector was used for a 70 MeV proton beam irradiation of an
HDPE target shown in Figure 5.30. For this experiment, H3D-J is 30 cm away from the HDPE
target on top of the patient bench and the beam with its trajectory going from left to right center of

the target.
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Figure 5.30: Proton beam measurement setup using the Polaris J3 (black) detection system at
the MPTC with a 12.5 cm x 12.5 cm x 5 cm HDPE target (blue). The patient bench is shown
in gray. Not drawn to scale.

A 70 MeV proton beam has an expected depth of 4 cm before coming to rest in an HDPE
target with a density of 0.97 g/cm?®. To estimate this location the 4.44 MeV photopeak recorded
from this experiment was imaged using ROI-MLEM. Figure 5.31shows the energy spectra of all
imageable events (2-5-pixel events) and the desired 4.44 MeV photopeak region used for standard
47w MLEM imaging. The energy window is large, 4.38-4.5 MeV, to compensate for the broad and
dampened photopeak due to worsened energy resolution and other conflicting factors. In Figure
5.31 the 5, 15" and 25" iterations of standard MLEM are showing that the image reconstructions
of this photopeak results in very poor convergence and high-frequency noise artifacts which

hinders the image quality and fidelity for beam range verification analysis.
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Figure 5.31: 4n image reconstructions of the 4.44 MeV photopeak (highlighted in red) using
standard MLEM.
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For the ROI-MLEM reconstruction, the same photopeak energy window was used, and the
ROI was set to a 90° window about the center of the target dimensions [10 cm x 10 cm]. Figure
5.32 shows the ROI-MLEM image reconstruction using a pixelation of 450 x 450 resulting in
average pixel resolution of 0.01 cm?. Using ROI-MLEM allows for the mitigation of noise in the
image space due to mostly pair production events and missequencing. The ROI Image was further
truncated post-processing to show only the 4.44 MeV emission distribution within the target
dimensions, which shows that the max intensity is within range of the expected distal fall-off of

the proton beam.
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Figure 5.32: ROI-MLEM reconstruction of the 4.44 MeV photopeak. The image reconstruction
is truncated to the size of the target profile. The green dotted line indicates the trajectory of the
beam upward from the negative y-direction and the red dotted line indicates the beam’s end
point. The 1-D slice profile is taken from the values along the y-direction through the peak
centroid of the image reconstruction.
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However, the 1-D profile shows that the peak centroid is further from the beam’s end than
expected from SRIM and PGCCS simulations. The peak centroid location is at -2.73 cm +/- 0.21
cm, 1.27 cm away from the intended beam end point. The expectation is that the 4.44 MeV peak
centroid is to be no more than 0.31 cm from the Bragg peak location as estimated by SRIM and
PGCSS. This misalignment in the peak centroid could be due to a number of possible causes,
some listed here:

1. Detector resolution: with worsened energy resolution comes worsened Compton cone

estimation which can skew the lever arm directionality and opening angle calculations.

2. The noisiness of the data set: in proton beam measurements the high levels of
radioactivity can cause chance coincidence events, partial energy deposition events,
and event pile-up which also hinders (1) and skews Compton cone estimation.

3. Pair production events: At this energy the possibility of the PG undergoing pair
production is heightened. This means that these events are recorded as imageable
Compton photopeak events, which only results in noise.

4. Statistics: without enough true Compton imaging events beneath the photopeak the
image reconstruction suffers, causing a low likelihood estimate from the MLEM
algorithm and cause a poor convergence which could pull the source distribution from
its true location.

Further spectral analysis outlined in Chapter 6 reveals the difficulties of detecting and
imaging this photopeak in the high flux environment of proton therapy. Experimental image results
provided by ROI-MLEM shows that there is promise in using this photopeak or low energy
threshold photopeaks for PBRV. Depending on the concentration of the element of interest in the

target, inelastic scattering causing the excitation of the intended nuclei will always result in a
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threshold energy slightly higher than that of the 1% excited state gamma ray. Therefore if the
excited state gamma-ray energy is below 10 MeV we can expect its threshold to be within vicinity

of the Bragg peak of typical therapeutic beam energies.

5.4.3 Analysis Summary

To successfully obtain spatial distribution information from PG emission to describe the
proton’s energy loss as a function of depth, there are apparent limitations that must be addressed.
The high flux of photons cause noise spectrally that it is transferred to the Compton cone
reconstruction which produces noise artifacts in the image space. ROI-MLEM shows that much of
that noise can be mitigated through truncating the imaging space. However, the image convergence
is not reaching the desired resolution to definitively predict the location of the proton beam
endpoint from the PG emission profile.

When comparing the image reconstruction in Figure 5.33 of the 718 keV PG line to that of
the 4.44 MeV emission for the experimental measurement shown in Figure 5.32, the 718 keV
image shows a smaller and more concise hotspot than the 4.44 MeV. The peak centroid also
converges closer to the beam’s end than the 4.44 MeV reconstruction, which is not expected based

on theory.
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Figure 5.33: 90° x 90° ROI image reconstructions with a 0.02 cm? pixel resolution of the (a)

4.44 MeV and (b) 718 keV prompt gamma rays. (c) A 1-D slice is taken through the peak
centroid of each image to show the profile of the events along the beam path. This is compared
to the (d) simulated Bragg curve of a 70 MeV proton beam incident on a CoHa target (p = 0.97
g/lcmd).

The better performance of the 718 keV image reconstruction is due to the improvement in
detection efficiency at this energy in comparison to the 4.44 MeV photopeak. In Figure 5.33 (a)
there are noise artifacts around the perimeter of the image reconstruction. Although ROI-MLEM
converges to the source’s hotspot, these noise artifacts indicate there is strongly intensified artifacts
outside the desired FOV which affects the image reconstruction. Chance coincidence, pair

production, and partial energy deposition events of higher energy photons also play a role in the

increased FWHM of the 4.44 MeV reconstruction in comparison to the 718 keV reconstruction.
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The peak centroid location of the 718 keV is at -1.68 cm +/- 0.21 cm, when comparing this to
SRIM estimated threshold depth the peak is underestimated by 0.6 cm. This estimate is promising
as the estimate threshold depth is depicted as the point at which at least half the photons reach an
energy of 22.1 MeV. Further corrections could be applied for a better fit. As for the 4.44 MeV
image reconstructions, improvements in detection efficiency of imageable photopeak events must

be made to see improvements in imaging.
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CHAPTER VI

CZT Detector Considerations for the Improvement of
Prompt Gamma Ray Detection

6.1 Introduction

Over the past 10 years, CZT has shown its capabilities of high-performance operation at room
temperature, providing 0.3% FWHM at 662 keV. Improvements in temperature corrections, sub-
pixel sensing, and ASIC design have all contributed to the improvement of the detection efficiency
and imaging capabilities of these semi-conductor systems[24], [90], [91]. However,
experimentally CZT’s performance degrades as the energy of the photon increases above 2 MeV
and the timing resolution of CZT has always been a limiting factor in comparison to other types
of detectors such as scintillators [92], [93]. Typically the resolution degrades following a 1/E slope
along with detection efficiency, but the expectation from simulation analysis have shown that the
resolution should prove to remain constant provided a wide enough dynamic range and energy
calibration.

For the application of proton beam range verification (PBRV) the tradeoff between detection
efficiency, energy resolution, and timing resolution must be well balanced to achieve quality and
guantitative results to compare the prompt gamma (PG) emission to that of the proton beam profile.
In practice, modular analog ASIC CZT systems, digital ASIC systems, and large array CZT

detectors have all been studied in their feasibility for PBRV, each providing different advantages
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with similar limitations. There are significant places for improvement for these systems that could
allow for improvement in detection efficiency at high energies which could lead to improved

imaging results for PBRV.

6.2 Analog and Digital Systems for Prompt Gamma Ray Detection

Two of the stark differences between analog and digital ASIC based CZT, in practice, is the
dynamic range provided and the timing resolution. Analog based CZT provides much faster timing
as it is easier to process analog data rather than digitize the data to process. In comparison to digital
CZT for the same number of crystals, the timing resolution is upwards of three times as fast for
analog systems, where the digital averages 10,000 cps per crystal in the S400x system. On the
other hand, the dynamic range for analog systems has been limited to 3 MeV for analog systems
where the digital ASIC CZT can offer a dynamic range up to 9 MeV, allowing for superior high
energy event reconstruction. However for both detector system types the energy calibration is
limited to 2.6 MeV for a single pixel event. This is due to the highest available natural energy like
is 2614 keV from 22Th decay to 2%8TI. Orion research has shown that simple linear extrapolation
is feasible for digital systems past this energy but still requires good statistical data for accurate
calibration [94]. Digital CZT also offers the capability of sub-pixel sensing allowing for enhanced
position resolution [27].

Both systems, for their distinct features, are tested on their performance in the high-flux
photon environment of proton therapy and show promising capabilities of providing useful data
for PBRV without the need of collimation based on prior knowledge and shielding. However, there
is much room for improvement in both detector types before their practical use in real therapeutic

settings, where the goal is in-vivo, real time analysis.
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6.2.1 Simulation Analysis

Figure 6.1 shows the Geant4 simulation used to provide a benchmark on the expectations
of CZT’s detection efficiency at high energies, particularly at 4.44 MeV, with the pair production,
Compton scatter, and photoelectric physics libraries implemented. An extended 4.44 MeV (1 in X
3in) source is placed 30 cm away from the front plane detector geometry to mimic an experimental

PuBe source and setup depicted later in section 6.2.2.

Figure 6.1: Geant4 simulation of two 2x2 CZT arrays with 11 cm separation, 30 cm away from
a 4.44 MeV source.

Two 2 X 2 arrays are simulated with a 11 cm separation distance between both planes of
detectors. Figure 6.2 shows the energy spectra recorded for all events measured and those events
flagged as interplanar, or “coincidence” events are shown as well. These coincidence events are
events that interacted at least once with both planes of CZT. Of the 20 million gamma-ray
simulated, at least 15% of all events are recorded as interplanar events. Figure 6.2 shows that the

number of photons beneath the single escape, double escape, and photopeak are within proximity
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of one another. The photopeak results in the fewest number events as the probability of pair

production becomes more dominant than Compton scatter at higher energies.
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Figure 6.2: Recorded energy spectra from 4.44 MeV Geant4 simulation comparing the
spectrum of all recorded events to the spectrum of coincidence events.

The non-interplanar spectra shows similar results in peak ratios when comparing the
spectra of events that interacted in either array independently, as seen in Figure 6.3. As expected,
the back plane resulted in fewer recorded events as the attenuation through the first plane of

detectors could have caused some events to scatter away from the back plane or to be fully

absorbed before reaching that plane.
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Figure 6.3: Recorded energy spectra from 4.44 MeV Geant4 simulation for each CZT array
independently recorded events.

Both planes of CZT result in very narrow photopeaks averaging a FWHM of 15 keV. The
photopeaks for both planes average 50,000 events. This is only a quarter of a percent of all gamma-
rays emitted and many of these events resulted in pair production events, leaving not many events
that were solely Compton scatter events for imaging analysis, as illustrated in Figure 6.4.

Figure 6.4 shows the energy distribution of individual interactions for each gamma-ray

emitted recorded by CZT as 2-pixel, 3-pixel, or 4-pixel events that summed to a full energy

deposition within the window of 4.34 to 4.54 MeV.
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Figure 6.4: (a) Interplanar interaction distribution of each coincidence event as a function of

energy. (b) Non-interplanar interaction energy distribution for each plane’s independently
recorded events.

The interplanar interaction distribution shows that majority of the photopeak events are a
product of the summation of the double escape peak and full energy deposition 511 keV photons.
There is also a tall shelf below 350 keV that could be from more forward scatter events meaning
there was a very high energy deposition events followed by a lower energy scatter or multiple low

energy scatters. Nonetheless, our imageable range of events from interplanar interactions is
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dominated by pair production. The same can be said for the non-interplanar events when focusing
on Figure 6.4(b). The independent plane spectra show we see many near photopeak single scatter
events at 4.40 MeV meaning that the adjoining scatter would be of very little energy, equal to or
less than 40 keV. This does not negate the 511 keV peak and single and double escape peaks that
are indicators of pair production being a dominant mode of interaction of 4.44 MeV gamma-rays
in CZT. The single escape peak presence indicates that one of the annihilation photons deposited
its energy in very close proximity to the gamma-ray’s location and was collected a single event.
To provide quality images from interplanar events, in theory the forward scattering events,
that are expected from the Klein-Nishina cross-section at this energy, will produce small opening
angle Compton cones[19]. With correct sequencing, these small-opening cones should point
directly back to the source location with little uncertainty and spread in the source distribution.
Other research suggest that there is an optimal separation distance for interplanar events at 4.44
MeV, that results in improving the detection efficiency and enhancing the image
reconstructions[64]. When imaging all imageable events recorded using ROI-MLEM, Figure 6.5
shows a very blurry reconstruction of the 1 inch by 2.5 inch extend source. The noisy blur of the
source distribution is in part due to the number of pair production events recorded as full energy
deposition events. Shy shows that the opening angle of these events are near 10° which is with

range of our expected forward scatter events [18].

136



20
10 |
E
e 0
>
-10 ¢
-20
-20 -10 0 10 20
x (cm)

Figure 6.5: ROI-MLEM image reconstruction of the Geant4 simulated extended 4.44 MeV
source, with the expected distribution outlined in green.

Simulation shows that with this detection geometry we can achieve well-defined
photopeaks at 4.44 MeV using CZT. Although majority of the events result in pair production

events there is still promising results from imaging those photopeak events.

6.2.2 Experimental 4.44 MeV Detection Analysis

A PuBe source measurement using the H3D digital system, S400X, in coincidence mode
was conducted for spectral and imaging analysis for comparison to the simulated results. The
analysis of this work looks at the spectra for each crystal in the detection geometry (totaling eight
crystals: four per detector) for both interplanar (coincidence) and non-interplanar (single) events.

Figure 6.6 shows the geometry setup used for primary focus on coincidence mode detection.
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Figure 6.6: PuBe source experimental setup.

The S400X systems are placed parallel of one another and separated with an 11 cm distance
and connected such that gamma rays that interact with both systems within a 11 ns window are
recorded as coincidence events. The detectors are placed with the front side of Module 0 30 cm
away from the PuBe source, which was placed in the center of PVC (polyvinyl chloride), used to
both attenuate the neutron emission and cause the emission of the 6.1 MeV photons from neutron
activation on chlorine in the PVC. Figure 6.7 shows the recorded energy spectra for both the

coincidence events and the single events.
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Figure 6.7: PuBe measurement energy spectra results. (a) Recorded coincidence energy
spectrum. (b) Recorded single events energy spectra. (c) Single events energy spectra with
special attention to the 4.4 MeV and 6.1 MeV photopeaks.

The coincidence energy spectrum shows two orders of magnitude less photopeak events in
comparison to the combined single events energy spectrum. There is no 511 keV and single escape
peak in the coincidence energy spectra as expected from simulations. This could suggest that the
annihilation photon either scattered away from the detectors or happened fast enough within the
coincidence timing window that the full photopeak energy was collected. However, when
comparing the percentage of full photopeak events to the single and double escape peaks for both
experimental and simulation results showed in section 6.2.1, there is some discrepancy in the ratio

of the number of events between peaks, as seen in Table 6.1.
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SIMULATED EXPERIMENTAL

RATIO Coincidence Single Coincidence Single
PP/DE 0.88 £0.03 0.63 +£0.03 -- 0.21 £0.19
PP/SE 0.83 +£0.03 0.91 +0.03 0.78 £0.15 0.4540.21
SE/DE 1.07 £0.03 0.69 +£0.03 - 0.47 £0.17

Table 6.1: Comparison of recorded peak events for the 4.44 MeV gamma-ray.

PP = Photopeak, SE = Single Escape, DE =Double Escape

The ratios calculated in Table 6.1 are taken from the number events beneath each peak
provided a 50 keV window about each peak, experimentally, and a 20 keV window for simulations,
which are both normalized by the window with. Table 6.1 shows a consistent ratio in peak events
for the coincidence spectrum. Whereas experimentally the photopeak to single escape ration is 5%
less than that recorded form simulation and is worsened by 46% when comparing the single
spectrum data. This suggests that many gamma-rays are lost experimentally at this high energy.

The omission of the 511 keV and single escape photopeaks in the coincidence energy
spectrum could be the major contributor to event loss. Figure 6.8 shows the distribution of the 511
keV photopeak events from both the single and coincidence data combined over all CZT crystals.
All events that resulted in a full energy deposition within the energy window of 500-520 keV were
plotted in Figure 6.8, which shows that these events are not evenly distributed across all four

crystals of each detector as expected.
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Figure 6.8: 511 keV event distribution across all crystals in (a) Module 0 and (b) Module 1
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The distribution of events has a more apparent pattern in module 0 showing that less events
are recorded in the top right-hand crystal and the bottom left-hand crystal, consistently for each
event type. This may mean that there is some hardware issue causing some events to not be

recorded. Table 6.2 shows the percentage of all reconstructed 20 million events over all energies

recorded by both detectors distributed over each crystal.

Module 0 Module 1

1 Pixel Crystal 1 Crystal 2 1 Pixel Crystal 1 Crystal 2
9.9% 41.3% 26.2% 30.0%

Crystal 3 Crystal 4 Crystal 3 Crystal 4

39.6% 9.2% 14.4% 29.4%

2 Pixel Crystal 1 Crystal 2 2 Pixel Crystal 1 Crystal 2
6.0% 45.8% 25.6% 34.6%

Crystal 3 Crystal 4 Crystal 3 Crystal 4

43.2% 5.0% 11.3% 28.5%

3 Pixel Crystal 1 Crystal 2 3 Pixel Crystal 1 Crystal 2
5.4% 46.8% 26.2% 35.9%

Crystal 3 Crystal 4 Crystal 3 Crystal 4

42.8% 5.0% 9.1% 28.8%

4 Pixel Crystal 1 Crystal 2 4 Pixel Crystal 1 Crystal 2
6.2% 42.1% 26.4% 41.7%

Crystal 3 Crystal 4 Crystal 3 Crystal 4

42.1% 9.6% 7.7% 24.2%

Table 6.2: Distribution off all events recorded by both modules for each crystal

The distribution of all recorded events closely mimics that of the 511 keV distribution,
where we would expect an even distribution of events across all energies. The PuBe source used
in this measurement is considered a hot source, well over 10Ci and could have caused saturation
issues over time for the detectors, though the dead time revealed to remain constant. The cause of
the uneven spread in the event reconstruction is unknown but believed to be a major factor in the

poor spectral results in comparison to expectations from simulations. Figure 6.9 shows the ROI-
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MLEM image reconstruction with same pixel resolution as shown for the simulation results, which

are comparable in the noise spread of the source distribution.
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Figure 6.9: 4.44 MeV photopeak image reconstruction from the combined single event
spectrum using ROI-MLEM.

Although the photopeaks in both the single and coincidence data for the 4.44 MeV resulted
in low counts, due to the wide dynamic range of the S400X system we can see other spectral
features out past this energy. Referring to Figure 6.7,the single data shows the photopeak and
escape peaks for the 6.1 MeV photon from chlorine and a 4.7 MeV line believed to be an activation
line of the aluminum in the case of the S400X system. This shows that with the wide dynamic
range we can detect high energy events however the poor statistics are still under investigation.
The following sections assesses the M400 systems capabilities in detecting the 4.44 MeV photon

but in a much more radioactive environment provided by proton beam irradiation.

6.2.3 Experimental Prompt Gamma Detection Analysis
Two S400X and two M400 systems were used for proton beam measurements at the
Maryland Proton Therapy Center (MPTC) for analysis of their capabilities of prompt gamma ray

detection. Figure 5.23 in Chapter 5 shows the experimental setup used for prompt gamma-ray
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imaging with these systems and Table 6.3 lists again the proton beam specifications and in

addition, notable spectral features, and detector characteristics for each beam irradiation.

150 MeV 50 kMU/min 50 kMU 718, 511 only Spike in low energy
events
92.5 MeV 50 kMU/min 200 kMU No photopeaks
recorded
100 MeV 50 kMU/min 100 kMU No photopeaks Beam went offline mid
recorded dose
Loss of one crystal in
each system
100 MeV 50 kMU/min 100 kMU 4.44 DE only, ~65-70% dead time
718,511 70-75% dead time
Spike in low energy
events
100 MeV 100 kMU/min 100 kMU 511 only 90% dead time
70-75% dead time
100 MeV 150 kMU/min 100 kMU 718, 511 only ~95% dead time
70-75% dead time
150 MeV 150 kMU/min 100 kMU 718, 511 only ~95% dead time
Broad 3.5 MeV 70-75% dead time
structure
200 MeV 150 kMU/min 100 kMU 718, 511 only ~95% dead time
Broad 3.5 MeV 70-75% dead time
structure

Table 6.3: Proton Beam Measurements specifications. Red: M400 specific, Blue: S400X specific

Figure 6.10 shows the single or non-interplanar event spectra combined for both S400X
modules for all measurements normalized by the 511 keV photopeak, revealing the major loss of
photopeaks with increase in proton beam energy, dose, and dose rate. Measurements 8 and 9
performed the worst as they resulted in completed photopeak loss, with measurement 8 being the

highest total dose and measurement 9 experiencing beam malfunction.
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Figure 6.10: S400X Non-interplanar spectra for each proton beam measurement.

In the log-scale energy spectra plot of Figure 6.10, measurements 8 and 9 show a very
high low energy tail even though the cathode energy threshold for these measurements were
increased to mitigate low energy events (< 100 keV). This was not expected as increasing the
energy threshold should have pushed the spectra to start at an energy above 0, with little to no

events recorded until the threshold energy is reached. However, the opposite happened and the
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change in the amount of high energy events recorded was negligible in comparison to all other
measurements. The large low energy spike in events for measurement 9 is hypothesized to be the
result of saturation and the high flux of events causing partial energy deposition events and poor
event reconstruction. The high energy range spectral plot shows that for all measurements there
are no true photopeaks seen for the 4.44 MeV line, however some result in a broad shoulder at the
4.44 double escape peak.

When focusing on the M400 system the improvement overall is the dead time, which stayed
consistently below 80% for the duration of the measurements despite the loss of one crystal per
system shown in Figure 6.11, which is thought to be attributed to the high-flux environment. The
M400 systems also showed fair consistency in its spectral results for measurements 10-12 where

the same beam energy and dose rate was used.
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Figure 6.11: 3-D plot of all events recorded for measurement 10 in the M400 systems: (a)
System 1 on the left and (b) System 0 on the right

Figure 6.12 and Figure 6.13 compares the energy spectrum for measurement 10 which is a
full beam dose with no interruptions, and measurement 9, where the beam shuts off mid dose,
respectively. In comparison to measurement 9, measurement 10 reveals a slightly lower low-
energy shelf and much less events recorded beneath the 511 keV photopeak, which is also

consistent for measurements 11 and 12. The break in the measurement 9 could have caused a spike

146



in event recording of delayed emissions. These measurements all displayed nearly the same results
as they were all at the same energy and dose. Although, measurement 12 is of a higher dose rate,
there was not a considerably noticeable increase in counts for this measurement in comparison to
the previous beam measurements, as the total dose is kept constant. In these measurements (10-

12) we see a slight increase in the number of high energy (> 1 MeV) events recorded.
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Figure 6.12: Recorded energy spectra for Measurement 10 for both M400 systems
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Figure 6.13: Recorded energy spectra for proton beam measurement 9 for both M400 systems
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Measurements 13 and 14 are at the highest dose rate allowed and the two highest energies
tested, 200 MeV being the highest energy allowed. Figure 6.14 shows the energy spectra recorded
for measurement 13, both measurements showed nearly the same number of events recorded
indicating that the change in proton beam energy did not significantly affect the overall detection.

It is worth noting at this point the analog systems were around 75-80% dead time and that there

was little to no rest time between beam irradiations.
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Figure 6.14: Recorded energy spectra for Measurement 13 for both M400 systems

Above 1 MeV, both measurements show an uncharacteristic hump around 3.5 MeV in the
spectra and a hard shelf cut-off at 2.6 MeV. Figure 6.15 indicates that the hump is most prevalent
in the recorded 2-pixel events and the hard drop in events is most prominent in the one-pixel events.
The cut-off is explained by the energy calibration only being available up to 2.6 MeV and any
single pixel event above this energy is not extrapolated out. However, the broad hump in the two-
pixel events is still quite a mystery as it is not seen in the other measurements, but this could be
due to the detectors approaching saturation in these measurements, not allowing enough time for

proper event reconstruction of events past the 3 MeV dynamic range of the analog based systems.
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Figure 6.15: Energy spectra for Measurement 13 separated by number of interactions for one
M400 system.

6.2.3.1 Comparative Summary

The M400 systems consistently resulted in two orders of magnitude more events recorded
over all in comparison to the S400X systems. The larger number of events recorded is majorly
attributed to the faster analog ASIC allow for less dead time and more events to be processed.
Although, the M400 did not experience the high levels of saturation that the S400X systems did,

it did have complications in event reconstruction past 3 MeV and a loss of a crystal, believed to be

caused by saturation.
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The S400X performance shines in its ability to suppress low-energy noise provided it’s
within a reasonable range of dead time (60%). However, the capabilities of the wider dynamic
range (up to 9 MeV) are loss due to the slower timing of the digital ASIC. In the PuBe
measurements, these systems have proved that measuring photopeaks above 3 MeV is possible.
However under such a high flux and with very short measurement windows the results in prompt

gamma-ray detection did not reflect that.

6.3 Large Array CZT (H3D-J) for Prompt Gamma Detection

The H3D-J detection system houses 64 CZT crystal in two 2 x 2 arrays (see chapter 2 for
further detector specifications) that are in parallel of one another but do not operate in coincidence
mode. Each module in the 2 X 2 array operates independently, only recording events that occur
within its bound 16 crystals. This maybe disadvantageous in prompt gamma-ray detection as the
Klein-Nishina cross-section shows that forward scattering is more probable for high energy events.
Therefor we run the risk of missing out on valuable information without the coincidence mode
feature for the two planes of CZT.

The H3D-J system was used for a series of proton beam measurements at the MPTC,
showing the capability of large-array, analog, CZT detector system to detect a wide array of
photopeaks in a high-flux environment. Figure 6.16 shows the detection setup for the

measurements, where the H3D-J system is attached to the underside of the patient bench.
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Figure 6.16: Experimental setup of the H3D J system for four different beam measurements:
(@) small HDPE tube shielded by lead, (b) a large HDPE tank, (c) unshielded HDPE tube,
(d) a large water bottle. Each target is centered above H3DJ which is attached to the
underside of the patient bench.
The following figures show the spectral results from the four measurements as a function of
total dose. Figure 6.17 highlights the most noticeable feature is from the tube shielded spectra
which shows many photopeaks which are a result of lead activation, most likely due to the neutron

emission. This is further validated by the very large 558 keV peak in the spectrum as well, which

signifies neutron capture on the cadmium in CZT. The H3D-J system also shows a significant
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increase in events for the 718 keV photopeak when comparing the tube measurement to the tank
measurement. A likely reason for the spike in the photopeak is the increase in dose for the tube
measurement, as the lead measurement resulted in full shielding of the 718 keV gamma-rays.
Further work could leverage photopeaks in this energy region for dose analysis of the proton beam
profile as the energy resolution at this energy for CZT is adequate for analysis.

Figure 6.18 and Figure 6.19 show the high energy spectral features recorded by H3D-J. In
these measurements we are able to see the 2.00 MeV from Carbon which typically has a much
lower cross-section than the 718 keV and 4.44 MeV photopeaks. The larger dose of the tube

measurement allowed for a longer measurement time to collect the less probable events.
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Figure 6.17: Raw recorded energy spectra for the H3D-J measurements.
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Figure 6.18: Recorded energy spectra range: 1250 keV — 2300 keV.

We also can see features in the water spectrum for the 5.1 MeV oxygen reactions from the
water bottle target, and structural features for the 4.44 MeV for majority of the beam measurements
in Figure 6.19. H3D-J shows promising results at energies at 2 MeV and below, and it is speculated
that with coincidence mode interactions much of the Compton continuum see for these
measurements could be suppressed as those dual plane scatters would be counted as full energy
deposition events, where they are now treated as partial energy deposition events in two separate
planes only adding noise to the spectrum which will inherently cause noise in the image space as

well.
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Figure 6.19: High energy spectra from H3D-J measurements.

Figure 6.19 also shows the apparent drop in events at 2.6 MeV due to the energy calibration
restriction. The H3D-J system is an analog based system meaning the dynamic range is only 3

MeV as well, however the large number of CZT crystals allows for an increase in detection
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efficiency past 3 MeV allowing for photopeak results but with the drawback of poorer energy

resolution.

6.4 Conclusion

The overarching theme behind the limitations of CZT in proton beam therapy applications
is the timing resolution and energy resolution constraints. CZT has shown that there is room for
improvement in both the timing and dynamic range of CZT which could aid in increasing the
detection efficiency of those high energy photons, and reducing the noise, spectrally, from partial
energy deposition events and chance coincidence events.

Improvement of the timing resolution, especially for the smaller compact CZT systems is
hypothesized to help prevent the loss of events over entire crystals from high saturation and dead
time. Having a more robust system that can withstand the high flux of photons will maximize the
efforts of CZT for prompt-gamma ray detection.

The large-array CZT system is the first of its kind introduced in the Orion research group
and shows great potential for large field detection, high-flux, and high energy applications. Event
with the limitations of the 3 MeV dynamic range, H3D-J showed that it can provide standard
spectral results below 2 MeV and can provide spectral information about those events past its
dynamic range. However, imaging with this system has shown to be a challenge as the photopeaks
sit on top of a large Compton continuum which is in part due to the independent read out of the
four modules in the H3D-J system. With interconnectivity between modules especially interplanar
coincidence event recording could lead to improving the detection efficiency of events overall
suppressing partial deposition events in the continuum and possibly enhancing those photopeaks

past 3 MeV.
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CHAPTER VII

Summary and Future Considerations.

7.1 Benefits and Limitations of Using CZT for Proton Beam Range

Verification

The underlying goal of this work is to provide a foundation in the understanding of 3-D
position sensitive CZT detectors use in beam range verification for proton therapy for cancer
treatment. CZT can provide an alternative approach to verifying the proton beam path and point
of rest within the patient through the detection of the prompt gamma rays emitted as the proton
interacts with the atoms along its path. Pixelated CZT could be an advantageous approach as it
does not require collimation and offers a robust a compact design for easy implementation for
detection. With sufficient detection of the prompt gamma rays, images can be reconstructed to
provide a visual analysis of the proton beam in space. Preliminary results using 3-D position-
sensitive, large volume CZT detectors have demonstrated the potential to provide valuable
information in proton beam range verification analysis. The experimental analysis of this work
focused on a first order degree of difficulty, detecting prompt gammas from a single homogeneous
target from pencil beam irradiations, with the goal of specific photopeak imaging. However the
ultimate goal is to provide in-vivo real time imaging of the prompt gammas as they are emitted

from multiple materials along the beams path within a patient body.
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Both analog and digital ASIC CZT systems provide unique advantages in the application of
imaging and detecting high energy photons in a high flux environment. With the improvement of
sub-pixel sensing and dynamic range, digital CZT shows the capability to reconstruct photopeaks
at high energies in interplanar geometries, where there are two planes of CZT systems for scatter
and absorption, and when using only one plane of CZT to collect both interactions. The drawback
and space for improvement, however, lies in the timing resolution of the digital ASIC. Digital
systems quickly reach saturation in proton therapy settings, which hinders its capability to
reconstruct high energy events, and causes hardware issues that depletes the overall detection
efficiency.

Analog systems have the advantage of timing resolution allowing upward of 75 kcps
depending on the geometry of the system. Although most therapeutic settings can easily surpass
this limitation, the analog systems have shown a robust withstanding of the high flux of photons,
still providing valuable spectral information. With the limitation of a dynamic range to 3 MeV, the
analog systems have shown their promise of collecting high energy photopeak events provided
enough statistics.

The H3D-J system is the largest-array CZT system employed for research by the Orion group
and its 64-crystal system has shown promising results in the detection of high energy photons.
There is much room for improvement in this analog ASIC based system but the large volume of
CZT allows for many photons to be detected at once. Implementing features such as interplanar
event reconstruction across the four modules in the system could prove to aid in noise reduction

and statistical improvement in high-energy photopeak counts.
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All systems studied have provided imaging results from prompt gamma-ray data using
MLEM imaging. However the M400 system provided superior spatial resolution for further
analysis using ROI-MLEM developed in this work.

ROI-MLEM has shown the capability to reconstruct high resolution images for data analysis
whilst focusing on a small FOV and mitigating noise interference from incorrectly reconstructed
Compton cones. The digital S400X has shown that we can measure a 1 cm difference in peak
centroid location at 4.44 MeV via ROI-MLEM imaging. Whereas the M400 system as shown that
with one minute measurement windows from proton beam irradiations, the 718 keV photopeak
from carbon-proton interactions can be used for image reconstruction for correlation to the proton
beam depth and incident energy. ROI-MLEM was designed to provide a less computationally
expensive approach to iterative based imaging when the source location is well defined prior to
image reconstruction. Truncating the imaging space from a full 4r FOV allows for enhancing the
reconstruction of data in the desired region of interest by suppressing data in the space outside of
that region. In this work ROI-MLEM is applied to a spherical space, however, could be
implemented for cartesian space imaging as well as 3D imaging applications.

There is still much room for improvement overall for detection and imaging with CZT for
PBRV however, this foundational work has outlined the current capabilities of CZT in this effort
and provide a method of Compton imaging for analysis and correlation of the prompt gamma
emission to the profile of the proton beam.

Portions of the work presented in this thesis are based on the motivation discussed by

Nwadeyi et al. [95].
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7.2 Future Work

As a preliminary study of CZT’s performance in prompt gamma ray detection and imaging,
there are several areas for future work and improvement upon the work shown here to advance

CZT use in proton beam range verification.

7.2.1 Detection Efficiency Improvements through Detector Geometries

With 64 crystals in the H3D-J systems design, leaves open the question if the detection
geometry chosen is optimal. Very naive studies were done comparing three different CZT designs
to that of the H3D-J geometry, with the only restriction that no more than 64 crystals were used.
The results from simulations showed that the detection efficiency could be improved with a more
compact design and employing a more Compton telescope geometry to account for more forward

scattering events of high energies. This is working with the assumption that interplanar events are
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Figure 7.1: Simulated CZT detection geometries: (a) “H3D-J” configuration of 64 crystals, (b)
“Square” configuration of 64 crystals and four planes, (c¢) “Triple” configuration of 27 crystals
and three planes, (d) “Long” configuration of 64 crystals, 2 X 8 crystals per plane for four
planes.
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collected across multiple planes of CZT. Figure 7.1 shows the four simulated geometries, using
Geant4, and brief comparison of the full energy absorption detection efficiency, e, of each

geometry at 2.31 MeV, 4.44 MeV, and 6.13 MeV, is shown in Figure 7.2.

Equation 7.1 is used to assess the full energy absorption efficiency for each geometry,

TN, (7.1)

where nFE represents the number of photons that resulted in a fully energy absorptions and

N, is the total number of photos emitted (4e6).
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Figure 7.2: Full energy absorption efficiency calculated for each geometry at 2.31 MeV, 4.44
MeV, and 6.10 MeV. Blue: H3D-J, Purple: Long, Red: Square, Green: Triple

Figure 7.2 suggests that the more symmetrical geometries, “Square” and “Triple” preform
best at detecting full energy absorption events at higher energies. However, this study is
incomplete and there are many different ways to assess detection efficiency for geometries and

other parameters that must be taken into consideration. For example the Cramer-Rao bound can

160



be used to assess the optimal spacing between CZT planes and even crystals in the geometry to

optimize spatial resolution and reduce partial energy deposition events from out scattered photons.

7.2.2 Alternative Imaging Methods

In this work MLEM was the primary imaging method use for spatial analysis and
comparison of the prompt gamma ray spatial distribution to the proton beam, but there are many
different algorithms that could lend additional and enhanced imaging information for this
application. For example FBP is a fast alternative to an iterative method such as MLEM, which
could provide comparable spatial resolution provided a well-designed PSF for high energy events.
Stochastic origin ensemble (SOE) is an alternative iterative approach that bases the update of the
image on the probability of comparison of the event origins to randomly selected new event origins
in space [96], [97]. The change in the gamma-ray event density along the proton beam could be
leveraged using SOE, which could mean that this iterative approach could provide a quickly
ascertained imaging result of the prompt gamma ray emission that closely reflects the expected
PG distribution from simulations.

3D imaging via MLEM was also tested for PG imaging however the results were
inconclusive due to the low statistics of photopeak events in PG data and the large noise profile in
the imaging space. With improved detection efficiency and advancements in 3D imaging to allow
for small FOV imaging through methods such as ROI-MLEM could be very advantageous in
prompt gamma ray imaging. Currently 3D MLEM requires a FOV much larger than the detection
system which is computationally expensive when submillimeter resolution is required for analysis.
When truncating the 3D cartesian space the corner and edge artifacts are also present as shown in

2D imaging in this work.
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From simulations of various target materials being irradiated by proton beams, it is evident
that due to the proton threshold energy and elements present in various materials that there is the
potential to use multiple PG energy lines for imaging and comparative analysis for the same proton
beam irradiation of a specific material. With that said, Energy Integrated Imaging Deconvolution,
EIID, maybe a viable imaging modality for this purpose. EIID provides the means of imaging
multiple energy peaks and assessing the variation in their locations in space relative to one another,
via LM-MLEM iteration. This method has also shown to be somewhat expensive and would
require some refinement to allow for submillimeter pixel resolution combined with a large system
matrix that encompasses data for multiple energy lines. However in theory this method could
provide information about the entire trajectory of the beam as its energy changes, thus its spectral
emission will change which could be visualized using EIID and leveraged for beam range
verification.

All methods suggested including 2D ROI-MLEM requires further work to push them to real

time imaging which is the overarching goal.

7.3 Other Applications of This Work

Though the goal of this thesis was to provide a preliminary study of CZT use for proton
beam verification applications, the study of this work could be applied to many realms that
interested in high energy photons or data collection and analysis of highly radioactive
environments. 3D position sensing CZT has shown it can provide information in both instances
and can be useful in non-proliferation efforts such as uranium detection and analysis, waste
management and quick search and identify scenarios. Astrophysics is another application that
could benefit from Compton telescopes for high energy photon detection and imaging. With

improvements in interplanar detection efficiency at high energies, the robust design of the S400
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system could prove to be very useful. The modular compact design of the M400 system could lend
itself to handheld applications in the medical field such as brachytherapy and high dose rate
therapy. The application of CZT strives to be boundless as the development of its enhancement is

fostered by research willing to push the bounds of its capabilities.
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