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ABSTRACT

The work presented in this thesis refers to the upgrade and characteri-
zation of the multi Total-Energy Detector with imaging capability (i-TED)
detector system with subsequent studies of its background suppres-
sion capabilities.

The multi i-TED is an innovative ~y-ray imaging system consisting of an
array of four Compton cameras.

This thesis is divided into introduction, the two parts of the project, con-
clusion, and appendix.

The data-driven upgrade of the i-TED modules and the subsequent char-
acterization of its performance, Part ii. This includes characterization
of the energy resolution, Section 4.3.1.7; timing, Section 4.2.3; coinci-
dence energy resolution, Section 4.3.1.2; dependence on temperature,
Section 4.2.5; and alpha activity, Section 4.3.3.

The imaging studies, Part iii, were performed with the objectives of the
detector in mind, Chapter 6. The background suppression, Section 8.2,
and imaging resolution, Section 8.1, studies were conducted using sources
at Instituto de Fisica Corpuscular (IFic) and in a scientific campaign at
Centre for Micro Analysis of Materials (CMAM) in June 2023.
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Theory and practice sometimes clash.
And when that happens, theory loses.
Every single time.
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Part |

INTRODUCTION & THEORY

Introduction to the concepts needed to understand the mo-
tivation behind the experiment, the functioning of the detec-
tor and techniques used. Description of the detection sys-
tem. Proposed scientific and industrial applications for the
detector system.
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INTRODUCTION

The multi i-TED detector system was developed within the HYMNS-ERC

project by the Gamma-ray and Neutron Spectroscopy group of IFic, [1].

The main objective of the HYMNS-ERC project is the study of the s-process
through neutron capture experiments at CERN's nToF, described in Sec-

tion 1.1.1.

The system was developed to address a common problem of neutron
capture (n,y) cross-section experiments, the relatively high background
in the range of energies of interest for nuclear astrophysics (1-100 keV).
Incidentally, many of the background events result of neutrons from
the beam that are scattered in the target and are captured in the sur-
roundings of the experimental setup and hall, followed by subsequent
emission of v radiation during their decay. The ~ radiation background
is indistinguishable with common Total-Energy Detector (TED), such as
those based on C,D,. According to [2, 3], this has been the main source
of background in (n,y) measurements with large neutron scattering to
capture cross-section ratio.

To overcome this limitation, an array of Compton cameras was devel-
oped in order to select events based on their spacial origin using the
imaging capabilities of the detector. The principle behind this type of
detector is described in Section 1.2. The detector itself is described in
Chapter 2 and characterized in Chapter 4.

11 NUCLEAR ASTROPHYSICS
1.1.1  Nucleosynthesis

The question of the relative abundances of the different elements is
one of the central topics of Nuclear Astrophysics and the one that
birthed the field through the concept of nucleosynthesis in the first half
of the XX century, [4, Sect. 1.1]. Nucleosynthesis refers to the different
processes through which nuclei are created.

The present thesis concern's itself mainly with stellar nucleosynthesis
beyond the iron peak, meaning the creation of nuclei through the nu-
clear processes that fuel stellar evolution, that closely related to the
relative abundance of elements heavier than iron, [4, Sect. 5.6].

The main nuclear capture processes that occur in stellar nucleosynthe-
sis are:
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4 INTRODUCTION

* S-process
* r-process

* p-process

The i-TED detector was developed to study the neutron cross-sections
of key isotopes along the s-process path.

1.1.2  Neutron capture processes

In contrast with the isotopes up to >5Fe, which were mainly created
by fusion, isotopes with higher mass number were formed by neutron
capture reactions such as the s- and r-processes, as well as by proton
capture processes such as the p-process.

The neutron capture processes are classified based on the relative
timescale of the neutron capture and neutron decay by 5.

When the neutron capture happens slower than the 3~ decay, the pro-
cess is slow (s-process). If otherwise the neutron capture is faster than
the 5~ decay, the process is rapid (r-process).

* s-process: \, << g
* I-process: A, >> A

If the s- or the r-process takes place will depend on the stellar site and
the associated neutron flux inside the star. The s-process path, consist-
ing of a chain of neutron capture reactions and beta decays, involves
nuclei which are very close to the stability valley. As a consequence,
most of them are stable or very long-lived, allowing the direct measure-
ment of the relevant (n,y) cross section in neutron beam facilities.

N=50

& qn ik
- Ir —
T} e Y 5
2 int =
3 10 s
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0 100
Mass Number
n o [3
Cu |
N[ [
¢
) ==

56y 5\
Fe \

Seedfor  s-Process s-Branchings
s-Process  Reaction (N, ®se, ®Kr, ... )
Path

Figure 1.1: Scheme of the neutron-capture processes, including the s-process
path, relevant for the motivation of the present work. From [5].
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1.1 NUCLEAR ASTROPHYSICS 5

1.1.3  Neutron time-of-flight experiments

A common method for studying the neutron capture cross-section con-
sists in using a pulsed white neutron beam, which covers a large range
of energies, combined with the ToF technique.

In a neutron ToF experiment, [4, Sect. 4.6.3], a pulsed proton or electron
beam is made to collide with a heavy target in order to generate an
intense flux of neutrons which are partially moderated to expand their
distribution of kinetic energy. By using the ToF technique, their energy
is measured in the experimental hall according to the time they take to
travel and react with the sample, located at a well known distance L
from the neutron source:

Ey., :%mnv% (1.1
2
1 L
=-m, ( ) (1.2)
2 tToF
With a resolution that improves with the increase of the distance:
AEA 2 2
k.n -9 (&) + AtToF (13)
Ek:,n L tToF

The neutrons are then captured by the target isotope of interest and
prompt ~-rays originating from the (n,y) reaction in the sample of inter-
est are detected.

Experiment

Pulsed proton Low Energy Highenergy  y-Rays

beam Madeator \ \
. — S

—8

Neutron

production

Time pick off [‘“ge“ Flight path length

Yv

Time-of-flight
Figure 1.2: Scheme of a neutron time of flight experiment. From [6].

The HYMNS-ERC project conducts its experiments in the following neu-
tron ToF facilities:

* nToF, CERN, [7]

« Hispalis Neutron Source (HISPANoS), Centro Nacional de Aceler-
adores (CNA), [8]

Codigo seguro de Verificacion : GEN-d21c-d2af-ba88-99ce-da2f-70ae-€905-5e92 | Puede verificar la integridad de este documento en la siguiente direccion :

https://portafirmas.redsara.es/pf/valida

CSV : GEN-d21c-d2af-ba88-99ce-da2f-70ae-e905-5e92

DIRECCION DE VALIDACION : https:/portafirmas.redsara.es/pf/valida

FIRMANTE(1) : BERNARDO BERNARDINO GAMEIRO | FECHA : 09/11/2023 15:40 | NOTAS : F
FIRMANTE(2) : JORGE LERENDEGUI MARCO | FECHA : 09/11/2023 18:46 | NOTAS : CF




Codigo seguro de Verificacion : GEN-d21c-d2af-ba88-99ce-da2f-70ae-€905-5e92 | Puede verificar la integridad de este documento en la siguiente direccion :

https://portafirmas.redsara.es/pf/valida

6 INTRODUCTION

1.1.3.1 Neutron time of flight experiment

The main experimental facility where the HYMNS project is the nToF fa-
cility at CERN. In this facility 20 GeV/c proton pulses are made to collide
with a lead spallation target resulting in high energy neutrons. These
spallation neutrons are moderated with water in order to widen its dis-
tribution into thermal energies. Currently, there are two experimental
areas the neutron beam travel to: EART at 185 m (horizontal) [7] and
EAR2 at 19 m (vertical) [9], as seen in Figure 1.3.

Beam dump

Vertical Neuts b
fertical Neutron beam 20m
Proton Beam from PS
20GeV/c
7x102 ppp

EAR1

H Horizontal neutron beam Beam dump
+110° angle to proton beam on the horizontal plane|

Lead
Spallation
Target

~185m

Figure 1.3: nToF experiment at CERN. From [10].

1.1.4 Challenges

DIRECT NEUTRON BACKGROUND In (n,y) measurements on iso-
topes with high neutron flux and high neutron scattering cross-section,
orders of magnitude higher than neutron captures, it is important to
have detectors with either low neutron sensitivity or ability to discrimi-
nate between particles.

NEUTRON-INDUCED y-RAYBACKGROUND Asintroducedin Chap-
ter 1, for the neutron energies of interest for nuclear astrophysics, most

of the background detected is due to +-rays emitted by surrounding ma-
terials, such as the walls or the floor, that capture the scattered neu-
trons. This background cannot be reduced by low neutron sensitivity

as it effectively is v-ray background. More evolved systems, such as

i-TED, are required to reduce this background.

COUNTING RATE The development of more intense neutron flux
facilities, such as the 20-m flight path nToF's EAR2, reaching 11.5 x
10°n/cm2/pulse, poses a challenge in terms of count rate limit of the
existing defectors. The high counting rate can become a source of er-
rors due to dead-time and pileup. To overcome this problem, new detec-
tors with higher segmentation have been recently developed [11]. This
also discards the possibility of using a neutron and ~ detector with par-
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1.2 INTERACTION OF RADIATION WITH MATTER 7

ticle discrimination capabilities as it would increase the overall count-
ing rate with the detection of neutrons.

1.2 INTERACTION OF RADIATION WITH MATTER

The i-TED detector system is a y-ray imager based on the Compton
imaging technique. To introduce the i-TED concept, the interactions be-
tween the electromagnetic radiation and the scintillator crystal, result-
ing in the detection, are described in this section.

1.2.1  Compton scattering

There are three mechanisms of interaction between ~-rays, and electro-
magnetic radiation in general, and matter: photoelectric effect, Comp-
ton scattering and pair production. The probability of interaction by
each method depends mainly on the energy of the interacting radia-
tion and the atomic number of the absorber it interacts with. The main
interaction method is described in Figure 1.4.

S10°E — T T T3
(3] o 3
= F - - ]
= F pair production ]
L a A
10 E 3 I > > No interaction
i o ‘ e Photoelectror
F 1 N o AP ron
1B Compton scattering o g o
E E J \  Absorption
E E| AAANAA
] ¢ \ .o Kecharacterstic
, 1 ¢ [ AN I i
10 3 \/\/\/\/\/\AW
. 1 8§ o Y y E;=E,
photoabsorption 1 \ A h - / / Rayleigh scattering
102§ E _y
! ] b -
t ] A A A A S ’ Recoil electron
1 0—3 PRREPIR T IS R ISR NSRS N NS Incident Compton scattering
¥ with incident energy, E,
20 40 60 80 7 p:o’gyns > \_ e<e,
(a) Probability of interaction by (b) Interaction mechanisms. From [13].

mechanism as a function of energy
and atomic number Z. From [12].

Figure 1.4: Interaction mechanisms of electromagnetic radiation with matter.

As the detector is an array of Compton cameras, the main interaction of
interest is Compton scattering. Compton scattering consists of the in-
teraction of electromagnetic radiation with electrons, undergoing elas-
tic scattering and losing energy. The energy of the scattered ~-ray is
correlated with the angle of the scattering, 6, by Equation 1.4.

E
El, = — (1.4)
14+ —5(1—cosb)

—c2
mec

The differential angular cross-section depends on both the atomic num-
ber (Z) of the material and the energy of the incoming ~-ray (E. ), being
given by the Klein-Nishina formula:
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8 INTRODUCTION

2

do 1 1+ cos?6
1+ ﬁ(l —cosb)
By \2 2
2-)*(1 — cos d
1+ (nger) - ) (1.6)
(14 cos?0)[1+ T2 (1 —cosb)]

This results in a bias towards forward angles for energies greater than
100 keV, as per Figure 1.5.

1e-30 le-30 s 0.0

8 Energy (MeV)
— 0511 Mev.

0662 MeV.
7 — 1275 Mev.

do/dQ fm?sr

Figure 1.5: Scattering according to the formula of Klein-Nishina for several ~-
ray energies that will be used in this work for the characterization
of i-TED.

1.2.2 Scintillators

One common form of radiation detectors is scintillators. When radia-
tion interacts with the material of a scintillator, it causes atomic and
molecular excitation.

There are two kinds of scintillators: organic and inorganic. Although
organic scintillators are inexpensive and have a faster response (reso-
lutions of 0.1 ns are achievable), they also have a limited energy resolu-
tion, lower light yields and are less dense, resulting in lower efficiency.
As such, inorganic scintillators, in particular LaCl;(Ce) were used for
i-TED and are the focus of this section.

Inorganic scintillators function similarly to the band gap model for semi-
conductor detectors: incident radiation undergoes any of the aforemen-
tioned interactions, liberating electrons that excite valence electrons to
a higher energy state and the subsequent return to the ground state re-
sults in the emission of electromagnetic radiation, usually in or near
the visible spectrum, equating to an energy gap of >3 eV.

If the emitted radiation had the same energy as the energy gap, that
would result in self-absorption. In order to avoid that effect, and for
this process to occur efficiently, dopants are used in order to create
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1.2 INTERACTION OF RADIATION WITH MATTER 9

activator states. Those states lay within the band gap and assure that
the radiation emitted has lower energy than the energy needed to excite
an electron across the band gap.

Another important characteristic of scintillators is the process of de-
cay and light emission. According to the time of decay there are two
phenomena: fluorescence and phosphorescence. If the decay is fast
to occur (~ 10785s) there is fluorescence, if the decay is slow to occur
(=~ 10755s) there is phosphorescence. As both processes can occur, the
decay is expressed by:

t
dN(¢) N, slow>

dt Tfast

Tfast T

Axaxp(— L >+B><exp<—

Tslow

Where A and B are the constants of decay and depend on both the inci-
dent radiation and the scintillator material. Some scintillators present
good characteristics that allow the identification of the type of radia-
tion by means of the decay slope, meaning the relation between A and
B. This effect is more prevalent in organic scintillators, [14, Sect. 8-I-C-
3.
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I-TED

271 TOTAL ENERGY DETECTORS

In neutron capture reactions, a compound nucleus in a highly excited
stated (above the neutron separation energy) is created, Figure 2.1. In
order to determine the neutron capture cross section by means of the
ToF technique, one detects the prompt y-ray cascade emitted in the de-
excitation of this nucleus. The main challenge faced lies in the assess-
ment efficiency since it varies with both the energy and the multiplicity.

Su+E,
0 1
$ 8

S, ! ,,

.q’: 5

Figure 2.1: Scheme of a neutron capture to an excited state and possible de-
cays to ground state by emission of different y-ray cascades.

ARy

Two types of detectors with very different working principles are used
to address this challenge in neutron-capture ~-ray cross section mea-
surements at nToF:

+ Total Absorption Calorimeter (TAC)
« TED

With TAc, [15], a high-efficiency 47 detector is used to detect the whole
cascade of y-rays with an efficiency close to 100%. The sum energy
and the crystal multiplicity are then used to select events and reject
background events.

With TED, [16], instead of measuring the whole ~-ray emission, the ob-
jective is to have a detection system that has a low but well-known
efficiency which is independent of the cascade pattern. As i-TED is an
innovative total energy detector, that is what this work will focus on.

2.1.1  Conditions for the TED technique

LOW-EFFICIENCY If the efficiency to detect each y-ray e, ; << 1
the ecascade = 1 — [[;(1 —¢,,) ~ >, €, ; approximation is valid.

"
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12 I-TED

EFFICIENCY PROPORTIONAL TO v-RAY ENERGY  The efficiency
of detection should be proportional to its energy, ¢ ; x E. ;.

Under this two conditions, the efficiency to detect a cascade propor-
tional to the total energy of the cascade (E,., . q4e) Ecascade X 2_; Er i =
E. ...ade- The cascade energy and independent of the cascade pattern.
However, the proportionality between efficiency and energy is not true
for many detectors.

2.1.2 Experimental techniques for TED

LOW EFFICIENCY DETECTORS In order to lower the efficiency of
each detector, either detectors with low efficiency are used, such as
those based on organic scintillators like C4Dg, or, if materials with higher
efficiency are used, such as the inorganic scintillators of i-TED, the low
efficiency can be still preserved with an increase in detector segmen-
tation.

PULSE HEIGHT WEIGHTING TECHNIQUE To overcome the non-
proportional relation between efficiency and y-ray energy, a mathemat-
ical method has been developed, [16]. A different weight is given de-
pending on the deposited energy so that we can reach the desired pro-
portionality between the efficiency of a cascade and its total energy,
verifying Equation 2.1.2.

€cascadeweighted = ZE i Ecascade (2.1
%

2.2 EVOLUTION OF GAMMA-RAY SCINTILLATION DETECTORS

According to [17, p. 253], the most important detector properties of
modern high-resolution y-ray spectroscopy are:

* high efficiency for y-ray

* high energy resolution

* high counting rate

* high probability of full absorption
* high granularity
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2.2 EVOLUTION OF GAMMA-RAY SCINTILLATION DETECTORS 13
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Figure 2.2: Measured energy resolution of several scintillators for 662 keV
gamma rays as a function of their light output. From [18].

2.2.1 Materials

With the first two points in mind, new materials have been studied
and developed, such as LaCl;(Ce) and LaBr,(Ce). These, according to
[14, p. 251], present several improvements in comparison with previous
generations of scintillators:

+ high density

« high effective Z

« fast decay times

+ high energy resolution

+ good wavelength compatibility with photocathodes

Still, they present worse energy resolution than semiconductor-based
detectors such as High Purity Germanium (HPGe) (=x10), [19]; more
neutron sensitivity than other scintillators such as C4D4 or d12-stilbene,
[20, 21]; worse timing resolution than organic scintillators; and aren not
as suitable for particle discrimination based on Pulse Shape Discrimi-
nation (PSD) as CLYC detectors, [22].

2.2.2 Geometries

The geometry of detectors has been developed in order to address the
two last points of Section 2.2.

Initially, scintillation detectors consisted only of the detecting material
and the light acquisition such as the PhotoMultiplier Tube (PmT), but
in order to decrease the Compton continuum a new design was de-
veloped: Anti-Compton Shield (acs), [14, Sect. 10-1lI-F-1]. This design
allows the use of anticoincidence with a secondary detector such as
Nal(Tl) or BGO, since in most cases if there are events in coincidence
between the main detector and the Acs, then it means the radiation
underwent Compton scattering within the main detector.
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14 I-TED

Following that development, in order to improve the granularity and en-
ergy efficiency, segmented detectors were developed, [14, Sect. 20-V-
C]. This design allows the use of coincidence and spacial granularity
to obtain the original energy of the radiation before scattering by using
add back algorithm.

The present project focus on a new generation of detectors: Compton
imaging detectors. This type of detector makes use of two planes of
detectors, possibly segmented, and of add back algorithms in order
to reconstruct the origin of the radiation source. In the case of i-TED,
this imaging capability has the objective of rejecting events that orig-
inate from outside the intended spacial origin of the (n,y) reaction in
ToF experiments, which is characterized by high neutron-induced back-
ground.

2.3 GAMMA-RAY IMAGING DETECTORS
2.3.1 Compton cameras

A Compton camera, [23, Sect. 2], such as each of the i-TED modules,
consists of a minimum of two detection planes: the scatterer and the
absorber. The incoming ~ radiation is expected to undergo one Comp-
ton scattering in the scatterer, depositing an energy E, (or E,), before
depositing its remaining energy, £, (or E,), in the second thick detec-
tion plane.

Compton cone

Imaging Plane

Gamma source ~

Scatterer
Detector

i .~ Compton cones superimpose
to estimate gamma source

Absorber A
Detector
mec?Ey

cos® =1-— EEED

Figure 2.3: lllustration of Compton imaging through overlapping Compton
cones. From [24].

By measuring the energy and position of interaction in both planes, and
if the add back and initial energies are equal (E,44 pack = E+E, = E.),
it is possible to draw a cone of aperture 26, Equation 2.2, that corre-
sponds to the possible origins of the emission of the y-ray. The inter-
section of several Compton cones corresponding to the same source
of emission will result in the cones overlapping in the position of emis-
sion. As such, a good energy and position resolution are fundamental.
This is illustrated in Figure 2.3 and animated in [25].
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m.c*E,
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a

232 PET

When a particle and its antiparticle interact, they annihilate. One exam-
ple is the e~e* annihilation at low energies that produces two 511keV
~-rays at 180°.

This effect is quite common for 3*-decays such as the one of 22Na.
As the e~e* annihilation emits two ~-rays so well-defined in energies
and angular distribution, and as the interaction is so prevalent (37
decays), it is widely used. The fact that the ~-rays are emitted in oppo-
site directions is leveraged to test and validate coincidences between
~ detectors.

Real annihilation event

TOF principle

Conventional PET Time-Of-Flight PET

Figure 2.4: lllustration of PET and ToF PET. From [26].

COINCIDENCE TESTING A radioactive 8"-decay source is placed
between both detectors. If the source is equidistant to both detectors,
the time difference between the interactions in coincidence should show
a peak centered at the origin in time and with a resolution dependent
on the sum of the time resolutions of the detectors.

NORMAL PET PET leverages the opposite direction of emission of
the two ~-rays. Through extensive geometrical efficiency, it is possible
to draw the lines of emission of the ~-rays, which will overlap in the
source's position. This effect relies heavily on spacial resolution and is
illustrated in Figure 2.4.

TOF PET ToF PET leverages the time coincidence effect and extends
it to non-equidistant positions. If the source is closer to one detector
than the other, then the ~-ray will be detected before in the detector at
closer proximity. This allows the identification of origin of each coinci-
dence measurement as the position on the line is proportional to the
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16 I-TED

time difference between the measurements. This effect relies heavily
on timing resolution and is illustrated in Figure 2.4.

CURRENTSTATE-OF-THE-ARTPET Nowadays most PET algorithms
rely on both methods in order to achieve better resolution PET images.

24 THE MULTI I-TED DETECTOR SYSTEM

The multi i-TED detector system is composed of 4 Compton cameras,
the i-TED modules, arranged in a cross, as seen in Figure 2.5. These
modules consist, individually, of novel detection systems whose main
components have been developed, characterized and optimized in over
several years. The reader is referred to [27-31] for all the details.

Absorber PSD
Scatter PSD

Capture sample

Neutron
beam

SLiH layers
Photosensors

(a) Original i-TED module concept (b) Multi i-TED detector system

Figure 2.5: The scheme of the original concept, [32], and a photo of multi i-TED
detector system.

Although the individual i-TED modules were operational, only the first
demonstrator had been characterized. Moreover, hardware components
and processing algorithms had been upgraded. As such, the present
work aims to do a final characterization and upgrade of the full array
to optimize its performance.

2.41 Main components

2411 Geometry

The i-TED detector system is made of four modules places in cross,
facing the center as shown in Figure 2.5. Each i-TED module is made of
two parallel planes: the scatterer and the absorber. The scatterer plane
is made of a single LaCl, crystal with 50 x 50 x 15 mm. The absorber
plane is made of four 50 x 50 x 25 mm LaCl, crystals centered with the
scatterer.

The two planes are connected using the M-683 micropositioning stage
from PI-miCos which allow the control of their distance between 10 mm
and 60 mm from the back of the scatterer to front of the absorber, [29].
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2.4 THE MULTI I-TED DETECTOR SYSTEM 17

This control over the distance of the planes allows for Dynamic Elec-
tronic Collimation, discussed in [29, Sec. 2], which allows a trade-off
between efficiency and image resolution, used to accommodate dif-
ferent applications.

2.4.1.2 Detector material

The i-TED detector system uses LaCl,(Ce) as its scintillator. As previ-
ously discussed in Section 2.2.1, LaClj has better characteristics when
compared with longer-standing technologies such as Nal(Tl), including
better timing performance, which increases with Cerium dopant, and
better energy resolution.

Specifically, LaCl,;(Ce) was selected instead of LaBr;(Ce) due to its
lower neutron efficiency, resulting in a small, but necessary for some
applications, trade-off for energy resolution.

2.4.1.3 Neutron absorber

In order to further decrease the neutron sensitivity of the i-TED detector
system, a %Li doped polyethylene shield with a thickness of 2 cm was
placed in front of the absorber. 5Li is a moderator of neutrons with a rel-
atively high neutron absorption cross-section, 6Li(n, o) H, and short
path for the « particle emitted.

The neutron absorber is place only in front of the scatterer as it low-
ers the probability of a neutron coincidence while yielding the desired
results with minimal amount of material and cost. Still, current and pro-
posed organic scintillators, such as C;D, and d12-stilbene, have a neu-
tron sensitivity two orders of magnitude lower than LaCl,(Ce) with this
neutron absorber.

2.4.1.4 Silicon photomultiplier

Silicon PhotoMultiplier (siPm) are matrices of Avalanche PhotoDiode
(APD) operated in Geiger mode and connected in parallel. They collect
the radiation, usually in the visible light range, emitted by the decay
inside the scintillator. The output signal is obtained from the sum of
the individual pixels.

The siPM in i-TED, the ArrayJ-60035-64P-PCB manufactured by SensL,
have a surface area of 50x50 mm? divided in 8x8 pixels. They are
very small when compared to PMTs and their segmented nature allows
for the use of algorithms to recover the position of interaction of the
original radiation in the scintillator, as per [28, 30, 33].

As they are sensitive to single photons and every generated electron
can give origin to the avalanche, they are very sensitive to ambient light
input and thermal electrons, respectively. The latter gives rise to the
dark rate and is of special consideration.
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18 I-TED

2.41.5 Acquisition system

With such a high number of channels (1280) specialized components
are needed for acquisition in coincidence. For our case, PETSys acqui-
sition system, developed for ToF PET providing good characteristics for
energy resolution, energy threshold, time resolution, and high number
of channels.

PETSYS TOFPET2 ASIC The PETSys ToFPET2 Application-specific
integrated circuit (AsIC) is a 64 channel digitizer. The system directly
manages the voltage supplied and threshold for each individual pixel.

PETSYSTOFFRONT-ENDBOARDREADOUT Thisboardisrespon-
sible for the communication between the Data Acquisition (DAQ) and
the AsiCs. It receives the data from the Asics and sends it to the DAQ, al-
lowing up to 72 x 10° events per second and up to 2048 siPM channels.
It is also responsible for setting the configurations for each Asic and
each channel, as well as external clocks and triggers. The latter pro-
vides an important capability for measurements in coincidence with
other detectors and DAQs and for the use of the system with pulsed
beams, such as the case of ToF experiments [31].

PETSYSTOFDATAACQUISITIONBOARD TheDAQboardreceives
the data from optical or copper based SFP+ ports and merges it, sort-
ing by chronological order, and transmitting it to the DAQ computer. It
supports up to 250 x 10° events per second.

2.4.2 Requirements and innovative aspects

The i-TED detector was purpose-built for its application to neutron ToF
capture cross-section measurements, something noticeable in its de-
sign and choice of components, described in this section and illus-
trated in Figure 2.6.

2.4.2.1 Applicability in neutron capture

Although Compton cameras have been used in medical physics and ob-
servational astrophysics (as Compton telescopes), their use in funda-
mental science, and in beam experiments, is novel, [32]. This has been
made possible due to several technological advancements which al-
lowed meeting the requirements discussed in this subsection. Of the
requirements discussed bellow it is worth highlight: energy and posi-
tion resolution, as well as low neutron sensitivity.
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Neutron ToF experiment
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Figure 2.6: Requirements of i-TED and technical solutions.

2.42.2 Low neutron sensitivity

As discussed in Section 2.4.1.3, 5Li doped polyethylene was chosen as
neutron absorber in order to decrease the neutron sensitivity of the de-
tector taking into account the prevalence of neutron scattering in the
targets when compared to the relevant neutron capture, as discussed
in Section 1.1.4. To further mitigate this problem, LaCl,(Ce) was used
as the detector material for its lower neutron sensitivity when com-
pared to other inorganic scintillators, as seen in Section 2.2.1 and Sec-
tion 2.4.1.2.

2.4.2.3 Position resolution

By using an unsegmented crystal, it is possible to use the algorithms
discussed in [28, 30, 33] in order to reconstruct the position of inter-
action beyond the size of a pixel. This would not be possible with seg-
mented crystals, as per [34].

2.4.2.4 Energy resolution

LaCl;(Ce) was chosen as the detector material in order to improve the
energy resolution, as discussed in Section 2.2.1 and Section 2.4.1.2.
However, the use of siPMs and segmented photon detectors has a neg-
ative impact on the energy resolution. This is evident by the disparity
of the value of resolution reported with PETSys and other segmented
systems of acquisition when comparing with, for example, PMTs.
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20 I-TED

2.4.2.5 High number of channels

i-TED has 64 pixels per crystal, 5 crystals per module, and 4 modules, giv-
ing a total of 1280 channels that need to be processed in coincidence
at the crystal level, at the module level and at the overall detector level.
This is made possible by using PETSys' acquisition system.

2.42.6 Compactness

For each 64 pixels, there is one PETSys' AsiC with a 14 mmx14 mm chip.
The readout, supporting up to 8 AsiCs, is 104.5 mmx104.5 mm. This
compactness makes the system portable and less prone to interact
with the neutrons scattered in neutron capture experiments.

2.4.2.7 Timing resolution

Although organic scintillators have in general better timing resolution
than inorganic ones, the current state-of-the-art LaCl;(Ce) scintillators
can achieve as low as 224 ps resolution, [35]. Nevertheless, to achieve
such resolutions an acquisition system with good time resolution has
to be used. Although some corrections, discussed in Section 4.2.3.2,
can be applied with considerable improvements, the use of large and
unsegmented crystals, of SiPMs and of the PETSys acquisition system,
which is intended to be used with 511 keV only, result in degradation
of this resolution. This is even more accentuated when dealing with a
wide range of energies, such as the norm for Compton imaging.
Ultimately, this poses a limitation that will be discussed in Section 4.2.3.1.

2.4.3 Data acquisition

Previously, the components responsible for the data acquisition of i-TED
were descried. Regarding the process of data reduction and pre-processing,
it is done through the steps illustrated in Figure 2.7, and described in
Section C.3.1.

[Light collection in SiPMj [Binary .ldat ﬂlej .root file

i

Pre-processing:

Thre§holdfapd Event building
hher (imestar, .
charge, position) Processing:
Image formation
Coincidence
and grouping
of AsiC data
in DAQ board

Figure 2.7: Simplified data pipeline for i-TED.
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APPLICATIONS OF I-TED

3.1 SCIENTIFIC APPLICATIONS
3.1.1 Neutron capture measurements of astrophysical interest

The main purpose of the i-TED detector system is its application to neu-
tron ToF capture cross-section measurements of high relevance for
nucleo-synthesis studies. As previously discussed in Chapter 1, the
imaging capabilities of the detector allow for the selection of events
based of their spacial origin. This results in an improvement of the
peak-to-background ratio, allowing more precise measurements of the
neutron capture cross-sections.

The cross-section of neutron captures are of interest for nuclear astro-
physics because the abundance of elements in a start, and by exten-
sion its evolution, depend on the cross-section of different nuclei that
form from it.

There are many cases where more precise measurements are needed
in order to explain discrepancies between current theoretical models
and the measured relative abundances of elements in the universe,
such as " Se(ny), the first experimental test of i-TED [36].

3.2 INDUSTRIAL APPLICATIONS
3.2.1 Range verification in proton therapy

Studies have been conducted into alternatives to conventional radia-
tion therapy, [37], with proton therapy identified as one of the most

prominent techniques by virtue of its interaction with matter. Whereas

radiation therapy based on ~-rays and electron beams have broad depth-
dose distributions in matter, proton radiation is characterized by the

Bragg peak, a maximum dose deposition at the end of its trajectory. Ev-
idently, this can be leveraged to deposit most of the dose in the target

tumor, minimizing the damage to neighboring tissues. As such, range

verification becomes crucial so to minimize inherent range uncertain-
ties associated to anatomical changes, patient setup errors and range

errors from uncertainties in particle stopping power, as described by

[38].

In order to tackle the fundamental point of range verification in the tar-
get tissue, two imaging techniques are being explored: PET and Comp-
ton.

21
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22 APPLICATIONS OF I-TED

PET imaging, which is well established in the medical field and pro-
vides better image resolution, requires the presence of two detectors
in front of each other with the source/target in the middle and which
depends on the two 511 keV ~-rays from the electron-positron annihi-
lation. Due to the need of two detectors facing each other the field of
view is very limited requiring extensive detectors or arrays of detectors.
Furthermore, it generally relies on the 5*-decay of short-lived isotopes
between bunches, or longer-lived isotopes detected offline, requiring
moving the patient to a dedicated PET scanner.

On the other hand, Compton imaging enables the use of a single detec-
tor with a large field of view and the use of any ~-rays which can scatter
off of the scatterer and be absorbed by the absorber. This greatly ex-
tends the efficiency of the detector since more events can be used both
spatially and energy-wise. This also allows the use of prompt ~-rays
without the need to move the patient, mitigating biological washout.
Furthermore, since Compton cameras are also ~-ray detectors, if two
are positioned in front of each other with the source/target in the mid-
dle, as seen in Figure 3.1, both Compton and PET techniques can be
used. This fusion of techniques is studied in [38]. Besides range vali-
dation, this conjunction can be used for validation and further develop-
ment of Compton imaging algorithms.

Figure 3.1: Four i-TED modules placed in front of each other with the target
in the middle, allowing for use of both Compton and PET imaging.
Image during a study under clinical conditions at the Heidelberg
Hadrontherapy Center.

3.2.2 Nuclear waste analysis

One increasingly common application forimaging detectors is the anal-
ysis of nuclear waste in the dismantling of power plants, [23]. In many
cases the nuclear waste, specially that which is highly radioactive, doesn't
have the same level of radioactivity throughout the whole material. More
commonly, waste classified as having a higher level of radiation is com-
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3.2 INDUSTRIAL APPLICATIONS 23

posed of a smaller very radioactive portion and a bigger less radioac-
tive portion, [39].

The use of imaging capabilities allows the identification of more prob-
lematic parts of the waste that can be separated, treated and stored ac-
cording to the respective procedures without treating the whole waste
as a monolith. This has significant improvements in terms of storage
space and cost of treatment. A proof-of-concept experiment with a sin-
gle i-TED module has been carried out in Enresa's nuclear storage cen-
ter, El Cabril, [40].

Imaging capabilities are also of great interest to analyze the activation
in nuclear facilities, both industrial and research, that can help improve
safety precautions and possible structural damage.
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Part Il

DETECTORUPGRADES AND
CHARACTERIZATION

Data-driven upgrades of the multi i-TED detector system. In
this part, the components and parameters which decreased
the system's performance were identified and were either
replaced, in case of components, or optimized, in case of
the parameters. For the case of parameters, the conditions
of use of the system were taken into account since the op-
timization can depend on the use case. Motivation, mount-
ing and characterization of a new i-TED module: i-TED-E.
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MULTII-TED DETECTOR SYSTEM

47 INITIAL STATUS

The first characterization of an i-TED detector, and reference to the present
work, was performed after the development of the first module, the so-
called i-TED demonstrator, and is presented in [29, 41].

After the selection of the components overall characteristics, the de-
velopment of the full detector array and its installation in the support
structure to be used at nToF, the final characterization had not been
performed. Moreover, several key features had not been optimized in
terms of hardware and software performance.

Upon the start of this thesis project, the i-TED detectors had not been
used for several months, since the completion of its campaign at the
nToF facility of CERN in 2022, [42]. It was also placed on the experimen-
tal hall of IFic, whereas its last characterization took place in the under-
ground facilities of CERN.

The first step in the characterization aimed to confirm the stability of
the system with respect to the results obtained in the aforementioned
partial characterization. Furthermore, it provided the possibility to study
the degradation with time and the difference in conditions (mainly tem-
perature).

A preliminary characterization was performed using a '*7Cs source.
The energy resolutions obtained are present in Table 4.1, and offer an
overview of the stability of the system as well as serving as a starting
point into the upgrades described in the next section

FTED | A B c D Mean

nToF 2022/03 | 7.15+£1.13  7.4240.52 8.56+2.26 6.00+0.28 7.2841.58
IFIc 2023/02 | 7.01£1.11 8.4542.29 7.69+148 6.16+0.22 7.33+1.61

Table 4.1: Mean FWHM resolution of the 20 crystals of i-TED (in total and
grouped by module) before the beginning of the project and for the
initial preliminary characterization. Results obtained for the 662keV
peak of Cs137 using a 100ns window and the 888 threshold config-
uration.

42 HARDWARE AND SOFTWARE UPGRADES

As introduced in Section 2.4, the multi i-TED detector is a complex sys-
tem consisting of 20 scintillation crystals divided into 4 modules, fea-

27
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28 MULTI! I-TED DETECTOR SYSTEM

turing a total number of 1280 pixels and read-out channels. The com-
bined performance of the scintillation crystals, siPMs and AsiCs, have
an influence in the energy resolution, efficiency and reconstruction of
the ~-ray interaction positions. All these parameters affect the perfor-
mance of the Compton modules for the imaging of -rays.

With that in mind, the upgrades performed were done so based on com-
plementary measurements that helped identify which component of
the system needed upgrade.

This section will focus on the different problems faced, the identifica-
tion of its cause and the solutions.

4.2.1 Pixel response and position reconstruction

One way of evaluating the status of the system is by looking at the
heatmap of a given scintillator for a given measurement.

There are two types of heatmaps available, counts per pixel and inter-
action density per position.

For each crystal the two heatmaps are generated, the first based on
the cumulative charge fired by each pixel and the second consisting
on the reconstructed position of the interaction within the crystal. The
algorithm used for the position reconstruction is described in [28, 30].
For reference, Figure 4.1 contains the expected result for each of the
heatmaps with proper selection of parameters in order to unwanted ef-
fects such as noise. The pin-cushion effect seen in the reconstructed
position, that consists in the compression near the edges, is also ex-
pected and discussed in [30].

i-TED.C_A2

(a) Pixels (b) Position reconstruction

Figure 4.1: Normal heatmaps for a given crystal.

4.2.1.1 Position artifacts

When plotting the heatmaps of the reconstructed positions, the pat-
terns presented in Figure 4.2 were sometimes observed.

The consistency of the position of the patterns over multiple measure-
ments and crystals led those artifacts to be identified as the result of a
misfit of the position reconstruction algorithm, influenced by the initial
parameters.
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4.2 HARDWARE AND SOFTWARE UPGRADES 29

This was only present when using the Anger algorithm. By using the
Li algorithm instead, the artifacts disappeared. Both algorithms are de-
scribed in [28].

y, [mm]

o
x, [mm]

(a) Pixels

Figure 4.2: Position artifacts present in the heatmap.

4.21.2 Localized position misreconstruction

When plotting the heatmaps of the reconstructed positions for each
crystal, cases such as Figure 4.3 were observed. This corresponds to
a misreconstruction of the interaction position in the crystal in certain
zones that spawn the same crystals in all measurements.

Those patterns were identified as being caused by the crystals, as chang-
ing one crystal with patterns with one without caused them to follow
the crystal. This was identified as being caused by "clouds” in the crys-
tal growth, as shown in Figure 4.3. If the cloud was small and far from
the window, the patterns were not observed. It was found in 3 crystals.

¥, [mm]

10

o
x, [mm]

(a) Position reconstruction (b) Crystal

Figure 4.3: Anomalous map of reconstructed positions due to clouds for a
given crystal.

4.2.1.3 General position misreconstruction

In other cases, the position reconstructed presented patterns that weren't
localized but that spawn the whole heatmap. This was identified as a
mismatch between the physical position of the pixel in the siPM and its
representation in the pixel map, something that has to be checked with
the use of every new SiPM.

CSV : GEN-d21c-d2af-ba88-99ce-da2f-70ae-e905-5e92

DIRECCION DE VALIDACION : https:/portafirmas.redsara.es/pf/valida

FIRMANTE(1) : BERNARDO BERNARDINO GAMEIRO | FECHA : 09/11/2023 15:40 | NOTAS : F
FIRMANTE(2) : JORGE LERENDEGUI MARCO | FECHA : 09/11/2023 18:46 | NOTAS : CF

Codigo seguro de Verificacion : GEN-d21c-d2af-ba88-99ce-da2f-70ae-€905-5e92 | Puede verificar la integridad de este documento en la siguiente direccion :

https://portafirmas.redsara.es/pf/valida




MULTI I-TED DETECTOR SYSTEM

This was due to the different possible labels of the pixels in a given
SiPM, which corresponds to a factory characteristic. The effect afore-
mentioned can be seen in Figure 4.4.

y, [mm]

_25 B8 -
255 -20 -15 -10 5
X, [mm]

(a) Position reconstruction

Figure 4.4: General position misreconstruction present in the heatmap.

4.2.1.4 Dark zones

Sometimes it was observed in the heatmaps of both the events and the
reconstructed positions that certain regions had considerably lower
number of counts. It was noticeable for all measurements whether for
background or sources.

Dismounting and remounting the crystals with the same siPm solved
the problem creating more homogeneous heatmaps.

This was identified as being caused by a poor optical coupling of the
scintillator to the siPM. Reapplying optical grease solved the problems.
It was noted that, even for grease applied a long time beforehand, un-
even pressure applied by the detector casing resulted in the grease
flowing out of the areas with higher pressure resulting in a bad optical
coupling as evident by Figure 4.5.

i TED.D_A! AL\ TR q
N a3
.|
m
A
b A\ X . : E ‘
(b) sipm

Figure 4.5: Dark zones present in the heatmap.
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42 HARDWARE AND SOFTWARE UPGRADES 31

4.2.1.5 Multi-pixel sharp maximums

Some pixel heatmaps presented sharp maximums that spawn a few
neighboring pixels, even for background measurements. This effect
was present mostly near the sides of the casing rather than the cen-
ter, as shown in Figure 4.6.

Measurements in dark conditions yielded better results and, as such,
the problem was identified as light input and solved with black tape or
gum near the problematic areas. This was due to fissures in the casing
that were not identifiable by sight. The fissures exist due to the thinness
of the casing, necessary to minimize the neutron sensitivity for (n,y)
measurements at facilities such as at nToF.

i-TED.D_A2
i-TED.D_A3

(a) Multi-pixel (b) Single-pixel

Figure 4.6: Sharp maximums present in the heatmap.

4.2.1.6 Single-pixel sharp maximums

Besides the sharp maximum in neighboring pixels, there were also iso-
lated ones randomly distributed throughout the different crystals, as
present in Figure 4.6. By setting higher thresholds for the minimum
value of t; needed to trigger those specific pixels, the maximums dis-
appeared. This problem is addressed in Section 4.2.2. More informa-
tion on the functioning of the thresholds is given in Section C.3.1.

4.2.2 Pixel threshold optimization

This effect of single-pixel sharp maximums is due to different noise
and gain, which can be solved by setting different per-pixel thresholds,
since increasing the overall threshold would result in degradation of en-
ergy resolution by excluding pulses from good events. To do so, back-
ground measurements with different thresholds were performed, and
a script was written to iterate over each pixel and based on a given
criterion in number of counts, define which pixels had to increase the
threshold until those pixels. The criterion was that the 64 individual
pixels of each crystal could not have a number of events larger than 5
times the median in a given crystal. The thresholds were set between
7 and 13 in some arbitrary units, obtaining the distribution in Table 4.2.
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32 MULTI! I-TED DETECTOR SYSTEM

Threshold 7 8 9 10 ™M

Pixels 884 33 258 4 101

Table 4.2: Number of pixels with each threshold configuration. Result ob-
tained with an iterative algorithm to ensure the number of events in
the individual pixels was within 5 times the median value for each
crystal.

The reference count rate value was calculated for each crystal individ-
ually as different crystals can have different count rates related to the
different sizes of the scatter and absorber, and the different intrinsic
alpha activities. The improvements in homogeneity are better repre-
sented by the box plot of Figure 4.7 that shows, for each crystal, the
distribution of the number of counts per pixel for various values for the
t threshold. The last row shows the results with the final customized
threshold configuration.

Threshold configuration

Lﬁé;iii

1071 10° 10! 102 10° 104 10°
Counting rate (/s)

Figure 4.7: Distribution of pixel events for each threshold configuration. The
green lines represent the mean (dashed) and the median (solid).
The outliers correspond to the top and bottom 1% of events. The
custom configuration, referred in text as 88c, is labeled with 0.

Although the results of the optimized configuration, henceforth referred
to as 88c, corresponds to a slight improvement in energy resolution
when comparing with the 887 threshold, the main improvement ob-
served was the considerable decrease in file size due to a substan-
tial decrease in number of low-energy events, attributable to noise, as
shown in Table 4.3. This has obvious benefits in storage, time to pro-
cess and move files, and, ultimately, price. Previously, such a resolu-
tion, although attainable with the 887 threshold, was not used as it had
been deemed unpractical due to file size and processing time.
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42 HARDWARE AND SOFTWARE UPGRADES 33

Threshold 6 7 8 9 10 11 Custom

Size (MB/min) 2032 919 496 341 366 173 415

Table 4.3: Size of the text file .singles.ldat in 10% Bytes/min for different
threshold parameters.

4.2.3 Timing

For each crystal of i-TED, an event, associated to a y-ray interaction, is
defined by the charge fired in the 64 pixels in a predefined time window
that starts with the first pixel firing. Notice that the time window is only
defined of the sum of the detections in the pixels is above a threshold.
The default method for defining the time of the interaction is by using
the timestamp of the first pixel that fired.

4.2.3.1 Timing requirement

As discussed in Section 2.3.1, Compton imaging requires measuring
the energy loss by Compton scattering as well as the full energy of the
~-ray. As such, only events in coincidence between the scatter and the
absorber are selected. However, it is also required to know the order of
the interactions for proper image reconstruction and, by extension, to
improve the background rejection capabilities in neutron capture exper-
iments. One way to achieve this goal is to use the time difference, At,
between they-ray interactions in the scatter and absorber planes [31].
With ideal time resolution, one would expect the At time distribution
to have two peaks associated to the two possible orders of interaction,
scatterer—absorber and absorber— scatterer, the former correspond-
ing to the conditions of interest.

In reality, the finite time resolution broadens the two peaks. In order to
distinguish the order of events in the two planes clearly, the distance
between the two peaks needs to be greater than the FwHM of the At
distribution. Considering that the resolution is the same regardless of
the order of interaction, just in opposite order, the maximum distance
of 60 mm between planes and c~299.8 mm/ns:

2 x 60mm
FWHM < At~ ——— ~ 400 4.1
- 299.8cm/ns bs (41

Meaning a FWHM resolution in time of at least 400 ps is needed to be
able to distinguish the order of events based solely on time.

4.2.3.2 Optimization for 511 keV

The timing for 511 keV ~-rays was evaluated using the detector in PET
mode, as discussed in paragraph 2.3.2. It is also worth taking into ac-
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34 MULTI I-TED DETECTOR SYSTEM

count that this is the main purpose the PETSys acquisition system
used was developed for.

Following the work of [34, Ch. 3.3], a study of other parameters was per-
formed. For this study, i-TED-D was used with the scatterer and absorber
planes at the maximum distance and a ??Na source in the middle of the
planes. This source was selected for its emission of two 511 keV ~ at
180° characteristic of the electron-positron annihilation, which allowed
simultaneous measurements in both planes.

This way, by selecting the coincidences between one scatterer and one
absorber, doing energy cuts around the 511 keV peak and plotting the
time difference between the events in a coincidence window, a peak
centered at 0 was obtained with a standard deviation of twice the time
resolution. Deviations from 0 reflected a shift in the position of the
source from the central position between the two planes.

From here, the study was carried out using two parameters: the num-
ber of pixels taken into account (V,) to compute the timestamp of the
event ¢..n; and the weight, calculated as an exponent of the energy
measured by the pixel event when calculating the average of the times-
tamp (W):

min{N,,N,}
Zi ' tpixel X EzW

Zmzn{Np,N,} EW (42)

levent =

Two conditions to take into account are that if the number of pixel
events to take into account is greater than the total number of pixel
events in the interaction (V, < N,), then all pixel events are used; and
if the weight (E!") is small enough that it can't be written in a C++ long
double, then it is considered 0, meaning that timestamp is not taken
into account when calculating the time of the interaction.

The best results obtained for the CRT, which correspond to the images
of Figure 4.8, are presented in Table 4.4. The full results are in the ap-
pendix, Table B.1.

W N, ‘ FWHM (ns)

0 9 2.40
1T 25 2.36

Table 4.4: Two best configurations for CRT. FWHM time resolution in ns for co-
incidences between 2 crystals of i-TED-D using the two 511 keV ~ of
22Na emitted at 180°.

Two minimums were identified for W = 0, N, = 9and W = 1, N, = 25.
The configuration W = 1, N,, = 25 was taken not only because of hav-
ing the lowest standard deviation for the peak, but also because it was
identified that the distribution of the values is considerably skew to-
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4.2 HARDWARE AND SOFTWARE UPGRADES 35

wards the central value, whereas for W = 0, N, = 9 there is a presence
of more events in the tails of the distribution, as seen in Figure 4.8.
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Figure 4.8: Two best configurations for crT. Measurement taken with i-TED-D
and the 511 keV peak of 22Na in PET mode.

4.2.3.3 Dependence on the deposited energy

The optimization discussed previously was carried out for 511 keV ~-
rays in PET mode. However, the i-TED detector operating as a Compton
camera features very different energy distributions. As such, the be-
havior of the time was studied for other energies in coincidence, using
22Na and '37Cs, including different energy distributions between the
two planes. The results are present in Figure 4.9.

10.0

7.5

5.0

dt (ns)
o
°

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
(E_a-E_s)/(E_t) (MeV)

Figure 4.9: Time difference (ns) as a function of the difference between the
deposited energies in absorber and scatter normalized to the total
energy. With the increase of the energy difference between events,
the time difference also increases.

As it can be seen, for the same measurement, the centroid of the time
distribution has a dependency on the normalized energy difference.
There are different phenomena that can lead to this effect, including:

« Jitter: due to noise, independent of energy.
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36 MULTI! I-TED DETECTOR SYSTEM

+ Rise time walk: for the same type of radiation, the scintillator
used should have the same rise time.

« Amplitude walk: effect aggravated by differences in signal am-
plitude (which relates to deposited energy), consistent with the
results obtained in this work (see Figure 4.9).

(c) Amplitude walk

Figure 4.10: Different phenomena and how they affect timing. From [14, Fig.
17.48-17.50].

According to [34, Ch. 1], there are several conditions necessary to ob-
tain optimal CRT. The i-TED detector system contains some character-
istics that limit its performance:

+ SiPM instead of PMT
- By using several pixels for a single measurement, uncertainty
is introduced
+ Monolith crystals

- Segmented crystals with a pixel per segmentation provide
better CRT as there is higher light collection in a short amount
of time

- For equal light collection per pixel, monolithic crystals could
provide better resolution as the photons travel straight paths
« Thick crystals

- The longer the light travel path, the more CRT deteriorates

* Temperature

- With increase in temperature the gain is lower and the dark
counts increase, which increase the effect of jitter

A study using the same acquisition system from PETSys was performed
by [34, Ch. 3.4-3.6], using a thinner crystal at a constant temperature of
7°C. This study included several corrections reaching a CRT of 660 ps,
about +165% the necessary resolution in order to distinguish the order
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42 HARDWARE AND SOFTWARE UPGRADES 37

of coincidence events in i-TED solely based on time for the geometry
where the planes are at the maximum possible separation of 60 mm.
For the minimum distance of 10 mm the necessary resolution becomes
67 ps, requiring an improvement of one order of magnitude.

4.2.4 Energy resolution

The energy resolution is one of the most important parameters to opti-
mize due to its influence on the uncertainty in the determination of the
Compton angle, given in Equation 2.2.

4.2.41 Factors to take into account

The energy deposited by each interacting +-ray is proportional to the
light collected by the siPMm. As such, it is important to take into account
the effects of Section 4.2.1 as well a proper optical coupling to ensure
optimal light transference from the crystal to the siPM. The pixel thresh-
olds, previously mentioned and optimized in ??, also play a central part
as a balance has to be reached between noise (low threshold) and ex-
cluding good events (high threshold), since both impact the resolution.

4.2.4.2 ASIC temperature

One of the parameters that most changed the energy resolution was
the temperature of the PETSys AsiCs which integrate the signal of each
one of the 64 pixels for each crystal.

The effect of this parameter, although noticeable, was not studied be-
fore as the acquisition system was not prepared to include tempera-
ture information.

TEMPERATURE Differences in the ambient temperature resulted in
noticeable shifts in the ASIC gain that lead to a variation in the response
to well-known ~-ray energies of calibration sources.

TEMPERATURE CHANGE The change in temperature within a mea-
surement resulted in a shift of the gain, and thus, of the peaks resulting
in a perceptibly worse energy resolution.

4.2.4.3 |Integration windows

Another parameter that influences the energy resolution of the detector
is the time window used to consider an interaction in a given crystal.
Currently, an interaction is defined as a time window over all pixels of
a given crystal whose energy (in ADC) is above a given threshold.

It is important to take into account that, for very high counting rate,
increasing this window may result in including pixel events that corre-
spond to the next interaction in the crystal, resulting in pileup.
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38 MULTI! I-TED DETECTOR SYSTEM

In the present project this integration window was kept between 100
and 250 ns. Previously, this window had been fixed at 100 ns, as in [41,
Sect. 3.1].

4.2.5 Temperature

As mentioned in Section 4.2.4.2, the temperature of the AsIC influences
the gain and, as such, the measured energy.

In order to study this effect and apply a correction to mitigate it, long
measurements with 22Na and 137Cs sources were performed. For these
measurements, the detector system was not warmed beforehand and
the sources had sufficiently high activity in order to have enough statis-
tics at each temperature point of the AsICs increased naturally. This
temperature is recorded by the DAQ.

The drift of the peak centroid was plotted as a function of the temper-
ature at which the events were measured. The result is presented in
Figure 4.11.

+  662keV, 100ns
+  S5llkeV, 100ns
+ 1275keV, 100ns
x  662keV, 200ns
x  5llkeV, 200ns
«  1275keV, 200ns

26
ASIC temperature (*C)

Figure 4.11: Drift of the peak in ADC with temperature change for y-ray ener-
gies of 511 keV, 662 kev and 1275 keV. Different integration win-
dows have little impact.

From here the slope was taken for the measurement of the 662 keV
peak if 137Cs, which had the widest range of temperature drift. From
the slope, 3, the temperature correction was calculated, Equation 4.3.
The result of this correction, presented in Figure 4.12, should be done
for the Asic temperature of calibration. However, different calibrations
will occur at different temperatures and, even for the same calibration,
different AsiCs can have different temperatures. Hence, the effects of
the correction are show for different temperatures.
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Figure 4.12: Correction of the temperature gain change for a '*7Cs spectrum
to different temperatures.

_ AADC _ ADCMeasurement — ADCReference

B
AT TMeasurement - TReference
4.3)
< AD CReference =AD CMeasuremem + (TReference - TMeasurement) X ﬁ
(4.4)

4.3 CHARACTERIZATION

After the upgrades discussed in the previous section, the full charac-
terization of the performance of the final multi i-TED detector system
was performed.

4.3.1 Energy resolution

Besides the parameters mentioned in Section 4.2.4, the energy resolu-
tion depends on the deposited energy.

For this section, it was studied for the 662 keV peak of 137Cs, a common
benchmark of comparison, visible in Figure 4.13.

4.3.1.1 Singles resolution

The single's resolution is the energy resolution of each of the 5 crystals
of each i-TED.

The hardware upgrades improved the mean energy resolution from
7.33+1.61t0 7.014+0.79. The improvement in preprocessing methods,
including the per-pixel threshold and integration window, improve it fur-
therto 6.71+0.67, whilst decreasing the noise and, by extension, the file
size from 496 MB/min to 415 MB/min.
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Figure 4.13: Uncalibrated spectra of '37Cs ins singles mode.

i-TED ‘ A B C D Mean

6.58+0.83 7.174+0.18 7.42+1.14 6.87+0.29 7.01+0.79
6.2840.70 6.90+0.20 6.92+0.90 6.75+0.48 6.71+0.67

Comparison
Best

Table 4.5: Mean resolution at 662 keV for each i-TED using the 888 configura-
tion and 100 ns integration window for comparison with previous
results and the 88c configuration and 250 ns integration window
for best results, which was the best configuration found.

4.3.1.2 Resolution in coincidence

The coincidences' resolution is the energy resolution of an i-TED module
for the addback energy, this is the sum of the deposited energies of
scatterer and absorbers of a given i-TED in coincidence, which is the
magnitude used to select events for the Compton imaging. An example
of a spectrum in coincidence is present in Figure 8.6.

Absorber ‘ 1 2 3 4 Mean All

Best ‘8.23j:0.38 9.8840.39 8.49+0.46 876+0.62 8.84+0.61 9.62+0.29

Table 4.6: Mean coincidence resolution at 662 keV for the scatterer with each
absorber of i-TED-A using the 88c configuration and 250 ns integra-
tion window. The decrease in the resolution labeled "All" is due to
different gains in the absorbers.

The resolution doesn't change with the distance between planes in
most cases. The main effect that could result in a deterioration of en-
ergy resolution in coincidence is for y-rays that suffer scatterings with
very small angles as the resolution is worse for low energy depositions.

4.3.2 Counting rate

4.3.2.1 Coincidence

The counting rate for coincidence events with a v — ray source in front
of one i-TED module depends, besides the coincidences coming from

Cadigo seguro de Verificaciéon : GEN-d21c-d2af-ba88-99ce-da2f-70ae-e905-5e92 | Puede verificar la integridad de este documento en la siguiente direccion :

https://portafirmas.redsara.es/pf/valida

CSV : GEN-d21c-d2af-ba88-99ce-da2f-70ae-e905-5e92

DIRECCION DE VALIDACION : https:/portafirmas.redsara.es/pf/valida

FIRMANTE(1) : BERNARDO BERNARDINO GAMEIRO | FECHA : 09/11/2023 15:40 | NOTAS : F
FIRMANTE(2) : JORGE LERENDEGUI MARCO | FECHA : 09/11/2023 18:46 | NOTAS : CF




4.3 CHARACTERIZATION N

the intrinsic activity, on the proximity between the two planes of i-TED,
as seen in Figure 4.14.

Integration window L]
e 100
150
120 o 200
e 250 °

80

Counting rate (cps)

60
°

0 5 10 15 20 25 30 35 40
Position

Figure 4.14: Counting rate in coincidence mode with 137Cs source for differ-
ence relative positions between planes. Higher positions corre-
spond to the planes being closer.

As expected, the counting rate and, as such, the efficiency increase
with the proximity of the planes or focal distance. The position is cor-
related to the distance between the capsules of each plane by Equa-
tion 4.3.2.1.

Distance = (75 — Position) mm (4.5)

4.3.3 Alpha activity

The alpha activity depends on the growth of the crystal. As it creates
a three peak background between 1600 keV and 2800 keV of equiva-
lent electron energy it is better to use crystals with low background,
especially if the energies of interest are in that range. This difference
is clearly illustrated in Figure 4.13.

i-TED A B C D

0 24184+ 2.03 143.98+4.91 153.82+3.29 151.78+4.04
1 157.6849.93 124.04+4.10 225.554 597 219.50+6.44
2 117.38+7.31 204.45+6.34 230.12+3.28 240.79+4.84
3 36.72+2.55 221.01+7.23 196.454+4.85 227.264+6.24
4 222.20+12.55 215.3947.08 192.53+10.05 231.87+6.15

Table 4.7: Alpha activity per second for each crystal of each i-TED with the 88c
configuration and a 250 ns integration window.

The values are normalized in time.
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I-TED-E

51 MOTIVATION

With the conclusion of the multi i-TED upgrade, characterization and its
setup in a configuration that allows its use for both neutron capture
experiments and dose monitoring in hadron therapy, the need for an
individual i-TED detector module arose.

The individual i-TED, hereby i-TED-E, is to be used in situations that do not
warrant the need for multiple Compton cameras, such as for detector
testing, or nuclear waste analysis.

Moreover, having a separate i-TED allows in the future to perform this
kind of experiments without distorting the setup of the multi i-TED de-
tector.

This detector was fully built by me as part of my stay at IFiC using spare
parts, including components that were new or taken from the multi
i-TED during the upgrade.

As this detector is not expected to perform in the harsh neutron back-
ground conditions of nToF, it has two differences to the other modules.
First, it does not include the SLi shield in front of the scatterer. Sec-
ond, it has a full metal casing in front of the absorber which facilitates
its mounting and a consistent application of pressure over its crys-
tals. This will improve the stability of the optical grease and avoid the
dark zones associated to a lack of optical contact described in Sec-
tion 4.2.1.4. These differences are exhibited in Figure 5.1.

Figure 5.1: i-TeD-E with its full metal casing and without the 5Li neutron shield.
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44 I-TED-E

5.2 CHARACTERIZATION OF I-TED-E
5.2.1 Energy resolution

As the detector has crystals and siPm that were discarded from the
multi i-TED, including those that presented poor energy resolution and
“clouds”, the performance of i-TED-E is expected to be considerably de-
graded in comparison with the results presented in Section 4.3. The re-
sults presented include the per-pixel threshold optimization described
in Section 4.2.2.

5.2.1.1 Singles resolution

A series of 25 runs of 15 s was performed with a 37Cs source. The
files were processed with 100 ns and 200 ns coincidence windows to
build the response of single crystals and the optimized 88C threshold
based of the 887 configuration. An extra measurement with 22Na was
conducted at cMAM with 88C threshold and 100 ns.

For the whole detector, i-TED-E presented an overall resolution at the
662 keV 137Cs peak of 8.46 and 8.42 for 100 ns and 200 ns, respec-
tively.

However, this average value hides the considerable discrepancies be-
tween crystals presented in Table 5.1.

\TEDE | 662 keV(+stat) 5T1keV 1275 keV

0 5.794+0.09 7.20 4.26
1 8.41+0.07 8.50 4.74
2 6.99+0.16 9.17 5.47
3 10.55+0.08 9mn 4.36
4 10.37+0.09 13.13 8.65
All 8.42+1.87 9.42 5.50
#{384} 7.0641.09 8.29 4.82

Table 5.1: Mean resolution at 662 keV for each crystal of i-TED-E using the
88c configuration and 200ns integration window and for 511 keV,
1275 keV using a 100ns integration window. The mean resolution
of all crystals and all crystals excluding 3 and 4 are included in the
last 2 rows.

This indicates that by changing the components related to absorber
3 and 4 or outright discarding the results from those crystals (which
results in a decrease to half of the events) would improve the statistics
considerably.

Cadigo seguro de Verificaciéon : GEN-d21c-d2af-ba88-99ce-da2f-70ae-e905-5e92 | Puede verificar la integridad de este documento en la siguiente direccion :

https://portafirmas.redsara.es/pf/valida

CSV : GEN-d21c-d2af-ba88-99ce-da2f-70ae-e905-5e92

DIRECCION DE VALIDACION : https:/portafirmas.redsara.es/pf/valida

FIRMANTE(1) : BERNARDO BERNARDINO GAMEIRO | FECHA : 09/11/2023 15:40 | NOTAS : F
FIRMANTE(2) : JORGE LERENDEGUI MARCO | FECHA : 09/11/2023 18:46 | NOTAS : CF




Codigo seguro de Verificacion : GEN-d21c-d2af-ba88-99ce-da2f-70ae-€905-5e92 | Puede verificar la integridad de este documento en la siguiente direccion :

https://portafirmas.redsara.es/pf/valida

5.2 CHARACTERIZATION OF I-TED-E 45

5.2.1.2 Coincidences resolution

Absorber ‘ 1 2 3 4 Mean All

Best ’8.20 7.66 822 9.67 844 8.66

Table 5.2: Mean coincidence resolution at 1275 keV for the scatterer with
each absorber of i-TED-E using the 88c configuration and 100 ns
integration window. The decrease in the resolution labeled "All" is
due to different gains in the absorbers. Measurement conducted
at CMAM.

5.2.2 Counting rate

5.2.2.1 Coincidence

Once again, as expected, the counting rate and, as by extension, the ef-
ficiency increase with the proximity of the planes. As aforementioned,
the position is correlated to the distance between the capsules of each
plane by Equation 4.3.2.1.

Integration window X
240 x 100
150
X 200
230 x 250

Counting rate (cps)
N
N
5

0 5 10 15 20 25 30
Position

Figure 5.2: Counting rate in coincidence mode with '37Cs source for differ-
ence relative positions between planes. Higher positions corre-
spond to the planes being closer.

5.2.3 Alpha activity

From the series of 25 runs, the results on Table 5.3 for the alpha ac-
tivity rate were obtained. The alpha activity rate was calculated as de-
scribed in Section 4.3.3. As the detector was built from spare crystals,
it includes some of the highest and lowest alpha activity rates.

The results presented show, once again, the performance variance be-
tween crystals.
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46 I-TED-E

i-TED-E | Mean o
0 56.33 1.58
1 252.89 3.91
2 13.35 1.03
3 378.62 5.23
4 14.60 113

Table 5.3: Alpha activity per second for each crystal of i-TED-E with the 88c
configuration and a 200ns integration window.

CSV : GEN-d21c-d2af-ba88-99ce-da2f-70ae-e905-5e92

DIRECCION DE VALIDACION : https:/portafirmas.redsara.es/pf/valida

FIRMANTE(1) : BERNARDO BERNARDINO GAMEIRO | FECHA : 09/11/2023 15:40 | NOTAS : F
FIRMANTE(2) : JORGE LERENDEGUI MARCO | FECHA : 09/11/2023 18:46 | NOTAS : CF

Cadigo seguro de Verificaciéon : GEN-d21c-d2af-ba88-99ce-da2f-70ae-e905-5e92 | Puede verificar la integridad de este documento en la siguiente direccion :

https://portafirmas.redsara.es/pf/valida




Part 11l

IMAGING AND BACKGROUND DISCRIMINATION

Description of different Compton imaging algorithms. Eval-
uation of the Compton imaging resolution. Analysis of the
performance of different FoM for background discrimina-
tion.
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IMAGING OBJECTIVES OF I-TED

There are two main objectives to be achieved with the imaging capa-
bilities of i-TED.
The objectives are:

+ Background Suppression in (n,y) cross section measurements.

+ Source Visualization for imaging applications to medicine or in-
dustry.

6.1 BACKGROUND SUPPRESSION

For the main application of i-TED, suppression of background in (n,y)
cross section measurements relevant for the stellar nucleo-synthesis,
the imaging capability is second to the background suppression per-
formance.

In (n,y) cross section measurements carried in ToF experiments the
detectors are positioned around the target under study, aiming at an
optimum detection efficiency. This results in a simplification into the
selection of those events which come from the center of the field of
view of the detector instead of an arbitrary position.

Furthermore, some Compton imaging algorithms such as back projec-
tion, described in Section 7.1.1, and the analytical, described in Sec-
tion 7.1.2, the original position of the source is not computed but rather
afit of possible origins. Hence, cuts are not applied on the basis of the
origin coordinates but rather on the basis of figures of merit such as
the ones discussed in Section 7.2.1 and Section 7.2.2. Nevertheless,
imaging reconstruction is important for visualization and validation of
the methods.

Moreover, other algorithms such as the Stochastic Origin Ensemble
(soE), discussed in Section 7.1.3, determines the most probable coor-
dinate of the origin of the y-ray on a per-event basis. In this case, the
visualization is key to apply selections in the Cartesian coordinates of
the resulting 2D image.

The focus in the application of i-TED for (n,y) ToF measurements is set
on optimizing background suppression to maximize the signal-to-background
ratio. For this purpose, several FoM, discussed in Section 7.2, can be
used. As they are based on the same magnitudes (energy deposition
and position of the interaction in both planes) as the imaging algo-
rithms, an improvement in imaging resolution, this is the uncertainty
in the determination of the Compton cone (see Equation 2.2), is cor-
related with an improvement in the performance of the background
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50 IMAGING OBJECTIVES OF I-TED

rejection capability. This background suppression is tested with -ray
sources and the multi i-TED detector, as it is presented in Section 8.2.

6.2 SOURCE VISUALIZATION

In applications such as range verification in hadrontherapy and analy-
sis of nuclear waste, the accurate visualization of the y-ray sources is
the main aim. In these fields, the Compton imaging resolution becomes
the main parameter to be optimized.

For hadrontherapy, Compton imaging provides a way of performing
range verification, this is visualizing whether the maximum dose (Bragg
peak) is deposited inside the target tissue by means of detecting the
Prompt gammas. This method avoids the need for detectors facing
each other such as with PET imaging.

For nuclear waste analysis, Compton imaging enables imaging, iso-
topic sorting and activity quantification using a single detector in or-
der to discern between waste with different levels of radioactivity and
locate hotspots within one continuous barrel of waste.

In both the aforementioned applications, the main objective is visual-
ization and not background suppression and, as such, the optimization
of the imaging capabilities, namely the imaging resolution, is the main
objective. The study of imaging resolution with different algorithms is
presented in Section 8.1.
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COMPTON IMAGING TECHNIQUES

71 IMAGING ALGORITHMS

When it comes to imaging using Compton cameras, several methods
exist. From those methods, it is necessary to classify them by their
output. Some algorithms output the computed position of the origin of
the incoming ~-ray whereas others provide probability densities of the
possible origin positions.

Although the methods can be extended to three dimensions, the present
work focus on the two-dimensional case where the distance between
the source and the detector is known and provided as a parameter.

7.1.1 Back-Projection

The simplest method, the back projection, consists in determining the
intersection of the Compton cones with a surface of origin of the y-rays.
Usually, the method is implemented with a spherical surface, such asin
[43, Sect. IV.A]. However, the present work uses the plane of the source,
parallel to both planes of interaction, as the surface to intersect the
Compton cone.

Figure 7.1: Schematic of the back-projection method for a spherical surface.
From [43, Fig. 6].

This method does not compute a position for the source on an event-
by-event basis, but rather the possible positions defined by the coni-
cal generated in the intersection of the Compton cone and the source
plane, as seen in Figure 7.2.
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52 COMPTON IMAGING TECHNIQUES

7.1.2 Analytical

Another algorithm which provides probability densities of the possible
origin positions is the Analytical Algorithm, [44, 45], which uses the ana-
lytical inversion of the Compton scattering based on spherical harmon-
ics.

This algorithm requires expensive computations which increase with
the degree of the Legendre polynomial used for fitting. As such, the
implementation used for i-TED uses precomputed values for combina-
tions of energies, angles, and order of Legendre polynomial, saved in
table form. This allows significant time-savings. It has also been im-
plemented in GPU with CUDA, allowing a reduction in computing time
of ~30.

7.1.3 Stochastic Ensemble Origin

In contrast with the previous ones, the SOE algorithms computes for
each incident -ray, an emission origin within the plane containing the
source.

This method consists of a Markov chain Monte Carlo (McMmc) algo-
rithm, commonly coupled to resolution recovery, in order to compute
the most probable position of origin for each Compton event.

This method starts from a random position for each event from the
back-projection method, computes a density map and then, for each it-
eration, a new position is selected in the back-projected Compton cone.
The new position is used instead of the previous one according to a
transition probability.

As the algorithm converges with each iteration, the most probable po-
sition of origin for each event is given. As it provides only one position
per event instead of a set of probability densities, this method requires
more events in order to obtain an image. Hence, it being commonly
used with resolution recovery, discussed in Section 7.1.4.

Being an iterative method, it requires considerable resources that in-
crease with the number of entries and the number of iterations. As the
back-projection has better performance, and the analytical method has
better resolution, the SOE has not been studied in the present work.

7.1.4 Resolution Recovery

Resolution recovery is not an imaging algorithm but rather a method of
taking into account the different resolutions of the physical quantities
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7.2 FIGURES OF MERIT 53

of which they depend on. It can be applied regardless of the imaging
method.

This method uses Monte Carlo (Mc) in order to sample the uncertainty
distributions of the measured energies and interaction positions in both
planes. In the current work, this method was implemented using Gaus-
sian distributions, using the measured value as the mean value and the
associated uncertainties.

The use of this method allows, through sampling, the increase in statis-
tics while properly reflecting the effect of the finite resolutions and en-
ergy and position in the resulting image.

7.2 FIGURES OF MERIT
7.2.1 Lambda

In order to explore the reduction in background by means of the Comp-
ton imaging capability of i-TED a discrimination analysis has to be made
on an event-by-event basis.

To perform this per-event spatial discrimination, the A Fom [32, Sect. 5],
which represents the solution of the Compton scattering formula, de-
scribing the intersection of the Compton cone with a plane at the sam-
ple center and perpendicular to the circular sample surface (illustrated
by the back-projection plane in Figure 7.2), can be employed:

A =abs |(n,S, +n,S, +n,S,)*— (1 4 Mo e

. 2 2 2
pe = e ) (524 57+ 57

(7.1)

Where 7 is the unit vector along the Compton cone and (S, S, S,) are
the coordinates of interaction in the scatterer plane.

This FoM has units of squared distance and represents the distance
from the center of the source. A cut of events with X smaller than a
given value corresponds to events originating within a radius /A of
the center in the plane of the source.

7.2.2 Angular Resolution Measure

As an alternative to ), another one-dimensional parameter, the ARM
FoM, can be employed for a per-event imaging discrimination. It is de-
fined as the difference between the Compton angle calculated from
the positions of interaction assuming the source is in the origin of co-
ordinates and the Compton angle calculated the energies deposited in
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54 COMPTON IMAGING TECHNIQUES

Apy

back-projection plane

Source position

JAv>)

(a) X from [31]. (b) ARM from [46]

Figure 7.2: Schematic of the definition of the Fom.

both planes using the Compton equation, Equation 1.4, in accordance
with [46, Sect. 6] and illustrated in Figure 7.2.

ARM :oPosition - gEnergy (72)
S. A ( m, m,
=arccos | ———— | —arccos [ 1+ = — =& ) (7.3)
TSAT B, E,

Where S, A are the coordinates of interaction in the scatterer and ab-
sorber planes, respectively.

This FoM has units of angle and, for good Compton events, represents
the angular difference between the origin of the event and the center.
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IMAGING STUDIES WITH I-TED

Taking into account the imaging objectives of the i-TED detectors, de-
scribed in Chapter 6, studies into the background suppression and source
visualization were performed. As discussed in Chapter 3, the main ap-
plication of the multi i-TED detector system is background suppression,
hence it was used to perform the background suppression tests. On
the other hand, in accordance with Section 5.1, i-TED-E was not design
for neutron ToF experiments, but rather for situations such as nuclear
waste analysis. As such, it was used for the source visualization tests.
Furthermore, an outlook into feature selection and the applicability of
ML studies is present at the end of the chapter.

8.1 CHARACTERIZATION OF THE IMAGING PERFORMANCE
8.1.1 Characterization of imaging for i-TED-E

In accordance with the visualization objective of i-TED, Section 6.2, the
imaging capabilities of the i-TED-E were characterized.
With this purpose, two imaging algorithms were used:

+ back-projection, Section 7.1.1, for its efficiency and simplicity

+ Analytical (with 18 degrees), Section 7.1.2, for its spatial resolu-
tion

In this study a 22Na source was placed in a holder at a distance of
90 mm from the front plane of i-TED-E, as presented in ??fig:ImagingSetUp.
The peaks, shown in Figure 8.2, correspond to the source and were fit-
ted with ROOT's [47] xygaus in such a way not to take the background
into account. As summarized in the results, Table 8.1, it is possible
to identify different source positions. As expected, the analytical algo-
rithm, more central source positions, and greater focal distances pro-
vide better resolution and position accuracy.

The two Compton imaging algorithms present very distinguishable re-
sults. Images generated with the back-projection, have poorer reso-
lution and a more uniform background in comparison with the ones
generated by the analytical algorithm, as it is clearly appreciated when
comparing panel a and b of Figure 8.2. The former has significantly
more background with a narrow peak in the source position. The latter
has a very sharp Gaussian in the source position and a significantly
enhanced peak-to-background ratio. Some smaller peaks, or artifacts,
which appear around the main peak, can be suppressed by setting a
lower degree fit, in exchange for position resolution.
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56 IMAGING STUDIES WITH I-TED

(b) Y+50mm

Figure 8.1: Setup for the imaging test with 22Na source in different positions
in relation to i-TED-E.

Method Position|FocaI position, Equation 4.3.2.1 X-Centroid oy Y-Centroid oy

BP  (-500) 10 360 362 07 376
Analytical  (-50,0) 10 653 216 36 160
BP (0,50 10 82 174 327 235
Analytical  (0,50) 10 M1 w1l M8 163
BP (0,0) 10 63 240 09 228
Analytical  (0,0) 10 89 188 04 240
BP (0,0) 30 61 275 05 286
Analytical ~ (0,0) 30 -10.5 20.1 -0.2 25.3
BP ©0 | 6 51 157 78 1A

Table 8.1: Deviation and resolution of the back-projection and analytical algo-
rithms for Compton imaging. Study of 2Na source in different po-
sition and the effect of the focal distance. The last two entries refer
to a measurement performed at cMAM with the source at 65 mm of
the scatterer. All values in mm.

8.2 DISCRIMINATION BETWEEN EVENTS IN DIFFERENT POSI-
TIONS

Previously, [31, 48], it had been reported that the X Fom, Section 7.2.1,
provided an effective way of cutting events from the background in or-
der to improve the signal-to-background ratio. In the aforementioned
publications, the proof-of-concept of the background rejection capa-
bility was based on data and simulations of (n,y) measurements. The
details are out of the scope of this thesis.
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Backprojection: iTED-E measurement of Na22 moved y=+5om Analytical: iTED-E measurement of Na22 moved y=+5cm

250 200 -150 100 -5 0 50 100 150 200 250 s 200 150 00 50 0 50 100 150 200 250
x [mm] X [mm]

(a) Back-projection;Y+50 mm (b) Analytical;Y+50 mm

250 200 -150 100 -5 0 50 100 150 200 250 %50 200 150 100 -5 0 50 100 150 200 250
x [mm] x [mm]

(c) Back-projection;Focal position 10 (d) Back-projection;Focal position 30

Figure 8.2: Imaging results of i-TeD-E illustrating the effects of different algo-
rithms, different source positions, and difference focal distances.

The present study aimed at studying and providing a better understand-
ing of the background rejection in a simpler scenario. In this case, the
same y-ray source was used to emulate both the sample under study
located in front of the detector and a background source located else-
where around detector. Thus, the study described hereafter does not
deal with the reduction of the v background radiation of (n,y) cross sec-
tion measurements described in Section 1.1.4, but rather on the discrim-
ination of events from the same decay, thus the same energy, based
on the position of origin in relation to i-TED.

(a) Source in center (b) Source in the side
position position

Figure 8.3: Setup for the imaging test with 22Na source in different positions
in relation to i-TED-A.
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IMAGING STUDIES WITH I-TED

For this purpose, three 900 s measurements of 22Na were performed
with the source placed in front of the scatterer, by the side of i-TED be-
tween the two planes, or behind the absorber, as shown in Figure 8.3.
Different FoM were used to make cuts, and the percentage of the num-
ber of events in the vicinity of the 511 keV and 1275 keV peaks in re-
lation to the broadest cut are plotted in Figure 8.4. The values of the
two peaks are presented separately to show the different behavior with
energy. The values were normalized to the broadest but in order to mit-
igate the effects of the geometric efficiency inherent from placing the
source in different positions.

B S —————
i‘{..‘\ ‘*x

Events kept

-e- Font;s1lkev
e~ Font:51lkeV.
%~ Side:S11keV.
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(b) ARM Section 7.2.2 (c) Compton angle Equation 2.2

Figure 8.4: Selection cuts over three Fom! related to Compton imaging and
their effects on the 511 keV and 1275 keV peaks of 22Na, positioned
differently in relation to i-TED.

Clearly, the X presents similar distributions of the number of events re-
gardless of the position relative to the detector, proving less useful for
suppressing radiation from sources than the spatially-extensive and
broad-spectrum background of the aforementioned studies, [31, 48].
On the other hand, the ARM and Compton angle show a more accentu-
ated difference based on source positions. This effect is quite visible
in Figure 8.6 for the ARM and in Figure B.1 for the Compton angle.

Notice, the results shown in Figure 8.4 were obtained from the integrals
of the add-back spectrum including the underlying contribution of am-
bient background and Compton continuum. To extract the peak con-
tribution, corresponding to the fraction of good Compton events, the
peaks were fitted with a Gaussian, while fitting the background with a
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8.2 DISCRIMINATION BETWEEN EVENTS IN DIFFERENT POSITIONS 59

second order polynomial. The results using the area of the background
subtracted peaks are presented in Figure 8.5.

Events kept

-140 -120 -100 -80 ~-60 ~-40 -20 0 180 160 140 120 100 80 60
Minimum ARM Maximum Compton angle

(a) ARM Section 7.2.2 (b) Compton angle Equation 2.2

Figure 8.5

It should be noted that by fitting the peaks instead of indiscriminately

taking the number of events in the range, the interactions that do not

end in full absorptions are effectively removed. In the cases this im-
proves theresults, there is indication that v-rays that escape both planes
are affected differently than the events of interest. This can occur in

two ways: either by a relative increase in the events of interest, as seen

for the 511 keV peak for more restrictive ARM and Compton angle cuts;

or by a relative decrease in unwanted events, such as when taking into

account the relative decrease in the 1275 keV peak for the measure-
ment of the source in the side of the detector with more restrictive cuts

in Compton angle.

8.2.1 Feature selection and outlook for ML studies

As discussed in Appendix C, the importance of computers in physics
research can hardly be overstated, and the fast-paced field of ML is
no outlier, as argued in [49]. As stated in [50, Chapter 1], the use of
ML algorithms thrives with tasks that can formally described, even if
too computationally intensive or complex for humans. This, of course,
ties nicely into the task at hand, background suppression, having been
explored in the context of MC simulations of (n,y) cross section mea-
surements in neutron ToF experiments, as reported in [31, 48].

8.2.1.1 Model training with simulation and experimental data

The goal of the task is easily described as maximizing the number of
good events, according to some metric, whilst minimizing the rest of
the events. This metric can be set in a MC simulation as the events
originating from the interactions of a ~-ray that is both fully absorbed
in the absorber after scattering in the scatterer, and originates from the
source. However, with experimental data the situation is not as straight
forward. It is not possible to classify events individually as an event
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60 IMAGING STUDIES WITH I-TED

Peaks of Na22 in different positions in relation to the detector

=TT
{=oacy A=6720 @] A=1708
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tept

Figure 8.6: Visualization of the effect of a cut in ARM in order to suppress
events outside the front position of i-TED. Spectra with, without cuts
and of the cuts. ArRM distribution as function of add-back energy.
Area under peak in arbitrary units.

with seemingly the expected energy depositions and interactions can
have been originated in the background or be a higher energy ~-ray
from the source that is not fully absorbed. This leads to one of the fun-
damental principles of ML: data quality. Data quality encompasses sev-
eral characteristics such as completeness, validity and consistency,
yet, most relevant to the current problem, it includes accuracy. The in-
clusion of unwanted events in the training data, commonly referred as
data leakage, hinders the accuracy of the data and, by extension, the
quality of the model. A scoring algorithm could be designed in order
to mitigate the issue, relying on statistical properties rather than single
entries, but ideally a study should be conducted based on synthetic
data from McC simulation.

8.2.1.2 Feature selection for Machine Learning

Regarding the complexity that warrants the use of ML algorithms in-
stead of analytical ones, although the good events can intuitively be
described, their description is not as straight forward in terms of their
properties. An event can be described by a high number of dimensions:
eight from measurements (position and energy in each plane), plus the
time difference of interaction; three Fom (with capabilities in restricting
unwanted events, as established in Section 8.2), plus the cross section
of the Compton scattering (calculated from the Klein-Nishina, Equa-
tion 1.6, which provides information about the underlying physics, and
possibly provide better models in accordance with [51]). This results
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8.2 DISCRIMINATION BETWEEN EVENTS IN DIFFERENT POSITIONS 61

in 13 dimensions over which data can possibly be correlated and used
to select events. Luckily, as stated in [50, Chapter 1], optimization over
a high number of dimensions, too complex for human pattern recogni-
tion, is one case where ML algorithms triumph.

8.2.1.3 Machine Learning outlook

In conclusion, a study into the applicability of ML algorithms for back-
ground suppression with i-TED should be performed using Mc simula-
tions of point-like in different spacial distributions to expand on the
work of [31, 48] and to better understand the response of the detec-
tor and the importance of each feature in suppressing events (feature
selection).
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Part IV

CONCLUSION

Summary of the results achieved in this thesis project.
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SUMMARY

As previously stated, the work carried out for the current thesis project
was divided in two parts: the upgrade and characterization of i-TED de-
tectors; and imaging studies. The most prominent results are summa-
rized and discussed below.

9.1 DETECTOR UPGRADES AND CHARACTERIZATION
9.1.1 Starting point and upgrades

Upon the start of the project multi i-TED had been mounted but not char-
acterized, nor upgraded, nor optimized. During its upgrade, six types of
anomalous functioning were identified and documented, Section 4.2.1,
so that they can be more easily spotted and corrected. In order to solve
this issues, several upgrades were performed in the first part of this
work, including changing several components of the detectors, selec-
tion of more stable algorithms, and the development of a program to
individually optimize the threshold of siPM's pixels. Comparing to the
initial measurements done with the 888 threshold, the change also led
to a ~16% reduction of the raw file size, while improving energy resolu-
tion by ~8%, and decreasing the noise.

The timing performance was initially studied for PET mode, using the
two 511 keV emitted from 22Na's decay. A method proposed in the lit-
erature was implemented, with a wider range for the parameters, re-
sulting in a ~30% improvement in timing resolution. A second study
was conducted with a broader range of energies in Compton mode,
leading to the identification of possible signal processing issues that
where found to deteriorate this resolution. It was concluded that tech-
nological developments in scintillators and SiPMs are needed in order
to determinate the order of ~-ray interactions between planes based
on timestamp. All the codes used for the data-driven upgrades were
fully developed as part of this project.

Lastly, a study into the effect of the AsIC temperature was conducted,
and a correction was implemented to counter the ~ —15ADC/°C drift.
Regarding the multi i-TED detector system, comparing the initial condi-
tions with the upgrades to the hardware and optimization of methods,
an improvement of ~8% in singles resolution was achieved, along with
a mean coincidence resolution between crystals of 8.84+0.61, both
results at 662 keV. The counting rate in coincidence mode and alpha
activity were also mapped. This was the first full characterization of
the detector.
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66 SUMMARY

9.1.2 |-TED-E

A new i-TED detector was mounted from the (best) extra components
of the upgrades of the multi i-TED. This is of great interest to the HYMNS
research group, specially for field applications. It was also fully char-
acterized, with a mean resolution in singles of 8.42+-1.87 and in coinci-
dence of 8.44+0.75, as they were built of spare parts.

9.2 IMAGING STUDIES
9.2.1 Characterization of the imaging performance

The Compton imaging performance is the key feature for applications
of the i-TED detector to hadrontherapy and industry. Moreover, recon-
structing accurate Compton images serves as performance validation
for its main scientific aim: rejecting background events in (n,y) ToF ex-
periments. With that in mind, two of the main algorithms for Compton
imaging were used and characterized for sources in and out of the cen-
ter of the Field of View (Fov).

9.2.2 Discrimination between events in different positions

The main aim of i-TED is the application of selections in the Compton
imaging domain to improve the signal-to-background ratio in (n,y) ToF
measurements. The goal is to enhance events coming from a sample
under study located in front of the detector, while suppressing all the -
rays spatially originating elsewhere in the experimental area. To study
this capability, in this work measurements were performed with the
same source in different positions in relation to one of the i-TED mod-
ules in order to better understand the different behaviors of the Fom.
The Compton angle and the ARM were identified as the best dimensions
to perform cuts in order to suppress events originated from outside the
target position (front of the detector). A ML study is proposed and mo-
tivated in order to expand previous work with the results obtained in
this thesis.
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FUTUREDEVELOPMENTS BASED ON THE I-TED
CONCEPT

A1 GN-VISION

For the industrial applications of i-TED, there is a growing need for the
ability to combine neutron and ~-ray imaging. This need is enhanced
by new hadrontherapy techniques such as Neutron Capture Therapy,
and the need to identify fissioning nuclei and Special Nuclear Mate-
rial (SNm) for Nuclear Inspections and Proliferation porpouses.

As such, v & neutron Vision Detector (GN-Vision), a variation of i-TED, is
currently being developed with a CLYC scintillator in the scatterer plane
and a pinhole collimator instead of neutron shield. The CLYC allows
particle discrimination to be performed based on a FoM associated to
the pulse shape, due to the different decay time of the neutron and +-
ray signals. The pinhole allows for pinhole imaging of neutrons which
would be coupled to Compton imaging for y-rays.

A.1.1  Applicability for neutron captures of astrophysical interest

It could be asked why not use GN-Vision instead of i-TED for neutron cap-
tures of astrophysical interest since it can discriminate particles and,
as such, discard neutrons in order to keep only y-ray events. While this
would be feasible, in practice the high rate of neutrons scattered, in-
stead of captured, by the target in neutron captures experiments would
result in a decrease of y-ray efficiency due to the dead-time and pileup,
as discussed in Section 1.1.4, which arises from the slow signals (~ js)
of CLYC crystals.

A2 I-TED WITH ANTI-COMPTON SHIELD

In coincidence mode, events from the background and events from
sources in other positions can be suppressed, as per [14, Sect. 10-lll-
F-1] and Chapter 8, respectively. The remaining events are random co-
incidences and, mostly, y-rays that suffer Compton scattering in both
planes.

One possible way of suppressing ~-rays that are not absorbed in the

absorber plane is the inclusion of another scintillator to work as an
Acs. With the inclusion of this scintillator, which should maximize the
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70 FUTURE DEVELOPMENTS BASED ON THE I-TED CONCEPT

cross-section with y-rays, events can be discarded in case of three co-
incidences as it would correspond to events that escape the absorber.
This scintillator doesn't have requirements in position resolution, can
be made to only take one channel, and, unless it doubles as a way to
recover those events, there isn't a requirement in energy resolution.

The material and geometry of such a component would warrant an-
other study in order to maximize its efficiency and limit its neutron sen-
sitivity.
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COMPLEMENTARY MATERIAL OF THE
CHARACTERIZATION

B.1 DETECTOR UPGRADES AND CHARACTERIZATION

1 2 3 4 5 6 7 8 9 10

344 319 3.03 290 275 262 251 243 240 240
344 341 338 334 329 324 316 310 3.03 295
344 359 349 347 344 344 345 348 3.51 3.53
344 353 350 3.51 3.54 363 372 383 3.93 4.05

wWw N =2 O

1 12 13 14 15 16 17 18 19 20

243 250 259 271 287 3.02 318 335 3.49 3.63
288 281 275 270 264 259 254 251 247 244
3.58 3.62 365 370 373 377 3.80 3.84 388 392
414 427 438 448 458 469 478 4.87 498 510

w N = O

21 22 23 24 25 - - - - -

3.76 3.89 397 407 418
242 240 238 236 236
394 397 402 4.05 4.07
520 531 539 549 5.58

wWw N = O

Table B.1: Full results of FwHM time resolution in ns for coincidences between
2 crystals of i-TED-D using the two 511 keV ~-ray of 22Na emitted at
180°.

71

CSV : GEN-d21c-d2af-ba88-99ce-da2f-70ae-e905-5e92

DIRECCION DE VALIDACION : https:/portafirmas.redsara.es/pf/valida

FIRMANTE(1) : BERNARDO BERNARDINO GAMEIRO | FECHA : 09/11/2023 15:40 | NOTAS : F
FIRMANTE(2) : JORGE LERENDEGUI MARCO | FECHA : 09/11/2023 18:46 | NOTAS : CF




Codigo seguro de Verificacion : GEN-d21c-d2af-ba88-99ce-da2f-70ae-€905-5e92 | Puede verificar la integridad de este documento en la siguiente direccion :

https://portafirmas.redsara.es/pf/valida

72 COMPLEMENTARY MATERIAL OF THE CHARACTERIZATION

B.2 IMAGING AND BACKGROUND DISCRIMINATION

Peaks of Na22 in different positions in relation to the detector
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Figure B.1: Visualization of the effect of a cut in Compton angle in order to
suppress events outside the front position of i-TED. Spectra with,
without cuts and of the cuts. Compton angle distribution as func-
tion of add-back energy. Area under peak in arbitrary units.
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B.2 IMAGING AND BACKGROUND DISCRIMINATION
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SOFTWAREDEVELOPED

Over time, the importance of computers in research has risen, and has
undoubtably become a vital resource in nuclear physics. The field that
birthed from their prominence, scientific computing, which had tradi-
tionally concerned itself with numerical methods [52, Abstract] and
[53], has evolved to encompass High Performance Computing (HPC),
network infrastructure, and data management, [53]. As such, the re-
searcher must also evolve in order to reliable and effectively perform
their work, [54, Foreword)].

This chapter includes changes to the software stack, whether in devel-
opment or already implemented, and that stemmed from the develop-
ment of the current thesis project.

C.1 SCIENTIFIC DATA MANAGEMENT

When using a simple ~-ray detector with sources in laboratory, it is
important to record important experimental information such as the
source, the distance to the source, the threshold and so on and so
forth. This, usually, consists in little information that may be easy to
associate with the data. However, when using a more complex detec-
tion system, such as the multi i-TED, the amount of information refer-
ent to each measurement increases significantly: instead of a detec-
tor, there are 4 modules; instead of a threshold, there is one per pixel;
there are coincidence windows at the level of the pixels within a plane,
of the planes within a module, and between the modules; there are dif-
ferent algorithms for timestamp calculation, position reconstruction,
and Compton imaging. Overall, there is much more information that
must be stored with the data.

In order to address this issue, a system is being developed in order
to save the information needed as metadata. The Python module In-
take, [55], was selected for its customization, ease of integration with
Python, and for its abstraction of the functions that interact with data
by providing a consistent Application Programming Interface (API).
Intake is based on the concept of catalogs. A catalog is a YAML file
which includes the path to the data, how to open the data, and the meta-
data. One such exampleisincludedin C.1. Catalogs can also have other
catalogs as entries, allowing for hierarchical structures of data.

{data name:string}:
description: {description:string}
driver: {csv/root/ldat:string}
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76 SOFTWARE DEVELOPED

args:
urlpath: {path/to/file:string}
csv_kwargs:
header: null
names: {["0","DetectorNumber","E s","X_s","Y _s","Z s
","E_a","X a","Y a","Z a","dt","ts"]: list of
strings}
metadata:

date: {date of measurement:YYYYmmddHHMMSS}
source: {source for measurement:string}
background: {if any source has been used as background:
string}
position:
x: {x of source:float}
y: {y of source:float}
z: {z of source:float}
detector:
id: {iTED-E/iTED-A/multi iTED:string}
offset: {distance beetween planes:float}
location: {CMAM/n ToF/IFIC:string}
time: {time in seconds:float}
configuration:
threshold: {887/888/88C:string}
version: {version of threshold (important for 88C):
string}
cw: {time in nanoseconds:float}
timing: {timing algorithm:float}
acquisition:
pc: {itedws/itedws2/itedws3:string}
processing:
pc: {itedws/itedws2/itedws3:string}
version: {parallelsingles2tree auto/parallelsingles2
tree/parallelsingles2tree lite:string}

To be able to open different types of data, Intake uses drivers. Drivers
are Python classes with common methods for getting the data schema;
to import it to different data structures, such as arrays or dataframes;
and to import the data lazily with Dask, [56], facilitating the use of dis-
tributed computing for Big Data. This makes it so that, regardless of
the data type used for storage, the same methods are used for 10. An
example of how to access data and metadata is included in C.1.

import intake, pandas, dask

catalog = intake.open_catalog( 'example_tests.yml')
list(catalog)

# ['X51100', 'X52100', 'X51200', 'X51250"]
catalog[ 'X_5_1_100'].metadata

# returns metadata as dictionary

catalog[ 'X_5_1_100'].read()

# retuns data as pandas dataframe

catalog[ 'X_5_1_100'].to_dask()

# retuns data as dask dataframe
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C.2 CALIBRATION SOFTWARE 77

Lastly, Intake has a server function which allows connecting to a re-
mote catalog instead of a local one. It includes several features such
as combining different catalogs in different remote locations; access
to cloud infrastructure such as AWS S3, Azure Datalake or with private
ssh/sftp servers; and a sharing functionality which allows publishing
datasets.

C.2 CALIBRATION SOFTWARE

Calibration is a fundamental part of any measurement in scientific con-
text, and one of the most basic requirements of any radiation or particle
detector in a nuclear physics experiment. In y-ray spectroscopy, this
requirement gains importance when using detectors in coincidence to
reconstruct the initial energy, and even more so when the calibrated en-
ergy is used to reconstruct an image, as is the case in Compton imag-
ing. In this situation, a deviation in the calibration means more than a
deviated energy peak: it means a broadening of the energy peak in coin-
cidence between the scatterer and absorber, it means drifts between
the different coincidence energy peaks with different absorbers, and
as a consequence a poorer image reconstruction.

For a Compton camera the proper calibration of energies in the Comp-
ton plateau is of the utmost importance because those are the energy
ranges that will be reconstructed into full-energy absorption peaks in
coincidence.

As such, in order to calibrate the detectors over a wide range of ener-
gies in conditions as similar as possible, measurements of 1°2Eu were
performed. This isotope has several peaks that can be used for calibra-
tion from as low as 122 keV to 1408 keV, [57]. As it had been previously
established, [41], the calibration curve used was a second order poly-
nomial.

Furthermore, with 25 individual detectors to calibrate, corresponding
to the 20 crystals of the multi i-TED and 5 of i-TED-E, it isn't practical to
do it with common solutions which focus on just one detector. As such,
an interface was developed to facilitate this Sisyphean task.

c.2.1 Developed version

Leveraging the widget capabilities of Jupyter and the data analysis
tools tailored for nuclear and particle physics of PyROOT, the interface
of Figure C.1 was developed. This interface has several features which
make the calibration easier and quicker:

+ Use of multiple measurements
+ Background subtraction

+ Normalization of spectra
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78 SOFTWARE DEVELOPED

+ Uses PyROOT for fitting peaks

Allows different polynomial fits for the background near a peak

+ Takes into account and saves the peak standard deviation for the
resolution

+ The data is saved with the identification of the respective crystal

Queries the IAEA isotope database for the most prominent y-rays
emitted

« Allows for quickly changing a fit to another crystal and refit

As the crystals and electronic chains are similar for all i-TED modules, in
many cases, the interval, the background and the characteristics of the
peak are similar. As such, it is possible to obtain the fit in one crystal
by using the parameters resulting from the fit in another, without the
need to redefine the interval or the initial parameters. Leveraging this
functionality, the calibration becomes less time-consuming.

Multi i-TED calibration

Energy calibration of ITED-A-L

Figure C.1: Calibration interface developed for i-TED.

C.2.2 |InterSpec

One previously existing tool, illustrated in Figure C.2, that was also ex-
tensively used for calibration during the development of this project is
InterSpec developed by SNL. This tool includes several features such
as search for possible v-ray energies given the source used:

+ Use of multiple measurements
+ Background subtraction
+ Normalization of spectra

+ Search for decay energies and even some nuclear reactions
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C.3 REWRITE OF SINGLES2TREE 79

+ Allows different polynomial fits for the background near a peak

« Allows for fitting multiple peaks at the same time
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Figure C.2: InterSpec calibration interface developed by sNL. Image from [58].

However, the most important feature that contributed to the increase
efficiency of calibration is the ease of fitting peaks just by double-clicking
them. The software automatically chooses an interval and initial pa-
rameters for the fit of both the peak and background. If the source (or
sources) being measured were provided, it also suggests the energy
for the peak. Any of the parameters described can also be altered and
fine-tuned if needed, although the default parameters worked correctly
through-out the use of the program.

C.3 REWRITE OF SINGLES2TREE

The singles2tree program was developed in order to generate ROOT
files from the binary data files in which the data is originally written.
Several versions of this code were created with different algorithms
for timing and position reconstruction. As part of this thesis, and with
the objective of streamlining the process, using the concept of data
pipeline in mind, this code was rewritten in Python using tools com-
monly used for data analysis and signal processing.

€.3.1 i-TED's data processing

The i-TED acquisition is built on top of the PETSys' software. This soft-
ware is responsible for controlling the acquisition modules, the Asics,
and the siPMm.
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80 SOFTWARE DEVELOPED

At the siPM level, it sets the bias voltage and the thresholds. Accord-
ing to PETSys' manuals, there are three thresholds that can be set on
a per-pixel basis, corresponding to each number of a given threshold
configuration, for example the 888 configuration has the value 8, in ar-
bitrary units, for each of the thresholds. The fist two thresholds had
already been optimized to a state where the last threshold, t;, has the
most significant impact. The effect of this threshold was studied in the
current thesis' project, Section 4.2.2.

At the AsIC level, the time synchronization between different pixels is
set, and the charge collected, in arbitrary units, by each pixel is calcu-
lated. From here, the timestamp, charge and pixel ID of each pulse
is transmitted to the acquisition modules. The acquisition modules
ensure the time synchronization between different Asics, which corre-
spond to different SiPMs, returning the data, consisting of the times-
tamp, the charge and pixel ID, which is written to a binary . 1dat file in
list mode.

The information in the . 1dat isn't used directly, needing first to be pre-
processed and stored in a ROQT file, which is easier to work with. This
is represented in Figure C.3.

.ldat

Group by crystal

Group by
interaction

— S

Calculate Calculate
. Calculate charge L
timestamp position

\ /

Merge and
organize

.root

Figure C.3: Data pipeline for i-TED.

Inthe singles2tree code, that transforms the binary to ROOT files, group-
ing by interaction is done by using a non-overlapping window of fixed
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C.3 REWRITE OF SINGLES2TREE 81

time between 100 and 250 ns, as explored in Section 4.3. Being non-
overlapping, it means that once the sum charge of the entries inside
the window are over the threshold, an interaction is computed and the
window is moved to the first entry after the interaction. The computa-
tion of position and timestamp were addressed in Section 4.2.1.1 and
Section 4.2.3.2, respectively. Finally, in the singles2tree code, a sec-
ond coincidence window is used in order to group single events into
coincidence events so that they can be used for Compton imaging.

c.3.2 Software upgrades

The previous working version of single2tree has been written in C++.
A new version is being written in Python with the characteristics de-
scribed below. Currently, there is a working version written with Dask
that takes significantly longer than its established counterpart.

DATA PIPELINE: PREFECT Currently, different versions for calcu-
lating the position and the timestamp exist. By organizing this prepro-
cessing as a Prefect data pipeline, switching between different ver-
sions at the level of the component becomes trivial, allowing greater
control than versioning at the level of the whole program. It also allows
the use of analytics such as keeping track of the time of each step of
where it may fail, as well as deal with exceptions.

BIGDATAANDDISTRIBUTION:DASK AsseeninTable4.3,aback-
ground measurement has about 415 MB/min with the threshold config-
uration 88c, which implies a two hours background measurement will
have almost 50 GB and much more if a source is present. Those val-
ues are bigger than the memory found in most systems, entering the
domain of Big Data. The module Dask allows for dealing with out-of-
memory datasets, by doing lazy computation, meaning that the data
is only loaded if it is used for computation; by computing the execu-
tion task graph, which optimizes the sequence of execution; and by
distributing parallel task, ether locally or remotely in a cluster.

PERFORMANCE: NUMBA, RAPIDS AND CUPY Lastly, as it would
be interesting to have i-TED, a v-ray imager, working in real time, studies
into the performance are being done in order to validate the possibility
of real-time imaging. Such studies are carried based on performance
metrics which identify the current bottlenecks. Common solutions in-
clude the compilation of specific functions either for CPU or GPU.

c.3.3 Proposed software upgrades

PILEUP Algorithms have been proposed in order to counter the pile
up effect. In most detectors, this needs to be done one the basis of the
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82 SOFTWARE DEVELOPED

temporal distribution of charge. However, with detectors which also
record the position of the interaction, this can be done on the time and
spacial distribution of charge.

CHARGE FITS Currently, the charge of an interaction is equal to the
sum of the charges of its entries. However, algorithms could be devel-
oped in order to compute the charge based on the temporal and spacial
distribution of charge, akin to how the area of the Gaussian fit is taken
in spectroscopy instead of the numerical sum of the events.

DEFINITIONOFINTERACTION Asstated previously, aninteraction
is defined as a group of entries within a given time window, without
overlapping in time with a previous interaction, whose sum charge is
over the threshold. A different approach could entail maximizing the
sum charge instead of taking the first series of entries that is over the
threshold.
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