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Introduction

uclear medicine has the ability to access, qualitatively and quantitatively, dynamic
Nphysiological processes within the patient through the detection of the traveling y-rays
generated from special radiopharmaceutical administered in the body for diagnostic purposes.
It has brought considerable improvements in oncology diagnostics over the past decades. On
the other hand, the challenge of personalized medicine to provide patients with more targeted
and effective treatments has also led to advances in nuclear medicine detector technology,
making it possib]e to reduce doses, speed up examinations, and increase sensitivity. On this
basis, a significant reduction in dosage for vulnerable patients (e.g., children and pregnant

women) has also become a priority in this area.

Our team proposed an innovative alternative XEnon Medical Imaging System (XEMIS)
based on a liquid xenon Compton camera to realize low activity medical imaging. Liquid
xenon (LXe), as an emerging monolithic radiation detection medium, has been widely used
for particle physics and dark matter detection. It possesses many promising features, such
as high stopping power, great sensibility, and simultaneous scintillation light and ionization
charge production. Its efficient scalability affords the possibility to develop a total-body imaging
detector. The Liquid Xenon Time Projection Chamber (LXeTPC) is suitable for building a
Compton telescope for nuclear medical imaging applications. A pseudo-TOF PET performance
could be achieved by applying the innovative 3-gamma imaging modality. This innovative
nuclear imaging alternative aims to determine the 3D distribution of a specific (5+, ) source
through the coincident detection of triple photons with a Compton camera. The 3-gamma event
is reconstructed from the two intersections of the line of response (LOR) (defined by detecting
the two annihilation photons) with the Compton cone surface.

The small-scale prototype of the XEMIS project, XEMISI, has been accomplished and
showed promising results. A larger Compton camera XEMIS2 for small animal imaging is
developed to demonstrate the advantage of LXe as a detection medium for 3-gamma imaging.

The first stage of XEMIS2 aims to obtain a high-quality image of small animals with only 20
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kBq activity for 20 minutes. The XEMIS2 cryostat and the purification-cryogenic subsystem
ReStoX have been installed in a small animal medical imaging center (CIMA) at Nantes

University Hospital.

In Chapter 1, a brief overview of the present status of nuclear medicine from the physics and
engineering perspectives is described. Then, two conventional scanner imaging techniques: the
single photon emission tomography (SPECT) and the positron emission tomography (PET), are
presented in detail, including the corresponding mechanisms and performances. In particular,
the principle and the state-of-the-arts of PET scanner systems are performed. Afterward, the
mechanism and technical requirement of the Compton imaging technique has been primarily
discussed. Finally, the advantages of a new emerging and very promising medical application
based on the use of a Compton telescope are presented. This so-called three-gammas imaging
technique has been conceived and realized for the first time at the Subatech laboratory.

In Chapter 2, the main characteristics and advantages of LXe as a detection medium are first
described. The state-of-the-art of LXe exploitation in nuclear medicine is reviewed at the same
time. Then, the LXeTPC used in XEMIS2, from the operation principle to detector description,
is presented. Finally, the safe and compact cryogenic infrastructure and high-capacity signals
measurement system, specially developed for XEMIS2, are introduced.

The main work reported by this thesis begins with Chapter 3, where we have developed
a new DAQ system dedicated to XEMIS2 to guarantee a continuous readout with negligible
dead-time during 20 minutes. We first discuss the design criteria of the ionization signal
measurement of a TPC dedicated to medical imaging fbcusing on the needed requirements
and general architecture. A brief review of the charge collection structure, MIMELI, and the
front-end electronic, IDeF-x HD-LXe, are presented. In the second part, the operation principle
related to the newly developed signal extraction ASIC is described. Its performance has been
preliminarily examined by the bench test with the prototype chip. The end of the chapter is
devoted to the latest advancements of the DAQ development for XEMIS2.

To study the operational calibration and performance characteristics of the new data acqui-
sition system designed for the XEMIS2, a complete prototype of the entire acquisition chain
has been deve]oped and integrated into the updated XEMIS1 detector with a new geometric
configuration. The corresponding experimental results of the ionization signal measurement
system are reported in Chapter 4. In the first part, an overview of the entire data acquisition
process and the critical parameters from basic concepts are presented. Then, we focus on the
calibration of those adjustable parameters related to the CFD performance and the threshold
setting. It constitutes an essential step to operate the core ASIC chip, XTRACT. The mea-

surement optimization dedicated to the concrete observed phenomena such as the threshold
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effect and fake triggers is discussed in the third section. An overall calibration performance
is presented at the end of the chapter, including the charge and time response. Besides, the
self-developed slow control system for automatic measurement is described.

Without the external coincidence triggers, the raw data contain all the over-threshold
physics signals and electronic noise during the entire acquisition process. To complete the final
interaction vertex reconstruction, a dedicated data processing development of XEMIS2 has been
implemented, which is presented in Chapter 5. The physics data is taken from the updated
XEMIS1 prototype using a *Na source under the same operating condition that will be applied
to XEMIS2. The event topology displayed in TPC under experimental setup is first discussed.
Then, a set of time corrections are performed to optimize the time measurement. The third
part discusses the data filtering aiming at eliminating the noise present in the raw data and then
reducing the storage volume for the following data analysis. Finally, the algorithm of the event
reconstruction and selection is reported.

The potential detector performance of XEMIS2 is firstly estimated with the photoelectric
peak calibration of 511 keV and 1.274 MeV ~y-ray in the XEMISI prototype. Chapter 6 reports
the corresponding data analysis and experimental results. The first part is oriented to correct
the potential effects resulting in the charge measurement distortion, thus reducing detector
energy and spatial resolution. The space point reconstruction and energy resolution are also
investigated in this work.

In the last chapter (Chapter 7), we propose an innovative Compton geometric calibration
approach dedicated to small charge signal measurement. Thanks to a known source position,
a geometric angle associated with the Compron scattering events could be calculated. By
comparing with the Comprton kinetic angle, the overall range energy calibration could be
deduced. The actual situation is much more complicated concerning the Compton sequence
separation and identification. The simulation studies and preliminary experimental results are

reported in this part.
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his role of nuclear medicine in medical imaging is increasing considerably over the last

decades. Its capability to provide accurate medico-biological information, makes it preferred

to other imaging modalities like x-ray Computed Tomography (CT) and Magnetic Resonance

Imaging (MRI). Sensitive radiations measurements coupled to speciﬁc radiolabeled compounds

allow obtaining high quality images even with a tiny amount of radioactive dose injected to
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the patient. Furthermore, nuclear medicine covers a broad range of applications from different
types of cancers to endocrine and neurological disorders up to prognosis potential of underlying
diseases.

In this chapter I will first provide a brief overview of the present status on nuclear medicine
from the physics and engineering perspectives. I will then discuss mechanisms and performances
of two conventional scanner imaging techniques: Single Photon Emission Computed Tomog-
raphy (SPECT) and the Positron Emission Tomography (PET). In particular, I will review the
principle and the state-of-the-arts of PET scanner systems. Finally, [ will focus on the advantages
of a new emerging and very promising medical appiication based on the use of a Compton
telescope. This so called three-gammas imaging technique has been conceived and realized for

the first time at the Subatech laboratory.

1.1 Basic principles and technologies of nuclear medicine

Nuclear medicine involves the application of artificial radionuclides in a non-sealed state for
diagnostic and treatment purposes. The gamma rays emitted by these radionuclides can be
detected by external devices for diagnostic imaging purposes. The pattern permits obtaining in
vivo the accumulation/distribution of the specific radionuclide administered in the body. SPECT
and PET are both well-established nuclear medical imaging techniques used in clinical diagnosis
and in research. The strength of nuclear medicine consists in its functional imaging modality i.c.
in its ability to image dynamic physiological processes within the patient. It centers on revealing
biochemical/physiological activities rather than detailed anatomic structure: this differentiates
it from traditional anatomical imaging modalities, such as Computed Tomography (CT) or
conventional Magnetic Resonance Imaging (MRI). As a result, nuclear medicine imaging plays
a significant complementary role to others modalities, providing unique information for the
diagnosis, treatment and prevention of serious diseases. The applications include many types of
cancers, endocrine or neurological disorders and other abnormalities. Moreover, the modern
hybrid methods combining SPECT/PET with CT/MRI allow doctors to access both structure

and metabolic information of patients in a single exam.

Brief historical overview

The origins of nuclear medicine can be traced back to the discovery of X-rays in 1895 by
Wilhelm Réentgen [1]. Then, followed by the discovery of radioactivity by Henri Becquerel
in 1896 and of radium by Marie Curie in 1898, the prospects for radium sources and X-ray

diagnosis were immediately recognized. These discoveries brought to the first body interior non
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invasive observation through shadow images resulted from the transmission and absorption of
the radiation. In 1913, the principle of radiotracer was carried out by Georg de Hevesy [2] who
was awarded with the Nobel Prize in 1943. However, the production of radioisotope for medical
applications was not available until the invention of the cyclotron [3] and the development of
nuclear reactor facilities at the end of the Second World War. A radioisotope, 31, was first
used for the treatment of thyroid cancer in the late 1930s. Its success made nuclear medicine
recognized officially in 1946.

Early developments in imaging equipment appeared in 1950s. Major milestones included the
production of the rectilinear scanner [4] in 1951 and the development of Anger/gamma camera
in 1958 by Hal Anger [5], which allowed to obtain the radionuclides distribution images. Anger
camera was considered as the forerunner of modern single-photon imaging systems. Nowadays,
the vast majority of SPECT scanners are still based on this principle. Besides, the first clinical
app]ications ofpositron emitters were carried out during the same period [6]. Anocher important
development in nuclear medicine dates back to 1970s: it consists in the tomographic image
reconstruction technique from multiple projections of emission counting [7, 8], that provide a

full three-dimensional (3D) reconstruction.

1.1.1  Fundamental concepts

Nuclear medicine imaging is based on visualization by means of a specific radionuclide tracer
injected into the patient’s body. Depending on the actual organ or biological function we went
ro image, different radiotracers can be chosen. Once the labeled drug is administered to the
patient, the tracer accumulates in specific organs or cellular receptors with a certain biological
function. When the radionuclide decays, gamma rays or positrons with a specific energy are
emitted. During the transport in tissue materials, a significant number of gamma rays can
traverse the body without being attenuated or scattered. Those radiations that cross the body
are revealed by an external gamma-ray detector. The image of the radioactive compound is then
reconstructed by using specific reconstruction techniques: it offers important information to
clinical diagnosis of various diseases. Besides, the "dynamic" image provides the evaluation of
the organ functional activity for morphological research.

Lots of efforts have been made in the past century to improve the abilities of nuclear medicine
imaging in order to realize personalized medicine. This can be achieved by working on the two
following aspects of medical imaging: the injection of radiopharmaceuticals to the patient and
the imaging of its distribution using external imaging cameras. I will discuss both of them in

the next two subsections.
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1.1.1.1 Radiopharmaceutica]

The radiopharmaceutical is a radioactive compound (biomolecule or drug) that, for different
target-organs, is produced by coupling the specific radio isotope to the pharmaceutical com-
pound, forming the radio-tracer (e.g. Figure 1.1). It can be safely administered to humans for
the purpose ofdiagnosis, therapy or research. For diagnostic imaging, the majority ofradiophar—
maceuticals are administered intravenously. Their bio-distribution is dominated by two major
mechanisms: drug uptake and elimination. Both of them are affected by the dysfunction in body
tissues, such as blood flow, capillary permeability and interaction with both intracellular and

extrace]iu] 4ar componen Cs.

Fig. 1.1 Chemical and tridimensional scructure of 9™ Te-tetrofosmin (Color codes: yellow = 99™Tg; red =
O; white = H; 1ight blue = C; purplc =D). Figure taken from [9].

Table 1.1 lists common radionuclides used in nuclear medicine. Certain physicai charac-
teristics are desirable for clinically useful radionuclides that keep the radiation dose to the
patient as low as possible. Based on this fundamental requirement, the half-life of radionuclide
decay has to be short enough to ensure that the radiation doses delivered to the patients are
minimized. Therefore, the effective half-life is recommended to be just long enough to allow
radiopharmaceutical preparation and the imaging completion. Furthermore, in order to detect
the decay product of the radioisotope, the energy of the emitted gamma rays should result in an
interval of 100-200 keV for SPECT and in a peak at 511 keV for PET. The energy range used in
the former technique is to avoid the transparency of the collimator, which will be detailed later.
Also, it is crucial that the radioisotope does not contain additional radiation that would result
in an extra and unnecessary injected dose to the patient. Finally since the radionuclide needs to
be labeled into some form of radiopharmaceutical, it is important that it can be produced in a

chemical amenable form.

1.1.1.2 Radioisotope imaging equipment

To image the distribution of radionuclide administered to the patient, the external detection

device must be capable of capturing and counting the gamma rays emitted from radiation decay.
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Table 1.1 List of common radionuclides for imaging in nuclear medicine. Data taken from [9-12].

Isotope Half-life Production Mode* Photon energy (keV) Modality
e 20.37 min g L+ 511 PET
BN 9.97 min hear
150) 204 min accelerator
BE j097min /YCIO0ON
82 Rb 76.4
6314 68 min Radionuclide
generator

WmPe 6,01 h IT 141 (89%) SPECT
1251 59.4 days Nuclear EC 27 (14%): 31 (26%); 36 (7%)
201y 3.04 days reactor EC 68-82 (88%)

Win  281days Linear EC 171 (90%); 245 (94%)
1231 132 h accelerator  EC 159 (83%)
"Ga  326days  [cyclotron  EC 93 (39%); 185(21%); 300 (17%)

* Decay Mode: IT is isomeric transition, EC is electron capture, [+ is the positive beta decay.

The majority of radioisotope imaging camera consists of a type of scintillation counter that is
obtained by coupling a scintillating matter (scintillators) to a light sensor (photosensors). Fur-
thermore, to determine the direction of incident gamma rays, there are two types of collimator,

passive and electronic, which will be presented in the Section 1.1.2 and Section 1.1.3, respectively.

Scintillators  Scintillators are materials that the ability is known as spontancously emit optical
light when excited by ionizing radiation. This property is known as radioluminescence. To detect
gamma rays, scintillators convert the energy of incident photons to optical photons that can be
detected by the coupled photodetector. This scintillation light is produced in two stages: firstly
the incident photon creates an electron via either photoelectric effect or Compton scattering,
and secondly the recoiling electron energy is converted into countable photons of optical light
by excitation or ionization with the matter. Table 1.2 lists some properties of commercial
or experimental scintillators used in medical imaging applications. Good scintillators are

recommended to meet the following requirements on the physical parameters listed below :

« High light yield - The light yield is defined as the number of scintillation light created per
keV Ofdcpositcd energy. Highcr light yield implics highcr light output which translates in an

improvement of the detccting energy and time resolution.

+ Good detection efficiency - The detection efficiency is the ratio between converted and the
total incident photons. Good detection efficiency indicates high photon absorption, that allows
reducing detector volumes. The efficiency of a material can be expressed through the attenuation

coefficient which largely depends on the material density and the acomic number.
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Table 1.2 Scintillators already used or in development for medical imaging.

Scincillator Density  Light Yield Decay Emission ~ Hardness Hygro ** Tepe ¥ Ref
(g/cm3)  (Ph/keV) Time (ns) peak (nm)  (Mho) -scopic P

Nal:T1* 3.67 38-55 230 415 2 Yes Crystai [13-16]
Csl:Na 4.51 38-44 630 420 2 Yes Crystal (14, 15]
CsL:Tl 451 52-65 1000 550 2 Slightly Crystal [13-15]
BGO 7.13 8-10 300 480 5 No Crystai [13-16]
LSO:Ce 7.4 30 40 420 5.8 No Crystai (13, 15, 16]
LYSO:Ce  7.15 30-33 50 420 5.8 No Crystal  [14]
GSO(Ce) 6.7 8-10 30-60 430 5.7 No Crystal [13, 15, 16]
BaF2 4.88 4 0.8/600 220 3 Siightly Crystzll [16]
LaBr3:Ce 5.2 63 25 380 3 Yes Crystal  [13-16]
LuAP:Ce 8.34 12 18 365 8.5 No Crystal  [13]
GAGG:Ce 6.63 40-60 50-150 520 8 No Cryst:li (17, 18]

* Nal:Tl is the most commonly used, being relatively malleable and inexpensive.

** The scintillating Ctystal is the most current used in commercialized medical imaging detectors owning
to its electronic density. In view of material scructure, scintillators could be divided into two big categories,
organic and inorganic. Given that inorganic crystais can be scgmcntcd to small bits and be conﬁguratcd
to arrays, they are vastly used to provide position sensitivity. Only one notable disadvantage is that

certain of them should be protcctcd in airtight container from moisture due to their hygroscopicityi

« Short decay time and low afterglow - Short duration of optical light emission after the radiation
interaction implies large prompt signals and reduces the interval of time measurement. This

improves the operation spccd and time resolution of scintillation detectors.

+ Well-matched radioluminescence spectrum - To maximize the light yield, the peak emission
wavelength of the scintillator should match the spectral quantum efficiency of the coupled pho-
todetector.

+ Good radiation hardness - A malfunction of the system may be caused by high levels of ionizing

radiation. It is thus crucial to choose resistant materials.

+ Small temperature dependence - Instabilities of the system may derive from the temperature
fluctuations during the operations. It is thus important to minimize such temperature variations

to ensure stable operation conditions.

Moreover, there are additional and less related to performance desired properties that scin-
tillators for medical imaging application should meet, like production capability, low cost,
and durability. Depending on each specific application and the corresponding requirements,

different choices on the material could be made. I will discuss some of them in the following.

Photosensors for scintillation counting  The Photosensors coupled to the scintillators convert
the information carried by the scintillation light to countable electrical analogue signal. The

process of optical photon detection is based on quantum mechanics and consists in absorbing the
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Table 1.3 Overview of most common photosensors used in nuclear medicine detectors.

QE  Gain

Name State Mecanisme %) T Advantagcs Limits
% yp.
discrete ~30 ~10° high gain, high speed
PMTs multiplication low noise
dynodes low dark current
- 2 ally bulky and
discrete ¢ wide-bandwidth measurements gene'm Y m‘ ,“\’ an
Vacuum . ~20 ~10° fragile, sensitive to
microchannel (down to ps) 1l extermal influenc
MCP-PMTs low-light-level detection all external mtuences
plate .
(photon counting level)
~80 ~1 higher signal-to-noise rati
avalanche 8¢ 0o enet SIgnalTromolse ratio strong dependence
. fast time response
APDs photodiodes on temperature,
(APDs) low darl current device nonuniformity
Silicon-based high sensitivity J
solid £APD ~30  ~10° high internal gain the small cell size
array o N
SiPMs/MPPCs Opei\ating i high—spced response impiies complex readout
) Gei J excellent time resolution and electronics, relative
eiger mode
& wide spectral response range high dark count rate

QE is quantum efficiency, defined as conversion rate of photons to photoelectrons emitted from photochathode.
Gain Typ. The gain of the PMTs is key to determining the amount of light detected and, subsequently, the energy
of the incoming y-ray. A higher gain means that a single photon can generate a larger number of electrons.

energy of the incident photon and convert it into free electron. The most common device used
for gamma detector is the Photomultiplier Tube (PMT), whose schematic diagram is reported
in Figure 1.2. Each PMT is composed of a photocathode and a series of multiple dynodes. The
scintillation photons are converted to photoelectrons on the photocathode. Those free electrons

emitted towards the dynodes are thus multiplied and induce a current or voltage pulse.

Focusing
electrodes Glass
* y envelope

Dynodes

-: / / \\

Fig. 1.2 Schematic diagram of the interior of a photomultiplier tube. Figure taken from [19]

Table 1.3 presents the characteristics of different photosensors commonly used in nuclear
medical imaging. The desired information from the light signal could contain depending on the
position of the detected signal, the starting-time of the event, the intensity in terms of a number
of photons, and the wavelength [20]. The capacity of measuring the input light signal strongly
depends on the charge generated at the output of the system. The following two aspects are of

particular importance to ensure a good light signal detection: a high Quantum Efficiency (QE)



12 Nuclear Medicine and Compton Camera for Medical Applications

defined as conversion rate of photons to photoelectrons emitted from photochathode (the typical
QE of a device is smaller than unity) and a high gain to measure single-photons. Besides, there
are several important physical parameters that characterize the performances of photosensors.
Below we provide a list of requirements on those parameters to achieve high spatial/energy/time

resolutions:

. High stability - Mean gain deviation for 1ong term and gain shift against count rate changc for

short term.

+ Good uniformity - The collection efficiency and QE vary with the position on the photocathode
from which the photoclcctrons are emitted, and influences the spactial uniformity of a PMTs or
SiPMs array.

« Fast response time - The time response of reproduced waveform out from the anode depends on
the rising time, electron transit time and transit time sprcad of device. A fast response time could

provide a better time resolution, especially important for TOF-PET instrument (introduced in

Section 1.2.2).

« Low dark count rate - Extremely sensitive photosensors, ensuring a low dark count rate, are
required to detect single photons. The low dark count rate is reduced by decreasing the system

temperature.

1.1.2 Sing]e—photon emission computed tomography (SPECT)

Emission tomography is an imaging by sections from information collected along the pene-
trating radiation related to the accumulation of activity at each point in the object from many
directions. This technique allows to reconstruct the 3D distribution of the radioactive source
through a tomographic reconstruction method like the Maximum-Likelihood Expectation-
Maximization (MLEM) algorithm. Other than detecting the coordinates using the position
sensitive photosensors described in the previous subsection, to determine the direction of ray, an
additional information on the emitted gamma ray is needed to infer its direction. In PET, which
will be discussed in Section 1.1.3, the direction of the gamma ray is directly determined by the
detection of two back-to-back photons emitted from the annihilation of the positron. In SPECT,
there is only one photon detected by the camera. Therefore, in addition to the scintillator and
position sensitive photodetector, the use of a collimator is needed to identify the direction of
the incoming gamma rays.

Almost all commercially available SPECT systems are based on the principle of the Anger
camera [21], composed of a lead collimator, a scintillation crystal (commonly Nal:T1), an array of
PMTs and electronics, whose schematic is illustrated in Figure 1.3. The gamma-rays emitted from

the body are restricted to access to the detector only when they travel through the holes. Once
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the rays interact in the scintillator, the scintillation light detected by the coupled photodetector
generates an electronic pulse proportional to the deposited energy. The output signal is then
analyzed to determine the X and Y location. Besides, by comparing the intensity of the signal,
the detector can select those y-rays whose total deposited energy falls within the demanded
window range. In order to obtain an optimal reconstruction, it is required that the detector is
capable to take measure the emitted y-rays in a full 360° or 180° depending on the diagnostic
position. Thus, during SPECT imaging, the camera should be rotated around the patient with a
slight angular increase (typically 3°-10°), in continuous motion or under the "step-and-shoot”

mode.

K= . —
Paosition determination

= energy selection

Unblank =—

Preamplifiers

L L L L PMTs
Scintillation crystal

AT E TR TECATARTACIATYIR cotimator
[ ]

=

Fig. 1.3 Schematic of major components of a gamma camera used in SPECT. Figure taken from [19].

Collimators

Collimators are typically made of lead or tungsten alloy, high acomic number materials, which
have high absorption efficiency for y-rays. It permits those y-rays whose emission direction
respects certain ang]es to the collimator holes. Depending on their geometry and the image
formation process, we can distinguish two major groups of collimators: the pinhole collimator
and the multichannel collimator. The former restricts photon paths essentially to the system’s
transverse planes; the latter allows photon paths to cross these planes. In addition, depending
on the channel orientation, the second one could be further divided into three subgroups:
parallel-hole (most commonly used), converging, and diverging. More detailed descriptions and

illustrations can be found in Ref. [22].
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Table 1.4 Scintillator candidates for SPECT [19].

L. Density Effective Decay time Emission Light yield Energy.
Scintillator ¢/ ) 7 (ns) Wavelength (% of Nal) resolution at
&€ ° (nm) 00 140 keV (%)
Nal: Tl 3.67 50 230 420 100 9
800 (60%)
CsI:Tl 45 54 3400 (40%) 550 ~150 11
Csl:Na 45 54 630 420 85 11
17 (100%)
. Q ~
LaBrs:Ce 5.29 46.9 (5% Ce) 360 150 6
LaCls:Ce 3.9 473 20 350 ~125 6
CZT* 5.78 49.1 n/a n/a n/a 4

*CTZ: Cd(l,m)anTe is a room temperature semiconductor. who has the advantages of being able to
be segmented into small pixels to provide excellent spatial resolution, although the count rate is limited
by slow charge transport compared with the much faster photon transport in scintillators.

Performances and limits

The quality of a gamma camera used for SPECT depends primarily on the collimator resolution
and the detection crystal sensitivity. Collimators are used to determine the direction of the
incident y-rays whose knowledge may improve the spatial resolution. Meanwhile, the collimators
cause a reduction of detection efficiency. The adequate choice of a collimator depends on the
desired energy resolution for imaging purposes, on the sensitivity and on the spatial resolution.
Comparing to PET imaging (which will be introduced in Section 1.1.3), not many scintillators
choices for SPECT are on the market. The most widely-used is Nal: T] coupled with an array of
PMTs, which can provide an energy resolution of about 9%. In the recent decades, some new
scintillator candidates for SPECT have been developed with improved performances (Table 1.4).
Besides, development of noise-filtering in the spatial domains, the Fourier noise-filcering and
the convolution method have been carried out with the purpose of increasing image resolutions.
Furthermore, illustrated in Figure 1.4, the emerging SPECT/CT hybrid image perfectly combines

both structure and metabolic information of patient in a single exam.

1.1.3 Positron emission tomography (PET)

PET is an alternative imaging technique using positron emitter as radiotracer. The positron
emitted from the administered radiopharmaceutical has a maximum energy around MeV. Most
of this energy is rapidly absorbed by the surrounding tissues generating ionization and excitation.
After the thermalization the positron interacts with an electron. In the majority of the cases,

the positron and the electron form a bonded state called positronium (para and ortho). The
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AN < ® o X
Fig. 1.4 99mTc—HMPAO—SPECT/CT—study in three projections axial (left), sagittal (middle) and coronal
(right). Bottom panc] presents CT scans. Corrcsponding SPECT sections are prcscntcd in middle row
and fusion images (" Te-HMPAO-SPECT/CT) are placed in upper row. %" Te-HMPAO-SPECT/CT
shows an accumulation of radiolabeled 1cucocytcs in the vicinity of an implanted electrode (arrows).
Figure taken from [23].

positronium (para) decays into two 7y-rays of 511 keV cach in nearly opposite directions. This phe-
nomenon is known as annihilation. The two back-to-back y-rays are then quasi-simultaneously
detected by surrounded ring-like detectors. The position of the detected gamma rays is used
to built a straight line that crosses the source, called Line Of Response (LOR). PET camera
allows to map the distribution of radiopharmaceuticals by accumulating sufficient LORs. The
basic technique of a PET camera is very similar to SPECT: scintillation crystals combined
with photosensors. Owning to the annihilation coincidence detection who delivers an effect of

collimator, in multi-slice PET system, there is no physical collimator request.

Annihilation coincidence detection

The principles of PET coincident annihilation detection is illustrated in Figure 1.5. Almost
all commercial PET detectors consist of ring-like structures based on the same concept of
scintillating detectors described earlier, composed of an array of coupled scintillating crystals
and photosensors (PMTs or Silicon-based solid sensors) units. Whenever two signals fall into a
certain coincident time window (typically 4-10 ns) with corresponding enegy close to 511 keV,
both digitized signals are recorded as originating from the the same annihilation. A LOR is

then reconstructed starting from these two gamma rays.
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Detector 1
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Summed Events

1YY N

Coincident Event

Fig. 1.5 Schematic of coincident annihilation detection method in PET. Figure taken from [24].

Performances and limits of PET imaging

The performances of PET imaging mainly depend on detection sensitivity and spatial resolution.
The sensitivity is defined as the ratio between the rate of a true coincidence (true detected
events) and the source activity (true emitted events). There is a trade-off between resolution and
sensitivity. In conventional PET scanners, the sensitivity is normally smaller than one percent
or even a few parts per thousand due to multiple factors (e.g. camera geometry, crystal detection
efficiency, and photon scatter/attenuation in the body). The backgrounds resulting from false
coincidence events (scatter and random events defined in the following) decrease the Signal
Over Noise Ratio (SNR), therefore degrades the sensitivity. Besides, the limitation of sensitivity
is also represented by the small field of view (FOV) which implies that lots of y-rays may escape
the detection. To solve this issue, most recently the total-body PET system has delivered a
satisfactory solution, which will be introduced in the next section.

Another fundamental parameter to improve PET analysis is spatial resolution. However,
two intrinsic factors related to the emission of the positron (positron range) and to the detection
of the annihilation photons (non-collinearity) participate in the degradation of the spatial

resolution and constitute its main physical limits.

1°" intrinsic limitation to spatial resolution - positron range  The measured LOR is distant
from the true emission point due to the positron range. In particular, from the radiation
emission position, positron travels a few millimeters in the patient’s body before thermalizing
and annihilating with the electron. This distance depends on the composition of the traveled
tissues and the kinetic energy of the emitted positron from the S+ decay. Table 1.5 presents
positron energies and ranges for the common 5+ emitters used in PET imaging. It therefore

generates an intrinsic factor that constrains the spatial resolution in PET.
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Table 1.5 Positron energies and ranges for the common S+ emitters used

in PET [25].

[sotope  Erean (keV)  Epgsr (keV)  Ripeqn (mm)  Rypgp (mm)
8@ 252 635 0.660 2.633

e 390 970 1.266 4456

BN 480 1190 1.730 5.572

150 730 1720 2.965 9.132

BGa 844 1899 3.559 10.273
“4Cu  1280.6 2926 6.077 16.149

82 Rb 1551 3378 7.491 18.603

The parameters (Rueqn and Ripqz) are the (mean/max) range values in water.
2" intrinsic limitation to spatial resolution - non-collinearity of the annihilation photons
The spatial resolution of the image is intrinsically degradated by the non-collinearity of
the annihilation photons. As it was previously explained, PET imaging reconstruction is
based on the measurement of a LOR (which is con-
structed based on the assumptions that the two
annihilation photons belong to the same straight
line that also cross the source). In reality, the two
photons are not emitted exactly at 180° because
of the residual momentum of the positron at the
end of its path and the momentum of electrons on
atomic layers. This acolinearity (illustrated in Fig-
ure 1.6) can be described by a Gaussian distribution
with the standard deviation of about 0.25°, equiv-

alent to a full widch at half maximum (FWHM) of  Fig. 1.6 Non-colinearity of 511-keV annihilation
the order of 0.5° [26]. photons. Figure taken from [26].

Detection modality limitation - coincident events

Figure 1.7 illustrates the three typical events from coincidence detection: true, scatter and
random coincidences. The true coincidence is the ideal case that two annihilation photons
directly hit the surrounding camera with no scatter interactions in the patient’s body. In this
case. The measured LOR corresponds to the true path of a pair of y-rays. On the contrary,
the scatter coincidence is when either one or both photons generate one or more scattering
interactions before reaching the scintillator. In this Compton case, at least one of the two paths

has changed the direction and deviated from the line where the source is located, resu]ting in
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a false coincidence event. The last category of coincident events is the one on which the two
signals belong to two different random events that are close in time and are thus associated to

one single event.

(a) (b) (c)

Fig. 1.7 [lustrations of a) true, b) scatter, and ¢) random coincidence. Figure taken from [24].

Those two latter false events cannot be distinguished from the true events. This leads to
the presence of an irreducible background in image reconstruction, that reduces the image
contrast and resolution. Note that refining the time coincidence windows and improving energy
resolution could naturally enhance the situation and remove more effectively those overlap events
and Compton scattering. The drawback of this solution is a worse sensitivity and efficiency.
Therefore, a compromise between the spatial resolution and sensitivity, corresponding to image

quality and administered dose, need to be found.

1.2  Advances in PET imaging

During the last decades the healthcare interest in personalized (or precision) medicine has
sensitively increased. This attention has brought improvements in diagnostic technology that can
provide patients with more targeted and effective treatments. All this led to an advancement of
nuclear medicine modalities which translates into an even more precise quantitative accuracy
and molecular sensitivity. On this basis, drastically reducing the administered dose to vulnerable
patients (such as children and pregnant woman) has become a priority in the field.

Nowadays PET imaging provides the best reachable sensitivity and quantitative accuracy.
For what concerns personalized medicine, advances in PET imaging devices can be divided into
three categories, based on different approaches: the total-body PET (TB-PET), the time-of-
flight PET (TOF-PET) and the depth-of-interaction PET (DOI-PET). The TB-PET imaging
dramatically reduces the exam time with the same dose of the other two modalities by increasing
the field of view. This modality is highly developed in US. Another approach more explored in
EU is the TOF-PET, which aims at reducing the length of LOR with the best time resolution
targeted to 10 ps. The third method tries to reduce the Parallax effects through a depth of
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interaction on the whole FOV. All those three approaches proved the capacity to reach a
significant improvement of the camera sensitivity in terms of higher resolution image and faster
exam. Besides, in an effort to reach an extremely good performance, the hybrid detector which
combines two or all the above mentioned methods represent a forefront topic in this research

domain.

1.21 Total—body PET

Motivation In nuclear medicine imaging, the radio-tracer administrated to the patient travels
through the area being examined and may give off radiation not just in the organ of interest but
in entire body. As mentioned in Section 1.1.3, the current commercial PET device is a kind of
ring-like scintillation crystal camera. The typical axial FOV is smaller than 25cm. Witch this
small FOV, a whole body image is possible only through a step by step scanning of the different
body parts. This operation implies that the exam will take longer than a total-body PET with a
larger FOV. Besides, a non-negligible limit in detection efficiency comes from the thin FOV:
roughly 85%-90% of the body will be placed outside the FOV. Furthermore, the amount of
administered activity in-vivo is a limit in conventional PET, which implies that collected data
may suffer of low counting statistics. The basic principle of total-body PET (TB-PET) is to
drastically increase the sensitivity through the ultimate FOV designed to cover the entire body

(illustrated in Figure 1.8).

Fig. 1.8 Whole-body PET (A) vs. total-body PET (B). Figure taken from [27].

Impact A major advance of the total-body PET is the capacity to simultancously register
dynamic data from the entire body all at once. This provides an opportunity to diagnose the
disease with a short half-life pharmaceutical. Besides, studies summarized in Ref. [28] reported
that, compared to the whole-body imaging with current PET scanners, the effective sensitivity
of a2 m long TB-PET possesses an overall more than 40-fold gain and the signal-to-noise ratio
is increased by more than 6 times. Such increase in statistics thanks to a larger FOV can reduce

the imaging time at less than 40 times while keeping the same image quality. This means that a
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whole-body scan could be completed in several seconds instead of ten to twenty minutes. The
TB-PET fulfills the request of personalized medicine providing more possibilities of diagnostic
test per person. Moreover, thanks to TB-PET, the patients can also choose whether to improve
the image quality or to reduce the administered acrivity. This adds the possibility of doing

pharmacokinetics.

State-of-the-art  The idea of TB-PET dates back to 1990s. This option has been studied by
several research teams, but the first completed TB-PET scanner has been accomplished only
recently by the EXPLORER consortium. The last development of this EXPLORER TB-PET/CT
scanner is reported in Ref. [29]: it has a 194-cm axial FOV, 68.6-cm trans-axial FOV and 78.6-cm
inner diameter. This TB-PET detector consists of 8 LYSO-SiPM based units. Its time and
energy resolutions (FWHM) are respectively 430 ps and 11.7%. This detector allowed to obtain a

whole-body scanning image in only 1 s for the first time.

122 Time-of-flight PET

Basic principle Asmentioned above, in PET system, the detection of two back-to-back photons
is used to build a virtual line of coincidence events. Conventional PET images are reconstructed
assuming that the unknown position of the radionuclide decay distributes uniformly along the
LOR inside the reconstructed FOV. In fact, the emission point could be better localized with
the additional measurement of the time difference between the arrival time of the two photons
(At). This information allows to calculate the source deviation Az from the center of LOR
following the mathematical formula

_dg—dl_CXtQ—Cth At

T 5 5 c><2 (1.1

where ¢ is the velocity of light, ¢ and 5 are respectively the arrival time of two annihilacion
photons traveling a distance of dy and ds. This technique, illustrated in Figure 1.9, is known as
time-of-flight (TOF). The time performance limitation of current scanners implies a non-perfect
extrapolation of the Az position. Therefore, in TOF-PET systems, an important parameter to
evaluate the camera performance is the coincidence time resolution (CTR), that leads to an
uncertainty in the position. The probability distribution could be thus reduced to a Gaussian

function centered on the true position.

Impact  Incorporating the TOF information into the PET image reconstruction process allows
for a significant SNR image improvement with respect to the conventional PET system. This

can be quantified by the following formula:
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Fig. 1.9 Basic principle oftime—of—ﬂight PET. Figure taken from [30].
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where D is the diameter of the FOV. The significant increase of SNR is beneficial to improve

(1.2)

the image quality, for dose reduction or enhancement of throughput.

Technical challenges  To achieve good performances, this technique needs an extreme time
precision meaning big technical challenges. For a scintillator-based detector, the technical

requests for high CTR could be generally summarized in as tree parts:

« Scintillator - It has been mentioned in Section 1.1.1.2 that among the desired characteristics
needed for an good scintillator in y-ray detector there are the high stopping power and
the high light output. Beyond that, another factor dominantly affecting the timing
performance is the scintillation decay time. Ideally, to get the best detectors’ CTR, the
decay time of scintillators should be as short as possible to ensure a quick response and
the material should be dense enough to detect all incoming photons. Additionally a high

]ight yieid to produce big detectable signais is requested.

« Photodetector - Light produced from scintillator must be detected/counted by a matching
photodetector. Apart from an excellent QE and high gain, photosensor used in TOF-PET

should have a fast time response and high time resolution.

« Electronic - In PET, a huge number of front-end readout channels is necessary to acquire
light signal from position sensible photosensors. A high time resolution electronic circuit
should have low noise and high count rate to eliminate the signal interference. Besides,
based on the commercial operation, low power consumption, greater extensibility and

compactness, and reasonable cost should also be considered.
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State-of-the-art  The idea of TOF measurements is an old principle which could be traced
back to 1969 [31]. It was not possible to built it before early 80s, due to the technical limits. Due
to the limited light output of the scintillator, these systems cannot compete with BGO-based
nonToF-PET systems that provide higher spatial resolution and sensitivity. The availability of
lutetium-based fast scintillators in the 90s has led to a new development and research in this
field. A first prototype of LSO PET scanner presented by Siemens in 2005, using PMTs and
nonTOF-PET image reconstruction, showed a measurable gain in SNR even with a poor time
resolution of 1.2 ns [32]. Very soon, in 2006, Philips presented the first commercial TOF-PET/CT,
Gemini TF, that achieved a 585 ps (FWHM) time resolution using LYSO as scintillators still
coupled with PMTs [33]. Then, the other two major PET vendors, General Electric and Siemens,
have commercialized their TOF-PET/CT scanners around 2010 with similar system timing
performances in the range of 520-550 ps [34, 35]. Since then, most of commercial TOF-PET
systems are based on the instrumentation of LSO/LYSO and PMTs, and showed a better system
time resolution around 400 ps.

Meanwhile, the need for high time resolution pushed the development of corresponding
photosensors and faster electronics. The recent development of SiPM-based TOF-PET system
made a further improvement of TOF performances. In 2014, the first SiPM TOF-PET was
commercialized by Philips: a time resolution of 345 ps has been measured [36]. Another system
developed by General Electric in 2017, Discovery MI PET/CT, presented a timing performance
of 375 ps [37]. Recently, Philips announced that they have achieved 310 ps in system timing
resolution [38].

Since 2017, P. Lecog has proposed to push the limits in TOF to 10 ps corresponding on]y an
uncertainty of 1.5 mm along the LOR in a whole body scanner [39]. Presently, the novel rescarch
of Cherenkov-based detectors emerged in last years. Latest publication from a research group of
CEA reported a CTR of 280 ps using PbF2 coupled with MCP-PMTs [40]. Another group from
Japan, who studied also with the combination of PbF2 and MCP-PMTs, published at the same
time their measurement of a CTR of 46.9 ps FWHM, corresponding to a spatial resolution of
7.0 mm [41].

1.2.3 Depth-of-interaction encoding PET

Parallax effect  In an effort to increase the detector sensitivity, the use of thick scintillators
was imposed on PET systems. This choice resulted in an effective increase of the interaction
probability of y-rays traversing the crystals. While, as illustrated in Figure 1.10, the thickness
also increases the uncertainty in the measurement of the interaction depth, DOI, the actual

interaction position inside the scintillator. In traditional PET scanners, DOI is assumed to be
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located on the surface (or central part) of the scintillator or as a constant calculated from the

attenuation coefficient.

Detector B
Y -
True LOR—5- > |, Assumed LOR
Positron Annihilation =5~
N
B L X Assumed DOI
D A
etector Real DO
Interaction

Fig. 1.10 Schematic diagram representing the para]lax effect rcsulting from an obliquc LOR without
depth of interaction information. Figure taken from [42].

We call parallax effect, the error introduced by the difference between the reconstructed
line (dashed line) and the true LOR (solid line). This discrepancy is due to the absence of the
DOI information, which can cause a degradation of the annihilation point spatial resolution

during the image reconstruction.

Impacts  The parallax effect results thus in a trade-off between the detector sensitivity and
spatial resolution. To be noticed that this impact is not uniform in all the FOV and depends
considerably on the geometry of PET scanners. Firstly, as an example of standard ring geometry
scanners in Figure 1.11a, we show how the parallax effect has almost no impact on radiacion
events at the center of the FOV: this is due to the fact that all incident photons are perpendicular
with respect to the face of the detector. DOI information in this case is therefore not necessary.
On the contrary, for radial off-center sources, an enhanced spatial resolution is present along
radial axis and becomes poorer at the border of FOV. Moreover, in long axial FOV (Figure 1.11b))
and polygonal PET scanners(Figure 1.11¢), the parallax effect is present even in the center of the
FOV results from those LOR that have a certain angles with respect to the detector face. In

short, parallax errors greatly limit the system spatial resolution for all types of PET camera.

State-of-the-art A first accurate DOI measurement has been carried out in 1987 [43] wich the
aim of properly measure the true LOR and estimate the effective parallax error correction in
the PET system. The basic concept behind this approach is quite straightfbrwardz attempting to
realize "pixelize/grade” long scintillator crystals and corresponding photosensors in the depth
direction. This is motivated by the request of a depth-encoding, most effective and low cost
method. This idea allows PET systems to have the capability to primarily restore the spatial

resolution, (peculiarly for border FOV sources in PET scanner configuration), and at the same
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Fig. 1.11 Parallax effect (a) in ring geometry PET system, (b) in long axial FOV PET systems and (c)

polygonal PET system, where shadows represent all acce551ble LORs. Figure taken from [42].

time, to enhance the detection efficiency through the reconstruction of a considerable fraction
of Compton scattering events in the crystals.

Thanks to this specific capacity, many different DOI-encoding techniques have been devel-
oped for high-performance PET scanners, and in particular, they have been widely implemented
on TOF-PET systems seeking for better CTR performances. For example, through a DOI mea-
surement based on the improved phoswich with pulse-shape discrimination schemes module, in 2013,
rescarchers from the University of Pennsylvania reported a TOF-PET performance with a CTR
smaller than 200 ps [44]. In 2014, based on double side readout methods, S. Seifer et al. measured a
CTR of DOI TOF-PET in a range of 121-183 ps with various sizes/layers of scintillator crystal
matrices [45]. Most recently, in early 2019, 157 ps FWHM CTR has been measured in a TOF-PET

with DOI measurement based on a light sharing and recirculation mechanism [46)].

1.3 Emerging medical imaging with Compton camera

A rising development of Compton camera, in recent decades, shown a promising capacity of
7y-ray imaging in a wide energy range and without any need of collimators. The use of Compton
telescope has been largely exploited in the research domain of astronomy and particle physics
where lots of detectors have been developed such as COMPTEL [47], MEGA [48], SPEIR [49],
and LXeGRIT [50]. On the other hand, recent research in medical diagnosis application showed
that Compton camera has promising capacity in SPECT imaging [51-54]. In this section, the
investigation of Compton camera is introduced focusing on others emerging medical imaging
modalities based on multi-tracer, range monitoring in hadrontherapy, and the novel moda]ity

3-gamma imaging.
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131 Compton medical imager

1.3.11 ]magingprincip]e

As mentioned earlier, the detection efficiency of SPECT devices is largely limited by the lead
collimator through which the detector determines the incident direction of y-rays. Compton
imager is an alternative approach that provides an electronically collimated radiation detection
based on the kinematics of Compton scattering. The concept of Compton 7 camera for clinical
diagnosis can be dated back to 1974, proposed by Todd et al. [55]. Figure 1.12 illustrates a
schematic diagram of the imaging principle of a conventional Compton camera. There are
two position-sensitive detectors in a elementary Compton imager to identify the scattering
events, in which the incident y-ray undergoes a Compton-scattering in the first detector (thin
scatterer) then deposits all its energy through a photoelectric absorption in the last detector
(thick absorber). The deposited energies E; and interaction positions 77 of two successive
quasi-coincident interactions in both detectors are recorded. Assuming that scattered gamma
ray loses all its energy in the absorber, the scattered angle 6 can be calculated from the Compton

formula

1 1
H=1-— J(—) 13
coS meC ) T E (1.3)

where mec2 is the mass energy of an electron, F the kinetic energy of the recoiled electron
cjected from Compton scattering in the scatterer, and Ey the deposited energy from photoelec-

tric absorption in the absorber. The line connecting the two interaction points of the emitted

gammas 123 and the measured angle 6 are used to built the axis A and the opening angle of
a Compton cone. The radioisotope is located on the surface of this cone. The position of the
7-ray emitter could be then localized by integrating multiple reverse batch conical surfaces.

For an extended source reconstruction, it is still necessary to use sophisticated reconstruction
algorithms e.g. MLEM.

1.3.1.2 Technical requirements

Apart from the detection efficiency, an imaging system designed to operate under clinical
conditions should possess a comparable spatial resolution with commercial imaging devices,
and a spatial precision of the order of a few millimeters. For the development of Compton
cameras, the reconstruction precision of the Compton cone is affected by the spatial and energy
resolutions that are limited by the inherent performance of detectors. The degradation factors
include, for each sequent interaction of a Compton scattering event, the uncertainties on the

position and energy in the camera (scatterer and absorber). An additional limitation comes



26 Nuclear Medicine and Compton Camera for Medical Applications

source

|
Scatterer Absorber

Fig. 1.12 Schematic showing a conventional Compton camera setup and cones defined from the measure-
ments. Figure adaptcd from [56].

from consideration is the Doppler broadening which degrades the achievable angular resolution,

especially at low gamma ray energies.

Position resolution  The position resolution of the devices directly impacts the uncertainty
and tilt of the cone axis A, which connect the two interaction vertices in the scatterer and
in the absorber. For common Compton camera based on crystal scintillator arrays, the true
position of each interaction in one e]ementary Crystal will be recorded and reconstructed from
its barycenter. This method implicitly introduces an error on the position measurement whose
precision will be mainly determined by the size of the segmentation. For monolithic devices,
similar position measurement errors are mainly introduced by pixel size. Therefore, minimizing
the size of the crystal or the pixel while preserving a good signal noise ratio (SNR) is a critical

factor to successfully reduce the degradation of the reconstructed position.

Angular resolution The angular resolution oy of a Compton imager is affected by the limited
energy resolution 0y, of detector and by the Doppler Broadening Effect 0y, ,, especially at
low gamma ray energies. the resolution of the aperture angle of the Comprton cone can be thus

expressed by the following equation:

op = aﬁE + UgDB (1.4)
The uncertainty on the angle depending on the energy resolution could be directly derived from
the kinematics OFCompton scattering. Assuming that the total deposited energy is equa] to the

energy of incoming gammas, Equation 1.3 could be rewritten as

1 1
0=1— J(—) 15
coS meC — - (1.5)
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where By = By + Ej is the energy of incoming y-rays emitted from the radiation decay. Assuming
that there is no inner scattering before photons enter into the camera, Ej is then a constant,
already known as the initial energy emitted from the radiation decay. The uncertainty on the
Compton angle introduced by the energy resolution could be therefore calculated by applying

the error propagation to Equation 1.5, resulting in

1 Mmec?

— 1.6
90 sin 6 (Eo - Ee)2 = (16)

where o, is the energy resolution in the scatterer. It’'s worth noting that, even though the
absorber energy resolution does not appear explicitely in the equation, a good enough precision

of energy measurement in the absorber is necessary for Compton scattering event selection.

1.3.2 Multi-tracer imaging

Motivation Driven by the potential advantages shown for clinical diagnosis applications,
multi-tracer imaging attracted more attention over the last years. This imaging modality
provides the opportunity to simultaneously observe dual or multiple complex molecular and
metabolic phenotypes. For example, Lehti et al reported in 2003 the great interest of observing
hypoxia (important factor for tumor treatment) with the blood flow to improve the detection

precision [57].

Background In the context of modern medical diagnosis, SPECT and PET have been intro-
duced at the beginning of this chapter as two mainstream nuclear medicine imaging modalities.
Studied reported in Ref. [58] have shown the benefit of multi-tracer SPECT in differential
diagnosis of parkinsonism. Multi-tracer PET has also been studied specifically in the context of
the longitudinal progression of sporadic Parkinson’s and in autosomal dominant Alzheimer’s
diseases [59, 60]. Each of them has its specific measurement range/method and provide individual

information in molecular diagnostics.

Development direction A single device that simultaneously observes different radiopharma-
ceuticals used for PET and SPECT would potentially improve the measurements by performing
one signal scanner. However, such a combined detector cannot be casily realized for the reason
explained in the following. For example, PET is dedicated to positron radiation measurements
using electrically collimated LOR from the information of two annihilating y-rays. Besides,
the thickness of scintillators is also well adapted for the photoelectric absorption of 511 keV
7-ray. Under the same conditions, the single-gamma emitting isotopes used in SPECT can

not be casily used in PET systems: the incoming direction could not be determined without
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physical collimator; the thick scintillators are not adapted for low-energy photons in the range

0f 100-300 keV. This effect introduces an additional degradation in the position measurement.

State-of-the-art of Compton cameras Compared to PET and SPECT systems, Compton
camera showed a promising potential for application in multi-tracer imaging thanks to the wide
energy band ranging from 100 keV to 1 MeV and to the electronically collimated detection
mechanism. The investigation of\COmpton camera Coupled to multi-tracer imaging system could
be traced back to the beginning of the 21 century. A Compton camera for the above mentioned
applications has been developed and documented by the Japanese research team of Kanayama
in 2005 [61]. However, insufficient position and angular resolutions of Compton scattering
detectors represent the most difficult obstacle to overcome for successive developments until
recently. A recent advancement in the field is represented by the Si/CdTe-based Compton
camera that succeed in simultaneously injecting 9mT_DMSA and ®F-FDG (two common
radiopharmaceuticals respectively used in SPECT and PET) in a human body. This procedure
demonstrated for the first time the clinical operating feasibility of using a PET and a SPECT
radiopharmaceutical in a unique detector [62]. Besides, the novel exploitation of Compton-
PET hybrid imagers has also advanced in this imaging research field. Figure 1.13 schematically
illustrates the composition and functional principle of the GAGG-SiPM based pixel Compton-
PET scanner developed by Shimazoe Kenji et al. This device operates in PET and Compton
mode using two radiopharmaceuticals, "' InCl3 and '8F-FDG, at the same time. The result

represent a novel alternative approach in medical imaging and related fields [63].

SPECT tracer

8 PET tracer

H PET imaging H

Thin scatter

Absorber

Fig. 1.13 Conccptual schematic of a Compton-PET hybrid imager consisting of thin and thick energy-
resolving detectors. Figure taken from [63].
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133 Hadrontherapy real-time treatment monitoring

Background Hadrontherapy is an emerging tumor treatment consisting in delivering charged
particle beams, protons or carbon, into the tumor region abiding by the bio-mathematical
model calculation and dose prescription consideration. According toa study conducted at the
end of 2019, more than 200 000 patients are already treated with hadrontherapy in more than
100 already operational worldwide clinical facilities (statistic from PTCOG Stats, Available:
www.ptcog.ch). The original proposal on hadrontherapy can be dated back to 1946 [64]. The
critically effective aspect of this innovative technology is the fact that the ions have an almost
straight tracking in matter and a maximum of energy deposited at the end of their range, in a
sharply defined peak, called the Bragg peak region [65]. This property ensures a high precision
of dose deposition within the tumor volume while effectively protecting the surrounding health
tissues. Additionally, current studies indicate that carbon ions own a higher relative biological
effectiveness (RBE) in the tumor region comparing with photon bcams, providing a more

effective treatment in normal and radio-resistant tumors [66, 67].

Motivation An accurate ion-range monitoring of the order of few millimeters becomes manda-
tory for the full exploitation of hadrontherapy clinical benefits and future developments. The
surveillance of the delivered radiation dose on the Bragg peak region is a critical issue to ensure
the quality of hadrontherapy. A too sharp deposition of the dose can be a double-edged sword
because of its high impact on other parameters. For instance, any small change in patient position
or morphology might cause a dose localization mismatch that could damage the healthy tissues
instead of killing tumor cells. Therefore, the sharp deposition of dose and the density distribu-
tion on ion-range in vivo requires a dose monitoring, ideally in real time in three dimensions, to

guarantee the Bragg peak location within the tumor volume.

Different approaches  In the last decade, the worldwide increasing applications of hadronther-
apy facilities has greatly boosted the development of different imaging instruments dedicated
to on-and off-line ion-beam monitoring, which was reviewed in Ref. [68]. Almost all those
techniques are oriented at secondary radiation detection since the treatment ion beams are
stopped within the body. The secondary particles used to monitoring the range, described in
Knopf et al [69], are originated from nuclear reactions of the primary projectiles with patient
tissue. There are two kinds of ways to detect y-rays: either we can detect the two coincident
7y-rays from the production of positron emission isotopes or prompt 7y-rays from the excitation

of the target nuclei generated from the proton bombardment [70].
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In-beam PET monitoring The in-beam PET monitoring in hadrontherapy, proposed by
Parodi et al in Ref. [71], is the most widely explored technique that has been used to date to ensure
high quality of PET images though the deposited dose range verification [72, 73]. It consists in
generating the image of the vertex distribution of the -rays annihilation following the decay of
positron emitters that are created during the fragmentation of target nuclei or of the projectiles
themselves (main sources of activities in the hadrontherapy) [70]. This monitoring modality has
already achieved clinical application online [74, 75], providing the capacity of 3D verification of
the treatment dose delivery. However, differently from conventional PET scanners, the coverage
angle of in-beam PET monitoring systems is limited by the presence of the gantry. Due to the low
number of generated positron isotopes and their various half-lives, a longer data acquisition time
is required to obtain a good image. This approach is thus feasible only to provide post-therapy
information on the location of the dose deposition [76]. Additionally, the energy-dependence of
the positron range, the location and activity uncertainties caused by metabolic processes and
blood flow, and the time lag between the beam treatment and PET scanning contribute to the

partial mismatching image with respect to the real distribution of the nuclear reaction.

Prompt gamma monitoring Another way to achieve the in-beam range monitoring is to
measure the prompt gamma originated form various interaction mechanisms including the
relaxation of generated nuclei in inelastic nuclear reactions of the primary beam ions. The
large correlation between the prompt gamma distribution and the dose falloff region has been
reported in Ref. [70]. This emission of the gamma ray after the nuclear reactions of hadron
ions with atomic nuclei of tissue is almost instantaneous: it mainly occurs within a few ps
following the passage of the projectiles. The distributions of secondary particles in proton and
carbon-ion therapy has been studied and reported in Ref. [77]. The development of real-time
range verification could avoid the influence of metabolism and biological washout through
gamma monitoring. Also, the conventional imaging systems in nuclear medicine (PET, SPECT,
etc.) are optimized to operate at energies below 1 MeV while the energy range of prompt gammas
vary from roughly 100 keV up to 10 MeV. The measurement of energetic prompt gamma rays, as
a consequence, has exceeded the capabilities of existing traditional medical systems. Different
types of range assessment camera systems based on the prompt gammas detection have been
reviewed in Ref. [78], including mechanically and electronically collimated gamma imaging

modalities.

State-of-the-art of Compton cameras  Figure 1.14 illustrates the basic principle of Compton
cameras for in-beam therapy range monitoring,. Compton imaging as an e]ectronica]ly collimated

gamma detection technique does not need any passive collimator. It has therefore the potential
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Fig. 1.14 [lustration of the basic principle of the Compton camera for in-beam therapy range monitoring.
Figure taken from [86].

advantage of a higher efficiency and larger angular acceptance to incoming prompt gammas, as
well as 3D imaging, compared to the conventional SPECT systems. Furthermore, using y-ray
tracking based on the Compton kinetic formula allows to identify and reject a great part of
the background [76]. The sources of noise for such a system have been analyzed in detail by
Ortega et al in Ref. [79]. Due to its potentially promising advantageous, the adaptation of the
Compton imaging to ion-range hadrontherapy monitoring drawn wildly attentions worldwide.
Specific studies by several research groups can be found in Ref. [80-83]. Many different detector
geometries and materials are being investigated for the construction of a Compton te]eseope,
including scintillator detectors, silicon detectors, CZT, and gas chambers [84]. The envisaged
approaches consist of traditional two-layer (scatter and absorber) Compton cameras, three-
layers or multi-layers Compton cameras requiring more than two interactions in detectors and
monolithic devices. For example, the current research reported in Ref. [85] is based on two layers
with silicon detectors as scatter and BGO scintillator material for absorber detector design.
Different Compton telescope with three layers of LaBr3 crystals coupled to SiPMs are also under
investigation and have already shown promising results for further developments [84, 86, 87].
Apart from the approach of prompt gamma measurements, a Si/CdTe based Compton Camera
aiming of in vivo real-time monitoring was recently reported in Ref. [88]7 speciﬁeaily dedicated

to the y-rays annihilation detection.

134 3-gamma imaging: a novel modality

The 3—gamma imaging technique is an emerging nuclear medicine modality aiming for determin-

ing directly the 3D distribution of specific 7 coincidence emitters through the coincident
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detection of triple photons. This idea was first proposed and compared with TOF-PET by
Liang et al [89, 90] in 1988 as ¢-TPCIT, angular constrained triple photon coincidence imaging
technique. However, due to the technical limits and accessible clinical f77 isotopes, it was
shelved for more than a decade and re-proposed more recently in Ref. [91]. In 2004, Thers
et al launched the project XEMIS at the SUBATECH laboratory that introduced the name
of "3-gamma imaging" for the first time and the idea to realize a clinical application with a
concrete instrument. This R&D project is undergoing, more details can be found in Ref. [92]

and additional ones will be provided in this thesis.

Basic principle The imaging principle of 3-gamma modality is illustrated in Figure 1.15. The
annihilation of a positron generates a pair of back-to-back photons whose position is used
to build a LOR, similarly to what it is done in conventional PET. The third quasi-coincident
single photon is detected via the electronic collimation e.g. using the Compton telescope. The
3-photon event is reconstructed from the two intersections of the LOR (defined through the
detection of the two annihilation photons) with the Compton cone surface. In most cases there
is only one between those two intersection points which is well located within the interested

region of FOV. Considering the uncertainties resulted from the measurements, the localization
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Fig. 1.15 Ilustration of basic principlc of 3-gamma imaging moda]ity.

of an emitter can be obtained from one single radiation decay, which is very similar to the
TOF-PET modality, following a Gaussian distribution. The unique difference between those
two methods is that the deviation of such an uncertainty is resulted from the energy and angular
resolution of the Compton telescope rather than from the precision of the TOF information.
Therefore, the 3-gamma imaging modality could be also considered as a pseudo-TOF PET
approach.
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Bt coincidence emitters 377 coincident emitters are indispensable to realize the 3-gamma
medical imaging. Isotopes emit a positron and an additional single-photon simultancously e.g.
via the following decay process 37.5¢ —35 Ca* + et + v, =55 Ca+ e’ + v, 4+ (decay scheme
shown in Figure 1.16). Several physic characteristics of the exemplary Bty isotopes investigated
in 3-gamma imaging are listed in Table 1.6. A more complete list of candidates has been recently

reported in the paper overview [93].
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Fig. 1.16 The decay scheme ofisotope %%SC. Figure taken from National Nuclear Data Center [94].

Table 1.6 Selected physical characteristics of the exemplary 317 isotopes used for both PET imaging and
3-gamma imaging. Data have been adapted from National Nuclear Data Center [94].

Isotope  Half-life Eévi’” (keV) Ig+ (%) E, (keV) Excited nuclei lifetime Application

“48c 3.97h 2495.5 98.97 1157 2.61 ps Srintieri] 4 .
97  4161m 1325.6 6.06 15074  coincident* el TAgms
2Na 2.6018 y 1568.7 99.94 1274.5 (5.9 + 0.6) ps [95] experiment source
40 70.606 s 2830.2 99.34 23126 67.8 fs hadron therapy
e 19.290 s 2929.6 98.53  T718.4 0.8 £ 0.2 ns [96] monitoring

* no publishcd data found

Advantages  As described before, in order to localize the S+y emitter, we intersect the LOR
(buile from the pair of photons) with a hollow Compton cone (from the third single photon).
Nevertheless, due to the uncertainties on the position, the line-of-response will rather be

reconstructed as a cylinder. The length of the cylinder segments intersected by the hollow
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cone is about 1 cm for intersections at right angles. Compared to TOF-PET performances,
the localization of the emitter is significantly improved [90]. This offers a potentially better
spatial resolution or, alternatively, the same quality image with less injected radioactivity (hence
reducing the dose to the patient). This method also reduces the exposure time that has the

advantage of diminishing the number of consultations in hospitals per day.

State-of-the-art  In the last decade, accompanied by the appearance of limits in conventional
medical imaging modalities, lots of attentions has been attracted to this emerging technique
presenting a booming advancement. Apart from XEMIS camera based on a liquid xenon TPC
(introduced in detail in the next Chapter), several others types of devices were being developed
by different groups worldwide. A German group proposed a prototype "y-PET’ consisting of 4
Compton camera modules based on a double-sided silicon strip detector (DSSSD) as scatter
and LaBrj as absorber whose simulation results are reported in Ref. [97]. Another pixelated-
CdTe based Compton-PET scanner, named Voxel Imaging PET, was studied and simulated by a
Spanish team: it shows a position resolution of about 5 mm, which is much better than what
one can expect from a TOF PET scanner based on fast crystal detectors” described in Ref. [98].
Besides, a current publication [99] announced a feasibility study of the positronium and 87~y
coincidence imaging by using super time resolution with the J-PET tomography, which is a
cylindrically shaped PET detector made of multi-layers plastic scintillators. The most recently
result came from the WGI (Whole gamma imaging) scanner, developed by a Japan research
team. They achieved an experimental comparison of the spatial resolution in the PET, Compton
imaging and 3-gamma modes through the first small animal demonstration using the isotope
of 89 Zr [100]. Moreover, they compared also the performance of full-ring and limited-angle

Compton imaging in Ref. [101].

1.4 Conclusions Chapter 1

Nuclear medicine has the ability to access, qualitatively and quantitatively, dynamic physiological
processes within the patient through the detection of the traveling y-rays generated from special
radiopharmaceutical administered in the body for diagnostic purposes. In the first section of this
chapter, a brief introduction about nuclear medicine has been given including the basic principle
and its essential elements, radiopharmaceuticals and detection devices. Besides, the SPECT
and PET system, as two proven modalities, have been investigated more in detail from the
principle to device techniques. However, both of these techniques have their proper limitations.
In the SPECT system, the dominant restriction comes from its passive collimation that largely

limits the detection efﬁciency. In PET, the uncertainties on the detection represent an intrinsic
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limit. Specifically, they are caused by the positron range and the non-collinearity of annihilation
photons. Besides, different coincident events and parallax effect may reduce the efficiency and
resolution of PET systems. In light of what was described above, a pivotal-compromise between
the detectors’ sensitivity and spatial resolution represents a common issue for both techniques.

Through the full exploitation of the limits mentioned above, three mainstream types of
next generation PET are being currently developed aiming at a personalized (or precision)
medicine. In the second section, a literature review from the concept to the state-of-the-art has
been presented. The total-body PET scanner achieved a drastic sensitivity increase through the
ultimate field of view covering the entire body. The first completed total-body PET scanner
has been recently accomplished by EXPLORER: it performed a whole-body scanning image in
L's. Ultra coincident time resolution searched in TOF-PET technique has brought the spatial
resolution to sub-centimeter level in the last research. The development of depth-of-interaction
encoding PET modality has the possibility to solve the trade-off between the detectors’ sensitivity
and spatial resolution caused from the parallax effect existed in the conventional PET systems.

A rising development of Compton camera, in recent decades, showed a promising capacity
of y-ray imaging in a wide energy band and without any need of collimators. This technique
can probably become an alternative to SPECT imaging. In the third section, the mechanism
and technical requirement of Compton imaging technique have been primarily discussed. Suc-
cessively, we focused on the potential advantages of Compton telescope in nuclear medicine.
It brought novel modalities on multi-tracer imaging, range verification in hadrontherapy, and
3-gamma imaging. Multi-tracer imaging provides the opportunity to simultaneously observe
dual or multip]e complex molecular and metabolic phenotype. Real time range verification
allows to fully exploit the hadrontherapy treatment. Besides, based on the combination of
Compton telescope and special 377 coincidence emitted isotopes, a novel 3-gamma imaging

modality has atcracted lots of attention as it constitutes a strong advancement in the field.
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XEMIS (XEnon Medical Imaging System) project is directed to personalized medicine, based

on an innovative 1iquid xenon Compton camera to realize a low activity medical imaging.

Liquid xenon (LXe), as an emerging monolithic radiation detection medium, has been widely

used for particle physics and dark matter detection. It possesses many advantageous features,

such as high stopping power, outstanding sensibility, and simultaneous scintillation light and

ionization charge production. The liquid xenon time projection chamber (LXeTPC) is a suitable
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candidate to build a Compton telescope for nuclear medical imaging applications. It operates
primarily with ionization signals combining the scintillation triggering information, allowing for
three-dimensional (3D) position reconstruction, energy measurement, and multi-hit sequence
identification. Meanwhile, a "TOF-like” PET performance could be achieved by applying the
innovative 3-gamma imaging modality, measuring with good precision the intersection of LOR
and Compton cone to obtain a direct 3D location of the radiotracer. Moreover, its efficient
scalability affords the capacity for developing a total-body imaging detector.

In this chapter, we would like to introduce an innovative Compton camera for small animal
imaging, XEMIS2, based on LXeTPC technique. It is developed in the SUBATECH laboratory
to demonstrate the advantage of LXe as a detection medium for 3-gamma imaging. XEMIS2 is a
monolithic single-phase detector with a large axial field of view, handling up to nearly 200 kg
of ultra-high-purity liquid xenon. The first stage aims to obtain a small animal image with
an ultra-low activity of 20 kBq in 20 minutes while preserving the image quality in oncology
diagnosis. The main characteristics and advantages of LXe as a detection medium are described
in Section 2.1. The state-of-the-art of LXe exploitation in nuclear medicine is reviewed at
the same time. Section 2.2 is devoted to describing the LXeTPC used in XEMIS2 from the
operation principle to detector description. The safe and compact cryogenic infrastructure and
high-capacity signals measurement system, specially developed for XEMIS2, are introduced in

Section 2.3.

2.1 Choice of liquid xenon as radiation detection medium

Liquid xenon (LXe) is not a commonly used radiation detection medium in nuclear medicine
imaging. The large majority of devices in use today are based on crystal scintillators presented
in the first chapter. However, the excellent properties of LXe for y-ray detection have been
widely exploited for both position-sensitive detectors and calorimeters in the domain of particle
physics and astrophysics [102]. LXe also showed a growing attraction in medical imaging
applications since 1972, when it was firstly used for SPECT [103]. This section will first give a
brief introduction to LXe primary physical properties and signal generation. A discussion on
the potential and advantage of integrating LXe into nuclear medicine from current studies will

then be presented.

2.1.1  Main physical properties and advantages

A fundamental characteristic of LXe, which is common to all liquid noble gases, is the simulta-

neous production of charge carriers and scintillating photons following the ionization radiation.
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Table 2.1 Main properties of liquid xenon as radiation detector medium

Physic properties ofliquid xXenon Values Ref
Atomic number Z 54 [104]
., Average atomic weight A 131.293 [104]
2 Density at -109 °C (g-cmfg) 2.95 [104]
= Boiling point (°C) * -108.09 [104]
Melting point (°C) * -111.74 [104]
Radiation 1ength X (cm) 2.77 [105]
£ Tonization potential in liquid phase I (V) 9.28 [106]
'S Average ionization energy W -value (eV) 15.6 +0.3 [107]

E Electron mobility pe (em2V—1s) 2000 + 200 (108, 109]
= Electron saturation velocity vg (cm s™1)* 2.6x10° £10% [108, 109]
Transverse diffusion coefficient Dy (em?s™1)*™* 50 - 80 [110]
Longitudinal diffusion coefhicient Dy, (em?s™') 0.1 Dp [110]
W, in liquid for relativistice (eV) e™ * 21.6 [102]

o Peak emission wave]ength (nm) 178 [102, 111]
8 Refractive index (at 178 nm) [1.6,1.72] (112, 113]
,:c: Fast decay time (singlet state 7s) (ns) * 2.2 [102, 111]
g Slow decay time (triplet state 7s) (ns) * 27 (102, 111]
> Recombination time (71) (ns) * 45 [102, 111]

* ar 1 bar

* at an electric field of 3-10 kV/em
** at an electric field of 1-10 kV/em
* for detectors without electric field

This advantage provides LXe detectors with four types of signals readout possibilities: ionization

mode, scintillation mode, sum mode, and time projection chamber (TPC) mode. Detectors

based on the first two modes are only respectively sensitive to either ionization or scintillation

processes. In contrast, the sum and TPC modes use both radiation-responses to obtain a better

energy resolution and/or a 3D interaction localization. Among all these types of detection modes,

the most interesting one for us is the one based on the use of a TPC. It is an excellent candidate

for the Compton telescope that will be described in the next section. Table 2.1 summarizes the

principal physical characteristics of liquid xenon as a radiation detector medium that can be

summarized as follows:

« high stopping power - LXe shows a similar high density and significant atomic number as the

conventional crystal scintillator used in a gamma camera, Nal: T1 (see Table 1.4). Those

properties afford LXe a critical capacity to stop the incoming radiation, which is necessary

for obtaining a detector with high detection efficiency.

« fast scintillation decay time and high scintillation yield - Compared to other scintillators

already in use or in development for nuclear medicine (listed in Table 1.2), LXe is a

competitive in terms of light yield and decay time. That fact makes it particularly

attractive for the scintillation detector, especially for TOF-PET development.
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« excellent ionization proprieties - Among liquid noble gases suitable for radiation detec-
tion, LXe provides the best ionization yields, the highest electron mobility, and lowest
diffusion.

- monolithic detection with a uniform response - Owing to the liquid form, LXe has the
advantageous capacity to create large scalable monolithic detectors where a large field of

view with high sensitivity and negligible dead zones could be considered feasible.

« cryogenics required - Compared to other conventional crystalline radiation detection
medium LXe has the disadvantage of being in its liquid form only in a temperature range
between 165 K and 161 K at the pressure of 1 bar. This might be problematic in medical
applications especially for safety reasons. Despite this problem, all the above mentioned
advantages make the LXe still an excellent candidate. Furthermore, highly effective
cryogenics systems have become accessible in recent years due to the explosive growth of
large-scale LXe-based projects in diverse physics research domains, e.g., XENON [114],
EXO [115], PandaX [116].

2.1.2 Interaction of ionizing radiation

Given that the radiation used in nuclear medicine consists of y-rays with an energy spanning
from ~100 keV up to 10 MeV (the upper limit is used in medical imaging or hadrontherapy
monitoring), in the following, we will study their interactions and that of the electrons with

LXe in this energy range.

Photon interactions in matter

There are four principal interactions between photons and matter: photoelectric effect, Compton
scattering, Rayleigh effect, and pair production. The probability of each interaction has a strong
dependency on the atomic number Z of material and the energy of the incident photon E,Y.
The cross-section of different interaction modes of photons with LXe is presented in Figure 2.1,
while Figure 2.2 shows their relative contribution in the energy range of interest from 10 keV to
10 MeV.

« Photoelectric effect - In this process, the total incident energy is absorbed and transferred
to a bound electron. If the incoming photon energy is greater than the binding energy, the
electron is thrown out of its orbit with a kinetic energy equal to the difference, causing
ionization of the inner shells of atoms (K and L). The ionized atom then returns to
the ground state from the excited state accompanied by an emission of characteristic

X-rays or Auger electrons (large]y predominant up to 90%). The probabi]ity ofhaving a
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Fig. 2.2 Relative contribution of the different interaction modes ofphotons with xenon. Data taken
from [117].

photoelectric interaction increases as the energy decreases. In LXe, as shown in Figure 2.2,
the photoelectric effect dominates other interaction processes at low photon energies
range. The drops observed around 5 keV and 30 keV are the absorption edges of the
atomic shells presented in Table 2.2. For incident photons with energy over 35 keV, there
is a high possibility of emitting a fluorescence X-ray of about 30 keV (K -shell) during the

photoe]ectric process. In contrast, the Auger electron ejection is almost neg]igible.

Table 2.2 Ionization energy of the electronic layers of xenon atom

Atomic shell M, Ls Lo L, K
Energy (keV) 1.149 4.782 5.104 5.453 34.56
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« Compton scattering - The Compton effect is an inelastic diffusion between the incident
photon and a bound electron, that produces a recoil electron and a scattered photon.
This process typically takes place at higher photon energies than the photoelectric effect.
The direction in which the scattered photon and the electron are emitted depends on
the initial energy of the incident photon. The possibility to have a Compton scattering
becomes significant for an energy value from several hundred keV to a few MeV, with a
maximum at around one MeV: this value corresponds to the energy of the third y-ray used
in XEMIS2. Compton scatter events are of main interest in XEMIS2. A more detailed

study will be presented in Chapter 7 dealing with Compton geometric angular calibration.

- Rayleigh scattering - It is also called coherent scattering or Thomson scattering. This effect
mainly appears at low photon energy via their interaction with atoms as a whole (coherent
scattering). The transfer of energy from the photon to the atom could be considered
neg]igib]e. The scattered photon deviates from its precedent trajectory without energy
loss. Compared to Photoclectric or Compton effects, the possibility to have a Rayleigh
scattering in LXe is minimal, even at a low-energy regime. For this reason we consider

that it could be neglected.

o Pair production - Ic eorresponds to the conversion (materialization) of a photon into an
electron-positron pair from the energy of the incident photon in the nuclear or electron
field. This effect is only possible if the incident photon has energy above 1.022 MeV, twice
the mass energy of an electron at rest, to satisfy the conditions of conservation of energy.
In LXe, it becomes predominant starting from energy around 10 MeV, which is outside

the above mentioned energy range of interest.

Electrons interactions in matter

Incident photons with an energy lower than 10 MeV, mainly produces a photoelectric effect

or/and Compton scattering when interacting with liquid xenon, resulting in ejecting recoil

electrons. Unlike photons, charged particles interact in matter by the Coulomb force and lose

their energy progressively through continuous elastic/inelastic collisions before being stopped.

There are several mechanisms of interaction of electrons with mateer:

« Elastic collisions with atom will just deflect the electron from its incident direction
without degrade its energy. In contrast to heavy charged particles, electrons and positrons

are more likely to undergo multiple scattering by acom due to their low mass.

« Inelastic scattering with the atomic electrons will result in either excitation or ioniza-
tion of the atoms of the medium depending on the transferred energy in each collision.

This process can generate a secondary electronic cloud along the track, accompanied by
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scintillation light in liquid xenon. Tonization and scintillation can be measured during

this process.

« Bremsstrahlung or braking radiation, is the electromagnetic radiation produced by the de-
celeration of the incident electron interacting with the Coulomb field of nuclei. Figure 2.3

shown the stopping power of electrons with respect to electrons energy.
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Fig. 2.3 Stopping power of electrons in xenon. Data taken from [118].

« Cherenkov radiation [119] is the electromagnetic radiation emitted when an electron
passes through at a speed greater than the phase velocity of light in that medium. This
mechanism won't be discussed since it is irrelevant in this thesis, except when the medical

imaging applications using Cerenkov radiation in liquid xenon will be mentioned.

Additionally, electrons and positrons suffer from larger deviations from the electron path

than heavy charged particles, resulting in erratic trajectories.

2.1.3  lonization and scintillation signals generation

Once the incident photon interacts with LXe, one or more recoil electrons will be emitted in
most cases as a consequence of photoelectric or Compton effect. The primary electrons then lose
their energy mainly through ionization and atomic excitation. This part of energy deposited by
recoil electron could generate ionization and scintillation signals in LXe (illustrated in Figure 2.4).
Both signals are produced simultancously and could be used alone or in combination for the

detection of the radiation particles.

Ionization properties

In liquid xenon, the deposited energy E by the incident ionizing particle is ultimately expended

in the production of a number of electron-ion pairs N;, excited atoms N, and free electrons
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Fig. 2.4 Mlustration of signals generation in liquid xenon

with kinetic energy lower than that of the first excited level, known as sub-excitation electrons.

The deposited energy E can be expressed by the Platzman equation [120] in noble gases:

E = N E., + N;E; + Nie (2.1)

in which E.; is the average energy needed to produce atomic excitation, E; corresponds to the
average energy expenditure to create an electron-ion pair, and € represents the kinetic energy of
the sub-excitation electrons.

Given that LXe is a non-crystalline semiconductor, the gap between the valence band and the
conduction band defines a minimum energy necessary to ionize an electron out of its atom, i.c.
ionization potentiai I (given in Table 2.1). While che average energy W to create an electron-ion

pair can be defined as:
W = — (2.2)

Combining the above two equations, we could obtain:

Nex
W = E; E.,— 23
+ N, + € (2.3)
Except for very low energies, W in liquid xenon is a value almost constant of 15.6 £0.3 eV [107].
According to the Equation 2.2, a high ionization yield around 64000 pairs/MeV in LXe could
be calculated. F, the energy deposited by the incident particle, in turn, could be deduced by
measuring N; by coilecting the produced electrons. This principle is used in time projection

chambers to measure the energy of the incident particle.
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Scintillation mechanism

Liquid xenon is also a promising scintillator. As shown in autoreffig:scintillationmechanism,
the scintillation photons are produced simultaneously with the charge carrier generation during
the ionizing radiation. Both ion and exciton generated from the ionizing particle passage
can combine with the surrounding xenon atoms and eventually create the excimer Xej. The
excited dimer Xe3 will decrease towards its ground state after a few nanoseconds by emitting a
scintillation photon

Xe; — 2Xe + hv (2.4)

There are two energy levels of the excited xenon dimer: singlet and triplet, with respective
relaxation times of about 2.2 ns and 27 ns [121]. The excimer lifetime relies on neither the
formation process nor the state of xenon (liquid or solid). The singlet/triplet production ratio is
not constant, it depends on the linear energy transfer (LET) [122]. The formation of an excited

dimer Xe} can be summarized as follows.

« Combination of excited atom and another xenon atom. In this process, the excited atom com-

bines directly with the surrounding xenon atoms producing an excited dimer.
Xe' + Xe + Xe — Xe; + Xe (2.5)

« Recombination of ionized atom and liberated electron. The ionized atom will firstly combine

with another xenon atom forming an ionized dimer Xej , then recombine with a nearby
liberated electron produced by ionization. This process produces again an excited dimer,
which will decay by emitting the same scintillation signal as before, but will take more
time than the first one. The scintillacion recombination component represents a non-

exponential form with a decay time of 45 ns [121].

Xet + Xe + Xe — Xeg + Xe
Xes + e — Xe™ + Xe

Xe™ — Xe* + heat

Xe* + Xe + Xe — Xe; + Xe

The excimer produced from both formation processes generates the identical scintillation light
through de-excitation, whose typical Wavelength is 178 nm [123] transparent in liquid xenon,

which allows it to be measured as a scintillation signal.
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Correlation between scintillation and ionization signals

The intensity of ionization and scintillation production following the ionization radiation in
liquid xenon is deeply dependent upon the applied electric field because of the electron-ion
recombination process (see next section). As shown in Figure 2.5, more electrons escape recom-
bination as the electric field increases, generating a more substantial charge carrier. Meanwhile,
the fraction of scintillation light created from the ionization-recombination decreases. The
dependence of the electric field allows to favor either scintillation or ionization signal following
the indented application. No matter how the electric field changes, the total production of two
signa]s remains constant and relies on]y on the energy deposited by the incident particle. This
anti-correlation between the signals provides the potential to improve the energy resolution by

combining the two of them [124].
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Fig. 2.5 Light and charge yields as a function of drift field for 662 keV 7 rays from uers Figure taken
from [124].

214 Liquid xenon in nuclear medicine: state-of-the-art

The emerging application of liquid xenon in nuclear medicine has proliferated in recent decades.
Diverse types of liquid xenon based SPECT/PET scanners have been proposed, e.g., ionization
chambers, scintillation calorimeters, and time projection chambers (TPCs). Table 2.3 provides
a schematic overview of the liquid xenon exploitation in nuclear medicine. Several devices
based on a single signal (light or charge) type will be introduced in this subsection, while a
more detailed presentation on the TPC based Compton camera, relying on both signals, will be

presented in the next section.
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Table 2.3 Exploitation of liquid xenon in nuclear medicine
Imaging Read-out Project/
Mo dality Detector Technology Phase Mode Laboratoty Country Ref
SPECT Multiwire 10n174:.1t10r1 chamber Slnglc lonization Lawrence USA [125]
Electroluminescence Double Berkeley
Multiwire/Mini-strip plate . Ionization & PETYA/ )
PET ionization chamber Smgk Scintillation LIP-Coimbra Por tui’dl [126]
Segmented scintillation PET/
D - SV
DOI-PET clcmcntary module blngle Scintillation LPSC France  [127]
LXe based PET + PMT Single Scintillation  Collaboration JGF;OAH [128]
TOF-PET
. . Scintillation PETALO/ )
LXe based PET + SiPM Smgk & Cerenkov  LIP-Coimbra Por tugal (129]
e Japon
Collaboration USA [130]
Ionization & XEMIS/
. b . . ) .
Compton-PET Time projection chamber Single Scintillation SUBATECH France  [131]
FURSNSY
?}l{clr{j)}\;[le/ Canada  [132]

Multiwire Tonization Chamber for SPECT/PET

The history of using liquid xenon as a detection medium in nuclear medicine could be dated to the
early 1970. A small multiwire ionization chamber filled with liquid xenon was proposed for the
first time as a gamma camera for SPECT by the researchers of the Lawrence Berkeley Laboratory
[125]. Instead of using the fast scintillacion light, this ionization calorimeter measured the charge
carriers generated from the interacting gamma-ray. The liberated electrons are transported in
pure liquid xenon under a scrong electric field of 10 V/em, then atcracted to the nearest wires
avalanching to produce the needed electrical signals. Even though the signal was read out with
low-noise electronics, the signal-to-noise ratio has been limited by the low electron amplification
in the liquid xenon. In obtaining sufficient amplification, another trial of a dual-phase gas/liquid
system was then proposed. This time, the limitation of the gain was mainly due to the large
number of ultraviolet photons emitted by xenon during the avalanche development process,
which caused the emission of secondary electrons from the surface, resulting in uncontrollable
discharge. As the first attempt to use 1iquid xenon in nuclear medicine, it opened up a new
exploration domain.

In the late 1990s, a LIP-Coimbra group led by A.J.P.L. Policarpo developed a liquid xenon
PET scanner, named PETYA, targeted to realize the time-of-flight measurement. The fast
scintillation light was detected by photomultipliers as the trigger signal, while both deposited
energy and interaction vertex was provided by the ionization signal measured by the multiwire

ionization chamber. A coincidence time resolution of 1.5 ns was obtained and published in [126].
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Besides, the multiwire ionization chamber provides a depth of interaction, thus enabling parallax-
free detection. Ultimately, small ionization signal measurement and electrons drift time were
two dominating impact factors that limited the energy resolution and maximum counting rate,

respective]y.

Monolithic scintillation calorimeter for TOF-PET

Liquid xenon is a promising scintillator for time-of-flight techniques, whose scintillation decay
time (except the recombination light) could be comparable to plastic scintillators. The prospects
of liquid xenon scintillator for TOF-PET were first presented in the work of L. Lavoie in
1976 [133]. He summarized the scintillation physics of liquid xenon, especially its high scintilla-
tion yield and fast responses, and pointed out the potential of applying time-of-flight techniques
on the liquid xenon based PET devices. However, the development of liquid xenon scintillation
TOF-PET was shelved because the exploration of new crystal scintillators attracted most of the

attention.

Xe gas

Cryostat

Liquid Xe

a-a' section b-b' section

g (c)@

Fig. 2.6 (a) Arrangements of 32 PMTs. (b) Cross-sectional view of a prototype model. (¢) Cross-sectional
view ofliquid xenon scintillation TOF-PET scanner seen from the front. Figures taken from [128].

O O

In the late 1990s, a liquid xenon scintillation prototype was constructed and tested to explore
the potential of liquid xenon for TOF-PET experimentally by T. Doke et al. [111, 134]. It consisted
of a homogeneous scintillation calorimeter with a number of photomultipliers immersed in
liquid xenon to measure the fast scintillation light produced by the interaction of a gamma-ray
with the target. In each proposed module, an arrangement of 32 17 PMTs covered the sensitive
volume except the entrance window. The experimental results presented in the lasc article [128]

showed that the liquid xenon scintillation signal could be used for TOF-PET with performances
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even better than those reachable by commercially available crystal scintillators. Furthermore,
on this basis, they proposed a full-size LXe scintillation TOF-PET scanner, whose drawing is
shown in Figure 2.6.

Based on the same monolithic continuous ring, a new liquid xenon TOF-PET concept
named PETALO (Positron Emission TOF Apparatus based on Liquid xenOn) was proposed
by a Portuguese research team in recent years. They attempted to demonstrate that using
liquid xenon scintillator and novel techniques, SiPMs and fast electronics, could significantly
improve the TOF measurement. Instead of surrounding the sensitive volume completely, the
SiPMs would be instrumented only in the entry/exit face or both, depending upon the intended
application. Other detector faces are covered with absorber materials to avoid reflections and
spatial aberrations. The transversal section of the ring is depicted in Figure 2.7. The latest Monte
Carlo studies published in [129] indicate a promising intrinsic time resolution of around 70 ps
using scintillation light, and 30-50 ps with Cherenkov light. A prototype is under construction

to prove those predictions experimentally.
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Fig. 2.7 Scheme of the transversal section of the ring showing the LOR of the 511 keV Figure taken
from [129].

Segmented scintillation module for DOI-PET

Other than using the monolithic continuous liquid xenon medium, the group’s members of
a French laboratory, the LPSC, proposed a parallax error free LXe pPET- using segmented
detection modules and light guide techniques to realize the DOI measurement. Figure 2.8
illustrates the camera geometry and the structure of an elementary module. The emitted
scintillation light is reflected by the M gFy-covered aluminum UV light guides and then read
out by two end-side position sensitive PMTs. The module prototype simulation and experimental
results were published in [135]. An average time resolution of 700 ps (550 ps with energy selection)
was obtained, which could not provide a TOF measurement but it’s good enough to reduce the
random coincidence rate. Besides, it demonstrated that the DOI measurement could effectively
climinate the sensitivity of detector to any parallax effect. The latest experimental results showed

a good spatial resolution of about 1-2 mm RMS in each axis [127].
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Fig. 2.8 Scheme of the LXe pPET camera. Figures taken from [135].

Time projection chamber for Compton-PET

As listed in Table 2.3, different Compton PETs based on liquid xenon TPCs have been proposed
worldwide. Apart from the XEMIS project developed for 3-gamma imaging and discussed in
this thesis, the primary purpose of this type of detector is to use Compton reconstruction to
reduce image results from inner and outer scattering events, thus improving the PET system
performance. A schematic comparison between two detection principles based on a single
monolithic detector or a double scatter telescope, is shown in Figure 2.9a. The single detector
principle is employed in both XEMIS [92] and micro-PET [136]: it will be detailed in the next
section. The double scatter telescope proposed in [130] consists of two parts: a thin TPC layer
used as a scatterer and a thick one as an absorber, separated by a large vacuum volume, whose
clementary module is shown in Figure 2.9b. This design favors the photon to be scattering in the
first layer and fully absorbed in the second detector. The double scatter telescope design might
result in a much better angular accuracy due to the considerable scattering sequence distance.
Whereas, the additional diffusion occurring in the material of the two detectors wall needs to
be considered. The main advantage of the monolithic detector is the higher detection efficiency

compared to the double scatter detector.
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Fig. 2.9 Scheme of the Compton PET constructed by double scatter telescope. Figures taken from [130].
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2.2 Time projection chamber used in XEMIS2

The simultaneous generation of ionization and scintillation signals following ionizing radiation
is the essential and exclusive characteristic of noble gases as detection media, independently
of their phase. Either of the two signals has been employed for energy measurements in liquid
xenon calorimeters. It has been shown that, under a high electric field, the ionization signal
usually provides a better energy resolution than the scintillation one because in this latter case
only a low fraction of emitted photons can be measured. Nevertheless, thanks to its fast decay,
the scintillation signal can be used as a trigger signal due to its fast decay. A time projection
chamber (TPC), the technology used in XEMIS2, is an excellent example primarily operated
with ionization signals combining the scintillation triggering information. It allows three-
dimensional (3D) localization, energy measurement, and particle identification. Besides, it is
also a promising candidate for Compton imaging. In this section, an overview of the TPC used
in XEMIS2 will be explicitly presented from the operating principles, technical development,

and detector description.

2.2.1 Principle of detection

The construction concept of a TPC was first proposed by C. Rubbia in 1977 for a large-scale
liquid argon detector dedicated to low background rare events particle physics experiments [137].
Shortly after, in 1979, E. Gatti et al. [138] developed a non-destructive electrode system of this
type of liquid argon TPC for ionization imaging. The TPC concept and technique were then
successfully developed using the liquid xenon as detection medium, addressing several most
fundamental and intriguing questions in physics research, like the direct detection of dark matter
and the neutrinoless double-beta decay measurement. The most concerning employment for our
XEMIS project is the TPC-based Compton telescope, which was proposed for the first time in
1996 by E. Apri]e et al. [139] in the Liquid Xenon Gamma-Ray Imaging Te]escope (LXe-GRIT)
rescarch program for MeV energy astrophysics. The conceptual operation of LXeGRIT for
Compton imaging is illustrated in Figure 2.10. It has a similar design to the TPC used in XEMIS2,
except for the readout electrode. The multiwire structures used in LXeGRIT allow the drifting
electrons to pass from one sensing wires plane to another with one coordinate determined at
cach plane. While in XEMIS2, we use a single-readout plane with a two-dimensional array of

independent pixels, each read with an individual preamplifier.

Fundamental structure and operation concept A typical liquid xenon TPC is composed of a
monolithic sensitive volume with a uniform drift electric field defined by a cathode, a series of

field shaping rings, and a segmented anode two-dimensional (2D) charge readout. A shielding
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Fig. 2.10 Conceptual operation of the LXeGRIT detector for Compton imaging. Figure taken from [140].

grid is frequently placed in front of the anode, aiming to eliminate the dependence of the
induced signal to the Z-position of the interaction. While an ionizing particle interacts with
liquid xenon in the active zone, the fast scintillation light is detected by the UV sensitive PMTs
quasi-instantaneously, measuring the time of the interaction. The free ionized charge carriers
from ionizing radiation are then drifted toward the anode under the homogeneous electric
field. Once the drifting electrons start to cross the shielding grid and move toward the anode,
the electric signals will be induced on the segmented readout system. The ionization signal
formed on the pixelated anode provides two coordinates on the (X, Y) plane, perpendicular to
the drift electric field. The Z coordinate along the drift field direction can be inferred from the
electron drift time, the delay time between the ionization signal and the scintillation signal.
The 3D interaction position reconstruction can be consequently obtained. Besides, the total
collected charges, which are proportional to the deposited energy in the detector, enable energy

determination.

Advantages and limits  Both good spatial and energy resolution are reachable thanks to the
unique physics properties of liquid xenon as detection medium. Moreover, the development of a
self-triggering device can also be considered. However, limited to the long electrons drift time,
varying from microseconds to milliseconds, which mainly depends on the chamber dimension

and intensity of the electric field, the TPC is typically used for low counting rate applications.

Multiple Compton scattering  The incoming gamma-ray direction can be reconstructed with

Compton kinematics from the energy and position information of each interaction. This requires
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a detector with accurate 3D localization, precise energy measurement, and multi-interactions
separation ability. For achieving those requirements, all other proposed detector approaches are
based on the multi-layers position-sensitive elements. However, multiple interactions might
occur, in the same layer or out of the sensitive region, resulting in detection efficiency restriction.
Liquid xenon TPC affords a monolithic 3D homogeneous position-sensitive detection volume,
in which interactions can be determined in any location, maximizing the detection efficiency of
multi-scattering events. Another important limitation of Compton imaging, to be considered
for Compton imaging, especially for gamma-rays with energy below few MeV, is ambiguity due
to the unknown temporal order of the Compton scattering sequence, which will be discussed in

Chapter 7.

XEMIS2 TPC for 3-gamma imaging A scheme of XEMIS2 camera for small animal imaging

with 3-gamma modality is illustrated in Figure 2.11.
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Fig. 2.11 Scheme of XEMIS2 camera for small animal imaging with 3-gamma modality.

The XEMIS2 detector is composed of two identical liquid xenon cylindrical TPCs sharing a
common central cathode. The active zone is covered by PMTs and two end-sides equipped with
segmented anodes, detecting the scintillation light and ionized charges, respectively. A detailed
detector description will be given later. The capacity of all interactions identification in a liquid
xenon TPC (with a specific separation limit depending on the detector performance) allows
XEMIS2 to record both Compton multi-scattering event and photoelectric single-scattering
event. With these information, the LOR and Compton cone can be reconstructed simultaneously

in the same detector.
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2.2.2 Processes affecting charge carriers collection

As explained in previous section, ionization signals in a TPC allow both position and energy
measurement of particle interactions. The optimization of charge carriers collection and readout,
therefore, becomes a crucial point for detector performance. Many physics and device related
mechanisms play a role in this optimization process among which the electron-ion recombina-
tion, the transport of electrons (drift and diffusion), the electrons actachment by impurities,
and electronic signal generation. This subsection focuses on the increase of charge collection
ef‘f‘lciency based on the xenon purity, electric field, and readout electronics optimizations. Addi-
tional prerequisite impact factors, such as the cryogenic system, material selection, and design
detail, will not be considered here. In the following, a brief review of the ionization process

from electron generation to electronic signal formation will be firstly presented.

lonization process from electron generation to electronic signal formation

As mentioned in the precedent section, when a ionizing particle has interacted in the detector,
the deposited energy Ej generates a certain amount of electron-ion pairs Ny through ionization,
following the relation of Ny = Ey/W, where W is the average energy needed to create an
electron-ion pair. If all those electrons could be collected u]timately, the deposited energy would
be directly calculated from the electronic signal waveform amplitude owing to the well-known
W-value. However, the final measurable electron number is intensively affected by the following

processes before being collected by the anode.

« Electron-ion recombination - As soon as electron-ion pairs are created, a portion of the
created electrons recombines with ions immediately before drifting to the anode. The
recombination is the main reason of charge loss, whose fraction depends on the local
density of electron-ion pairs and the applied electric field.

« Electron drift - The electrons that escape from recombination then drift towards the
anode, traversing the liquid xenon under the electric field. Since the drift time is measured
from the delay time between the arrival ionization signal and the fast scintillacion light,
the known drift velocity allows determining the Z coordinate of the interaction along the
drift axis. Thus, it is necessary to have an accurate knowledge of the drift velocity, whose

dependence on the applied electric field will be discussed later.

« Electron diffusion - The electron cloud resulting from the collision of electrons with
atoms and molecules, spreads in liquid xenon during the transport, along the transverse
and longitudinal planes simultancously. The diffusion process expands the electron cloud
size from an initial almost punctual to a gaussian distribution when they arrive at the

anode, leading to a certain number of fired pixels.
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« Electron attachment by impurities - Like all noble gases, the xenon atom surrounded by
a full outer electron shell that prevents electron capture during free-electron propagation.
However, the drift electrons might be attached by the contaminants molecules inside
liquid xenon, especially electronegative impurities like oxygen. This phenomenon resules
in a reduction of collected charge number on the anode, which is dependent on the drift

distance: longer the distance, greater the degradation.

- Signal waveform - Electron movement produces an induced current in the anode during
the drifting in the electric field volume. The duration and amplitude of the current
induced by an electron cloud will vary with the drift time. For the same deposited energy,
the signal waveform and amplitude depend on the Z position of the interaction. Therefore,
to eliminate this dependence as much as possible, a Frisch grid is placed just above the
anode to shield it from the movement of ions between the cathode and grid. In this way,
all induced current starts from the moment that electrons arrive at the grid and ends
when all electrons are collected on the anode, for any electron cloud position in the drift

volume, to realize the signal waveform uniformity.

Impact of electric field

In a TPC, the impact of the applied electric field on charge carriers collection can be summarized
into two aspects: uniformity and intensity. First of all, the nonuniform field can cause the local
variation in the electron drift Velocity, resu]ting in a distortion of the track pattern. Distortions
could be amplified if a component of the field becomes parallel to the readout plane. Therefore,
for the correct operation of the TPC, it is essential to ensure the electric field uniformity in
the drift region. This can be obtained by using a surrounding field-shaping system located
outside of the drift volume. Besides, the high intensity of the electric field in drift volume
can optimize the electron collection for two significant reasons: (i) decreasing the rate of ion-
electron recombination will improve the signal-to-noise ratio and ameliorate the intrinsic energy
resolution resulting from the liquid xenon; (ii) increasing the electron drift velocity will lead to

a shorter drift time.

i. Electron-ion recombination  High charge yield provides the detector with a better signal-
to-noise ratio, improving the sensibi]ity and resolution. The phenomenon of electron-ion
recombination was mentioned above in the correlation between scintillation and ionization
signals, indicating the strong dependence of charge and light yields on the electric field. Nu-
merous theoretical and experimental studies have been done to interpret and reproduce this
recombination process in liquid noble gases. The three most used traditional models are the

germinate recombination [141], the columnar [142], and the Thomas and Imel box ones [143].
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Fig. 2.12 Predictions based on NEST for che light and Chargc yiclds of electronic recoil events when the
primary particle interacting with liquid xenon is a gamma-ray or a beta particle (a pure electron or a
delta ray). Figure taken from [146].

The germinate recombination model is based on the Coulomb interaction between the charge
carriers and the initial ions. On account of the previous concept, the Columnar recombination
approach completes the dependency with the possibility that free electrons may recombine
evenly with other positive ions along the particle ionization path. More realistic assumptions
were considered in the Thomas-Imel box recombination model, where a more detailed descrip-
tion could be found in [144]. In recent years, an updated simulation model that incorporates
a semi-empirical physic model, named Noble Element Simulation Technique (NEST) [145],
provides a more realistic estimation of scintillation light and ionization charge yields from
recoiling particles in liquid xenon in a wide range of energies. Figure 2.12 shows the predictions
based on NEST for the light and charge yields of electronic recoil events when the primary
particle interacting with liquid xenon is a gamma-ray or a beta particle (a pure electron or a
delta ray).

In liquid xenon, yields depend on the type of incident particle, its kinetic energy and the
electric field. For a given particle with a specific energy, like in the case of nuclear medicine
for which we choose the incident particle as well as its energy, the electric field becomes the
determinant factor for charge and light yields. A higher electric field decreases recombination,
raising the charge yield so that a better signal-noise-ratio could be reached. However, in liquid
xenon, applying a high Voltage to create an intense electric field may lead to spurious non-
physical electron and light emission near the electrode, whose signals will perturb the physics
signals. Thus, to optimize the charge yields without signals perturbation, it is important to

choose the appropriate electric field intensity based also on the detector dimensions. In XEMIS2,
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a high clectric field of 2 kV/em is defined all along the 12 ¢m long drift area of each TPC,
corresponding to a high voltage of 25 kV applied to the cathode in order to optimize the charge
yield and detector resolution.

ii. Electron drift velocity In a TPC, the electron drift velocity vgpi i allows to calculate the Z

position along the drift direction, according to the formula:

Z = Vdrift X Zfdm’ft (2.7)

where £gpif¢ is the electron drift time. For a correct estimation of the z position it is thus needed
to measure the drift velocity accurately. The electron mobility depends not only on the applied
electric field in the active volume but also on the density of the xenon, relying on the pressure and
temperature of the system. Since the operating conditions of XEMIS2 are very stable pressure
of 1.2 bar and temperature of 165 K, hence the density of liquid xenon is almost constant as
well as the electron mobi]ity around 2200 cm? V=151 [147]. Besides, the electron drift Velocity
can be increased by contaminations such as carbon hydroxides [102], but this is not the case in
XEMIS2. Here, the variation of electron drift velocity is simplified to a single variable problem,
which only depends on the applied electric field. Figure 2.13 shows the electron drift velocity in
liquid (163 K) and solid (157 K) xenon as a function of the electric field strength, with respect to

that in solid xenon.
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Fig. 2.13 Eleccron drift Vclocity in liquid (163 K) and solid (157 K) xenon as a function of the electric field
strength. Figure taken from [108].

In liquid xenon (same as in the solid-state) the thermal equilibrium between the electrons

and the medium can be established at low-field intensity. In this region, the electron mobility f¢f,

is almost constant, and the electron drift Velocity Vdrift behaves quasi—linearly with the electric

field F like:

Vdrift

:[,LLXE

(2.8)
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However, the thermal equilibrium could not be maintained as the field strength increases. Above
a few kV/em, the dependence of the electron mobility on the applied electric field disappears
progressively. The electron drift velocity is no longer linear with the field and tends to saturate.
This behavior is still not completely explained, although several theoretical descriptions [148, 149]
and experimental complements [150, 151] have been addressed. The electron drift velocity in
liquid xenon under 2 kV/ecm has been experimentally measured in XEMISI, and it is about
2.3 mm/ps [152]. Since the mobility of holes and positive ions in liquid xenon is about 10~°
times lower than that of electrons [153, 154], the effect is negligible in the context of low activity

used in the XEMIS2 experiment.

iii. Electron diffusion The electron cloud resu]ting from the collision of electrons with atoms
and molecules spreads out during the transport. According to the kinetic theory, the spread
along any axis of an initial point-like electron cloud can be described by a Gaussian distribution
with a standard deviation equivalent to the diffusion of charge carriers. Therefore, the diffusion

along any one axis « can be described according to

Ox = 1/ 2 Dm tdrift (2.9)

where D, is the diffusion coefficient along the 2 axis expressed in ecm?s™! and ¢4, is the
clectron drift time. The spread of the electron cloud depends on the electrons collection time,
which is related to the travelled distance by the electron through the LXe (dgy¢) and the electron

drift velocity (vgpi ). Therefore, it can be expressed in terms of the distance according to

ddrift

o= ,2D, (2.10)

Vdrift

Figure 2.14 shows that the electron transverse (D7) and longitudinal (D) diffusion coefficients

for liquid xenon reduce with the increase of the electric field.

iv. Electrons attachment by impurities Due to electronegative impurities present in ]iquid
xenon, such as oxygen or water, the initial number of ionized electrons after recombination N
reduces into Ne(t4ript) electrons collected on the anode after a drift distance dgyi ft, which can

be expressed by the following equation:

Ne(tarigt) = No e *darire (2.11)
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Fig. 2.14 Transverse (D7) and 10ngitudinal (Dyp,) diffusion coefhicients for liquid xenon as a function of’
the electric field. Figure taken from [102].

where A is the electron attenuation 1e1’1gth of the detector, which can be represented by the
product of electron lifetime 7. and electron drift velocity vgyift, directly related to the total

attachment rate inside liquid xenon, as follows:

Vdrift

A = Varift - Te = S (2.12)
where [V;] is the molar concentration of a given impurity, and &; is the actachment rate constant
of such contaminant. The electron-attachment rate constants Of‘impurities are measured and
described, under different electric fields, in Ref. [155]. The total atcachment rate of a detector
is commonly estimated by equivalent impurity concentration of oxygen, k.[O2]eq, which is
measured in parts per billion (ppb). The phenomenon of electron attenuation could be greatly
climinated by reducing the impurity concentration through a purification system. A purification

system is implemented in XEMIS2 to render xenon ultra-pure during the recirculation loop.
Besides according to the Equation 2.11, the electrons reduction during propagation depends
also on the electron drift velocity, i.e., on the electron drift field where the experimental results
are showed in Figure 2.15. As we can see, the experimental results indicate that the electron
attachment rate is reduced with the increase of the app]ied electric field. The attenuation 1ength

can be experimentally measured, allowing estimating the purity level of the liquid xenon inside
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Fig. 2.15 Attachment rate constant of electrons in LXe as a function of the applicd electric field for three
different contaminant. Figure taken from [156].

the detector. Moreover, to get the correct initial electron number, a collected charge correction

as a function of the drift distance should be done during data analysis.

Effect of Frisch grid

A Frisch grid is conventionally a metallic mesh placed above the segmented anode, with the
aim of obtaining a readable ionization signal whose amplitude is proportional to the number
of collected electrons and independent of the interaction position along the drift direction.
As explained previously, the operating principle is to shield the electrons drift motion in the
electric field before electrons arriving at the grid so that no signal is induced in the anode in
ideal conditions. Therefore, undesirable variations of the induced signal with respect to the
distance of the interaction to the anode can be eliminated.

However, the charge induction shielding might not be perfect, in reality, due to numerous
parameters such as the mesh geometry, material, and manufacturing technique. For the selection
of the grid material, the coeflicient of thermal expansion should be similar to that of other
structures constituting the detector, otherwise, during the immersion and removal of TPC in
liquid xenon, the grid deformation caused by the contraction and expansion effects could increase
clectronic noise or even destroy the electronic components. The Frisch grid inefficiency might
affect the waveform of the anode signal, directly resulting in an impact on energy resolution.

After studies in XEMIST, 500 LPI copper micro-mesh was selected as a Frisch grid in XEMIS2.

Besides, to attain electron transparency close to 100%, a strong electric field should be applied
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in the gap, at least a factor 5 to 10 times higher to the value of the electric drift field depending

on the type of Frisch grid.

2.2.3 Detector description

The XEMIS2 Compton camera is currently under construction.The detector is based on the
single-phase liquid xenon TPC technique, whose transverse and longitudinal cutout views
are illustrated in Figure 2.16. The detector was designed as a monolithic and high-sensitivity
cylindrical camera containing around 200 kg of LXe, whose geometrical acceptance for small

animals is always superior to 50% (up to 75% at the center) within the whole field of view (FOV).

(a) (b)
Fig. 2.16 Design of the XEMIS2 camera (TPC is inside the cryostat), where (a) presents a longitudinal

section and (b) shows a transverse cut view.

XEMIS2 TPC  The active region of XEMIS2 consists of two identical cylindrical TPCs sharing
a common central cathode. The whole detector is traversed from the center by a hollow tube
used for small-animal holding during the imaging. Each TPC is of 7 cm of inner radius, 19 cm
of outer radius, and 12 ¢cm of drift length. The schematic diagram of an upper half TPC, i.c.,
one-quarter of the active zone, is illustrated in Figure 2.17. For VUV scintillation light detection,
in a first phase of the project the active volume is peripherally equipped with 64 PMTs, while
for future researches, an entire lateral surface cover with 380 PMTs will be realized and installed.
Two segmented anodes are placed in both end-sides of the TPC, symmetric to the cathode, with
pixel size of 3.1 x 3.1 mm?. A micro-mesh is located at 120 gm above the anode serving as a
Frisch grid. The charges produced by ionizing radiations are drifted under the electric field and
then collected by the anode. A more detailed description of light and charge collection systems

is given in the following section.
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Fig. 2.17 Simplified geometry of XEMIS2. Only half of the right TPC with respect to the cathode is

rcprescnted.

2.2.3.1 Light detection system

Although XEMIS2 is not intended to operate as a scintillation calorimeter, the light collection has
been optimized as much as possible without affecting the ionization signal collection. Compared
with the crystal scintillator based PET system, in the liquid xenon based XEMIS2 camera, there
is a big difference in light detection. In the traditional crystal detectors, the scintillation photons
are reflected and oriented towards a readout PMT. In contrast, due to the monolithic design
of XEMIS2, the emission and propagation of VUV scintillation light generated in the XEMIS2
detector are isotropic in 47. Therefore, to ensure that the produced light can be collected,
the active zone is covered by a set of PMTs, entirely immersed in the liquid xenon during the

detector operations.

PMTs In a first phase of the project, XEMIS2 will be equipped with 64 PMTs to detect
scintillation light for a source activity of 20 kBq. These photodetectors are the VUV-sensitive
Hamamatsu R7600-06 MOD-ASSY PMTs (Figure 2.19), developed especially for working at
liquid xenon temperature. The active area of this PMT consists of a bi-alkaline photocathode of
18 x 18 mm?, behind a quartz window of 24 x 24 mm?, so the dead zone of the PMT at each
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side is about 8.8 mm. The PMT displays an excellent UV photon sensitivity, whose quantum
efficiency is about 30% at 175 nm. The gain of PMT can reach about 10° under a high voltage

alimentation of 750 V.

Fig. 2.18 Mechanical support for the 380 PMTs Fig. 2.19 Hamamatsu PMTs used in XEMIS2

Mounting bracket A stainless-steel support (Figure 2.18) is utilized for PMTs assembly, placed
in the peripheral region at around 31 mm from the active zone. As many as 380 PMTs can be
mounted to realize a full coverage of the active zone, which will be accomplished in future phase
of the project to handle a bigger activity up to 200 kBq. The separation structures add a distance
of 3 mm between each PMT position, resulting in a little additional dead zone between two

PMTs, with a total dead distance of about 20.6 mm.

Shielding grid A shielding copper mesh is set at 7 mm in front of the PMTs surface; in other
words, 15 mm outside the electric field rings, to protect PMTs from the impact of the high
voltage applied to the field rings and cathode. The pitch size is 6.3 mm, providing optical

transparency of 89%.

Conclusion  In XEMIS2, the scintillation light is mainly employed as a trigger signal for initial
interaction time ty measurement, providing the z-position. The PMTs all around the active
region allow for light collection and measurement. However, due to the strong electric field
of 2 kV/em used to collect charge carriers, for more than 100 keV gamma-ray used in nuclear
medicine, the scintillation yield reduced to less than 50% with respect to zero electric field
applied. Other factors used for electrons collection also affect the light collection efﬁciency, such
as the field rings placed around the active zone hindering the light propagation to PMTs through
reflection and diffusion. As the number of measured photoelectrons is small, the scintillation
signal cannot be used for spectroscopy to optimize the energy resolution by combining it to

the charge measurement. Nevertheless, light detection has another important application that
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consists in a pre-localization of the interaction position which permits to reduce the occupancy

rate.

2232 Optimized charge collection system

The charge collection system installed in XEMIS2 TPC includes a central shared cathode, two
symmetric segmented anodes with micromeshes above, and a series of field shaping rings. The
associated data acquisition electronics for ionization signal measurement is described in the

next section.

Cathode The cathode used in XEMIS2 is an annular electrode made of stainless steel with an
inner radius of 76.5 mm, an outer radius of 203.5 mm, and a thickness of 2 mm. The frontal
view of the cathode with the stainless steel field shaping rings is shown in Figure 2.20. The
central hole allows the aluminum tube traversing, in which the small animal is held during
the imaging process. Eliminating the cross-influence of scintillation detection between two
back-to-back TPCs, the cathode is entirely opaque for the UV photons and placed in the middle
of the detector as a separation plane. A high voltage of 25 kV will be applied at the cathode

during the standard operating conditions to realize a 2 kV/em drift electric field.

Fig. 2.20 Front view of the cathode with the stainless steel field siiaping rings.

Field rings In XEMIS2, the electric field uniformity in the drift volume is ensured by two
sets of field-shaping rings located respectively on the inner and the outer sides of each TPC,
between the anode and the cathode. The internal one is a set of micro copper electrodes, each
of 2 mm wide and 0.35 mm thick, printed directly in a Kapon insulation layer, patched on the
wall of the hollow middle tube. A partial zoom view is illustrated in Figure 2.17, where every
two copper electrodes keep a constant gap of 1 mm. The external set comprises 21 stainless-steel
field rings immersed in the liquid xenon for shaping a uniform electric field, whose potential is
driven from the cathode to the first field ring through a resistive divider chain. The last resistor

of the divider chain is connected to the ground via a 500 M2 resistor, whereas the first one is
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connected to the high-voltage electrode. After a detailed simulation study, the gap of those field
rings above the PMT has been expanded from 5 mm to 10 mm to optimize the light collection,

while the electric field uniform should not be perturbed.

Charge collecting electrode  In XEMIS2, two identical electrodes are placed opposite to the
central cathode at the end-side of each TPC to collect the drifting electrons. Based on the
MIMELI (MIcro-MEsh for dense Liquid lonization chamber) technique, cach charge collecting

electrode includes a segmented anode and a micro-mesh as a Frisch grid.

. Segmented anode - The anode is composed of more than 10,000 pixels of 3.Immx 3.1 mm,
equipped with micro-pillars of 130 gim. It is a four-layer ceramic circuit made of ROGERS
RO4350B, where the pixels, the strips between pixels, and the pillars are made of copper.
The presence of the tracks as well as the micro-pads can be observed in Figure 2.21a. On
the back of the anode, using 60-point connectors allow the front-end electronics to be
connected (Figure 2.21b). The golden color of the circuit comes from the passivation

Ni-Au layer deposited at the surface of copper.

(a) Frontal view (b) Bottom view

Fig. 2.21 The segmented anode employed in XEMIS2. The small squares at the center of the front view
anode represent the pixels, whereas, in the bottom part, the connectors of front-end electronics are ready

to bond.

« Frisch grid - A 500LPI copper micro-mesh of 5 pim thick is placed above the segmented
anode at a distance of approximately 125 pim (gap obtained with the 130 gzm pillars welded)
and applied a voltage of 300 V under at operation condition, serving as the Frisch grid. Its
purpose is of obtaining a readable ionization signal whose amplitude is proportional to
the number of collected electrons and independent of the interaction position along the
drift direction. To maintain the flatness and the distance with the anode, the micro-mesh
is stretched and fixed on a stainless-steel frame for generating a uniform electric field, as

shown in Figure 2.22.
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—

Fig. 2.22 The stainless-steel frame of the Frisch grid used in XEMIS2.

Conclusion  Ionization signal provides information about the deposited energy and the position
of each interaction vertex. The accurate measurement of charge carriers plays a fundamental role
in Compton imaging, enabling the possibility of Compton scattering sequence discrimination
and reconstruction. The collection of charge carriers is optimized in XEMIS2. A strong drift
electric field of 2 kV/em is applied uniformly in the active volume via the field-shaping rings.
Drifting electrons are directly collected on the segmented anode in our single-phase LXe-TPC,
without a gaseous phase clectroluminescence amplification. Using a copper micro-mesh placed
between two electrodes of the TPC allows the anode to shield the drifting motion of electrons,
serving as a Frisch grid. The MIMELI technique has optimized the induced current signal on
the charge collecting electrode via the minimization of Frisch grid inefficiency. Besides, an
ultra-low noise high capacity signal readout system has been developed, which will be discussed
in the next section. Compared with the highly expensive PMT/SiPM, the direct ionization signal

measurement also has a tremendous economic advantage for medical imaging applications.

23 Compact and safe cryogenic facility

One complexity of the whole detector is due to the use of liquid xenon. The operation condition
of liquid xenon is 168 K at 1.2 bar abs with a range of 6.7 K under this pressure. Like all liquid
noble gas detectors, the cryogenic facility is indispensable to control the stable detection medium
for proper operations. Moreover, since XEMIS2 was conceived to be installed at CIMA (Nantes
Hotel Dieu hospital) for preclinical research, its cryogenic infrascructure has to comply with the
criteria of a medical imaging facility. Compactness and safety are two crucial characteristics
that should be considered additionally. As shown in Figure 2.23, the XEMIS2 cryogenic facility
consists of three sub-systems: the TPC container (Cryostat), the Recovery and Storage of
Xenon (ReStoX), and the purification system. This section gives an overview of the cryogenic

facility of XEMIS2 from description to performance.
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Fig. 2.23 Overview of the XEMIS2 cryogenics facility. From left to right: XEMIS2 cryostat, ReStoX and
purification system.

231 System description

Detector Cryostat  To maintain the low temperature of liquid during the whole data acquisition
period, the XEMIS2 detector is enclosed in a double-layer cylindrical cryostat made of stainless
steel. The inner vessel filled with liquid xenon, possessed a diameter of 60 cm and a length
of 5.4 cm. It allows the TPC to be entirely immersed during operations in about 200 kg of
liquid xenon. The external envelope served as a safety vacuum enclosure to maintain thermal
insulation, its dimension is 80 ¢m in diameter, 87.5 cm in length, and 5 mm in thickness. A
vacuum level of 107 bar between two walls is continuously maintained under normal operating
conditions, minimizing the heat transfer into the TPC resulting from the different temperatures
between the liquid xenon and outer circumstance. To reduce the radiative heat transfer on the
low—temperature part of the cryostat, the inner vessel is covered by multiple layers of aluminized
Mylar foil (MLI). The reduction of heat load economizes in return the required cooling power.

Besides, a specific inner central tube is designed for small-animal holding. XEMIS2 is dedicated
to in-vivo imaging of the small animal. A hollow aluminum tube measuring 100 mm in diameter
and 2.5 mm in thickness is built, placed at the center of the camera to hold the small animal
during the exam. The whole tube is wrapped in vacuum insulation of 7.5 cm thick separated from
the stainless-steel inner vessel. This design aims to maintain the animal at room temperature

while insulating the internal cold of the cryostat.

ReStoX  The ReStoX cryogenic sub-system of XEMIS2 is connected to the cryostat through
two pipes providing fast recovery and safe storage of liquid xenon. It is designed as a double-

vessel cylinder tank to store and control liquid xenon (172 K at 1.5 bar abs). The inner vessel
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is served as a xenon holder, with 20 cm of diameter and 1 m
length, capable of holding 280 L xenon in all states. The
external container works as a safety vacuum enclosure to
maintain thermal insulation possessing a volume of 300 L.
Both vessels are made of stainless steel, each with a thick-
ness of 2 cm and whose total weight is up to 440 kg. The
vacuum layer between them is filled with perlite insulation

of 25 em thick. Besides, there are two heat exchangers (E1

& E2) equipped on top of the inner vessel. E1 is a massive
aluminum condenser powered by a continuous circulation
of liquid nitrogen, served as a cooling system. The requisite

cooling power is regulated by the mass flow of liquid nitro-

gen, whose nominal temperature is 170 K. E2 is a coaxial

Fig. 2.24 Sch f ReStoX
tube set for inlet/outlet xenon enthalpy saving. 6 cheme of Resto

Purification System  As mentioned in the previous section, iiquid Xenon purity has a critical
impact factor on detector performances. The electronegative impurities, such as N2 or O2,
could capture the drifting electrons before arriving at the anode, decreasing the detector signal
to noise ratio. Furthermore, traces of moisture inside the detector, as the main cause, could
absorb the UV scintillation 1ight. Therefore, a high 1iquid purity level is required to eliminate
the impurities impact on both ionization and scintillation signals detection. In XEMIS2, the
xenon is continuously circulated through a closed-loop purification system connected with
the cryostat and ReStoX. It comprises two parallel purification branches, each consisting of a
rare-gas getter and an oil-free membrane pump. The high—temperature SAES MonoTorr Phase
II getter (PS4-MT3-R/N) [157] used in XEMIS?2 is based on zirconium functioning only in the
gas state. So, the xenon is continuously evaporated, purified, and condensed in the circulation
loop. The pressure loss throughout the whole circulation is supplied by the pump installed in
series, whose maximum circulation rate is 50 NL/min, to maintain the constant pressure. The
puriﬁcation process continues even during the storage for ﬁ]iing up the detector cryostat at any

moment with ultra-pure liquid xenon (< 1 ppb Os).

232 Commissioning: operations and performances

As mentioned above, the whole XEMIS2 camera was designed to be installed at the CIMA for
pre-clinical researches. The primary concern is the security of the use of liquid xenon in an
hospital environment. A complete commissioning has been carried on to demonstrate the system

security under extreme conditions (except for force majeure conditions such as earthquakes). A
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set of tests has been done, including the ones on the mechanical and cryogenic parts. Limited
by the section length, the experiments concerning thermal losses and system warm-up are not

addressed in the following,

1. Leak tests Due to safety concerns, leak tests (Figure 2.25) were done before other manip-
ulations to ensure the detector cryostat tightness under vacuum and pressure (2.4 bar abs)
conditions. Pfeiffer Vacuum HLT 260 QualyTest helium leak detector was used in tests to detect
and locate small leaks, where an inside mass spectrometer detects the leak rate. In vacuum mode,
the part to be tested was connected to the helium leak detector, while the outer surface was
sprayed with a localized stream of helium tracer gas. For pressurized components, the test was
done in sniffer mode. For both internal and external enclosures of the cryostat, the leakage rate

was measured to be below 4.6 10~ mbar.l/s, which is lower than the threshold of 1076 mbar.l/s,

showing a satisfactory airtightness.

Fig. 2.25 Photograph of the XEMIS2 leak test performed in the Subatech laboratory.

2. Evacuation After testing the tightness of the container, the inner and outer containers
were evacuated in sequence. The vacuum of the inner vessel can reduce the contamination of
xenon with air during the following injection. The external vacuum enclosure creates thermal
insulation to decrease the heat transfer into the detector, thus, reducing the required cooling
power. Because of the large volume of the entire system, two primary vacuum pumps were first
used to evacuate the container to reduce the pressure to 1072 bar. The pressure was then reduced
to 107% mbar owing to two turbo-pumps parallel to the primary pump. During the regular
operation, only one primary pump and one turbo-pump connected to the external enclosure

run continuously to maintain the vacuum level.

3. Pre-cooling and filling  Once the vacuum level was achieved, we needed to fill the cryostat with

liquid xenon from ReStoX. Two systems were directly connected through two stainless-steel
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pipes where an Ultra High Vacuum (UHV) manual valve controls the exchange between inner
vessels. Xenon injected automatically into the internal container when the valve was opened.
Nevertheless, to ensure the cryostat pressure always below the security value of 2 bars, the
continuous filling process could not be carried out until the whole system was entirely cooled.
A precooling process needed to be achieved by Continuously injecting the cooled gas xenon
to cool down the entire stainless steel well. A pressure balance of 1.5 bar established about
twenty minutes after the open of the valve. The temperature of the whole cryostat then reduced
progressively from bottom to top during the injection. The ending point of pre-cooling arrived
when a non—negligible mass of xenon was transferred from ReStoX to the cryostat, signifying
the start of the fulling process. The evolution of temperature and ReStoX mass is represented
in Figure 2.26. The whole procedure took about 30 h, divided into 21 h for pre-cooling and 8 h
for liquid xenon filling. The final sceady-state, normal operation condition, was attained when
the cryostat pressure was reduced to 1.2 bars, whereas that of ReStoX remained at 1.5 bars. The

above procedures are illustrated in Figure 2.27.

1870

- Filling
20 Se— 1860
ReStoX mass \"\ L "V\g
— 10 - - 1850
s \ —
~ 0- \,\ - 180 5
12
F-TPO3 [ORY \ 1m0
F-TPO4 5 \ a
GXe 1 F-TP17 *(-“' -20 - \‘ - 1820 g
outlet 8'30 i 100 E
g 40 - - 1800 %
F-TP1I6 > S g
8 -60 1780 m
|
-70 - 1770
F-TP1S =i [ £
-90 1750
LXe S
inlet” § F-TP12/13/14 e 1740

-110 - 1730

06:00
o800
10:00
1200
1400
20:00 '
000
0200
0400
0600
0800
10:00
1200
1400
16:00

time (HH:MM)

(a) Thermocouples posionning (b) Temperatures evolution

Fig. 2.26 Evolution of temperature and ReStoX mass during pre-cooling and filling regimes.

4. Recovery  The recovery step is a critical security procedure needed in case of specific issues
that might require an urgent recuperation of the liquid xenon. Considering that the camera
will operate in the hospital, to ensure safety under any extreme conditions (except for force
majeure conditions such as earthquakes), XEMIS2 has been conceived as a passive gravity assisted
rehabilitation system. The experimental results have been published by our cryogenic expert L.
VIRONE in [158]. The setup takes advantage of the pressure difference and the height gap to
realize the passive recovery of liquid xenon from the cryostat to ReStoX. More specifically, we
only need to disconnect the pumps, by-passing the purification loop, so that a pressure balance

is reestablished between ReStoX and the cryostat, pushing liquid xenon into the recovery tank.
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(a) Pre-cooling and Liquefaction (b) Normal regime

Fig. 2.27 Diagram of the facility in different regimes.

Under emergency circumstances, e.g., power outage, all active systems are stopped accidentally,
which exposes XEMIS2 to a dangerous situation. Meanwhile, the pumps strike in the purification
loop results in an automatic recovery within 10 minutes at a mass flow rate close to 1 ton.h™,

with no need for human intervention.

Conclusion  This commissioning demonstrates the high efficiency performance of the whole
cryogenic system of XEMIS2, especially the safety characteristic. At present, the whole cryogenic

facility has been verified and installed in the manipulating room of CIMA (Figure 2.28).

: 3 5.
Fig. 2.28 General view of the XEMIS2 installed at CIMA (Nantes Hotel Dieu hospital): front) XEMIS2
cryostat and behind) Recovery and Storage of Xenon (ReStoX).
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2.4 Conclusions Chapter 2

In this chapter, we introduced an innovative Compton camera for small animal imaging, XEMIS2.
It is part of the XEMIS project, which is devoted to developing the LXeTPC-based Compton
telescope to realize ultra-low activity medical imaging by using the 3-gamma imaging technique.
This R&D project consists of three main phases: the prototype XEMIST that has been realized
and completed; the XEMIS2 that is the subject of what presented in this thesis; and a total-body
imaging/hadrontherapy-monitoring camera XEMIS-HD, which is currently under investigation.

In the first part of this Chapter, the main physical properties and ionizing radiation char-
acteristics of liquid xenon as a detection medium have been discussed. The advantages of the
liquid xenon as a detection medium (its high density, large acomic number, etc.) have been
presented. The importance of the possibility to simultancously measure the scintillation and
ionization signals has been underlined. The xenon fast light response makes it also attractive
for timing applications. Morcover, the liquid phase renders it suitable for building scalable
monolithic detectors with a uniform high-sensitivity response and negligible dead zone. Given
its excellent radiation response, the emerging application of liquid xenon in nuclear medicine
has proliferated in recent decades.

In the second section, we first discussed the basic operation principle of a time projection
chamber (TPC). It operates primarily with ionization signals combining them with the scin-
tillation triggering information, it provides a three-dimensional (3D) position reconstruction,
energy measurement, and multi-hit sequence identification. The liquid xenon time projection
chamber (LXeTPC) is a suitable candidate to build a Compton telescope for nuclear medical
imaging applications. Precisely, a "TOF-like” PET performance could be achieved by applying
the innovative 3-gamma imaging modality, measuring with good precision the intersection of
the LOR and the Compton cone to realize a direct 3D location of the radiotracer. The processes
that need to be accounted for when conceiving a LXeTPC have been discussed in Section 2.2.

XEMIS2 camera has been presented in Section 2.2.3: it consists of two identical cylindrical
TPCs sharing a common central cathode, traversed in the center by a hollow tube used for
small-animal holding during the imaging. 64 PMTs are installed in the peripheral region of the
TPC and are used for VUV scintillation light detection. The ionized charges produced after
ionizing radiation are drifted under the electric field. Two segmented anodes are placed in
both end-sides of the TPC for charge collection. They are equipped with a Frisch grid made of
copper micro-mesh. The charge collection electrode uses the MIMELI technique to optimize
the induced signal. Besides, since XEMIS2 was conceived for preclinical research, developing
a safe and compact cryogenic facility, the Recovery and Storage of Xenon (ReStoX), has been

accomplished, detailed in Section 2.3.
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Dedicated to low-activity small-animal imaging, the XEMIS2 Compton camera is developed

to demonstrate the advantage of liquid xenon as a detection medium for 3-gamma imaging.

The first phase of XEMIS2 consists in obtaining a small animal image in 20 minutes via the

injection of a source whose activity is of 20 kBq. As explained in Chapter 2, the effective-

ness of LXeTPC allows the feasibility of the Compton imaging, i.c., the Compton sequence
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reconstruction. The required information about the deposited energy and 3D position of ecach
interaction needs to be precisely extracted from the ionization signal generated in the detector
via the readout electronics. For the sake of continuous readout with negligible dead-time during
20 minutes, a specific high-performance data acquisition system (DAQ) was developed and
tested during this thesis.

The purpose of this chapter is to provide an explicit description of the new DAQ electronics
chain. We will first discuss the design criteria of the signal measurement of a TPC dedicated
to medical imaging focusing on the needed requirements and genera] architecture. A brief
review of the charge collection structure, MIMELIL, and the front-end electronic, IDeF-x HD-
LXe, will also be given in this part. In the second part, the operation principle related to
the new-developed signal extraction ASIC (Application-Specific Integrated Circui) will be
presented. Its performance was preliminarily examined by the bench test with the prototype
C]’lip. A Comp]ete prototype of the entire acquisition chain was also built and integrated into
the XEMIS1 detector for a complete performance test. The experimental results of the DAQ
calibration and optimization will be shown in the next chapter. The end of the chaprer is

devoted to the latest advancements of the DAQ development for XEMIS2.

3.1 Small animal imaging oriented specifications

Concerning the precise charge measurement, an innovative segmented readout structure geome-
try, MIMELI, has been proposed. Additionally, an ultra-low noise front-end electronic named
IDeF-X HD-LXe has been adapted for the LXe operation condition and successfully tested in the
XEMISI prototype. An electronic noise of the order of 85 £ 5 electrons [159], under an electric
field of 1 kV/cm, has been achieved thanks to the dedicated electronic devices. In XEMIS2,
to achieve expected image qua]ity with 10W—activity, extending the same/better performance
from 64 pixels to more than 20,000 pixels under a higher electric field of 2 kV/cm has several
technical hurdles to overcome. Besides, several critical issues should be considered in the ion-
ization signal measurement system like energy and position resolutions optimization, event
efficiency maximization, and high-frequency signals readout with processable data flow due
to low threshold triggering. Morcover, a considerable quantity of data caused by the ultra-low

threshold and self-triggering circuit needs to be managed.

3.1.1 Brief overview of ionization signal readout in XEMIS

In the section, we will give an introduction to the MIMELI technique and IDeF-X front-end

electronics, which are particularly strategic for the development of the XEMIS2 project. The
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prototype has been tested in XEMIS1 whose experimental resules will be reviewed at the end of

the section.

31.1.1 Innovative charge collection structure: MIMELI

The segmented anode implemented in the ionization chamber for interaction position deter-
mination results in a charge sharing effect. It is hard to amplify the charge signal in ]iquid
xenon. The presence of a strong electric field gradient over a small part of their trajectories
hardly generates parasitic phenomena such as electroluminescence or direct multiplication by
an avalanche. The accuracy of the measurement of low induced current, therefore, influences
both position and energy resolutions of the detector.

The innovative MIMELI (Micronesh-Mish for closed liquid ionization chambers) technology
explores the geometry of the induction gap a new perspective applying a micro-structure to get
a homogencous induced current over the pixelated anode. This invention allows to increase the
clectrostatic screening efficiency of the “Frisch grid” located on the anode. Moreover, the tech-
nique also minimizes the intensity of the indirect influence currents, which are usually present
on certain segmented elements of the anode and do not directly collect moving electrons. The
low currents induced by the drift of charge carriers under the electric field inside liquid xenon
could thus be precisely measured. This provides the possibility to build a segmented ionization
chamber incredibly efficient for measuring both energy and position. This invention is par-

ticularly strategic for the development of the XEMIS2 LXe Compton camera for medical imaging.

The MIMELI-1 anode is a multilayer ceramic circuit (thick film technology) whose pixels, tracks
and pillars are made of copper. A picture of the prototype from which it is possible to observe
the presence of the tracks between the pixels as well as the presence of the micro-pillars is
presented in Figure 3.1. The golden color of the circuit comes from the passivation Ni-Au layer,
which was deposited at the copper surface. The test prototype used in XEMISI contains 64
patterns divided into 8 x 8 pixels/micro-pillars. The pattern is defined around a pitch of 3.1 mm,
the micro-pillars of 130 im high and 130 ym wide, the tracks connecting the micro-pillars

in the x and y directions are 80 um wide. The isolation between the pixels and the tracks is 80 ym.

A grid was then mounted using a frame around the 64 patterns. Several types of grids have
been considered whose parameters are summarized in the right table of‘Figure 3.2. During the
assembly, the grid does not touch all the conductive pads, its parallelism being very difficult
to guarantee given the surfaces involved. In operation-mode, when the grid is polarized, the
clectrostatic attraction force exerted between the grids and each pixel compensates for the

geometric imperfections so that all the conductive pads of thickness 130 = 5 pgm come into
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Fig. 3.1 Picture of the MIMELI anode prototype: (a) the entire anode, (b) the zoom picture in which the

micro-pillars and conductive tracks could be observed, (¢) Picture taken using an electron microscope.

Grid Tech Pitch Thickness . LY
thickness
{ 500LPI | MM | 50.8um 5um 12 ym
‘] T 200 LPI MM 127 um 5pm 24 um
TN et . _RSEET 4
Metallic Woven  Micro-mesh 100LPI | MW | 254 um 50 pm 25 ym
(MW) (MM) 70 LPI MM 362 um 5um 18.5 um

Fig. 3.2 Parameters of different grids.

contact with the micro-grid. With this technology, the applied grids should be elastic and able
to be deformed under the action of the electric field in order to compensate for the parallelism
defects. The Metallic Woven (MW) grids formed by steel wires are difficult to use due to
lack of elasticity. In contrast, the copper micro-meshes (MM) produced by electroplating are
good candidates. This type of grid is also used with gas detectors with microstructures of the

Micromegas type.

The constitution of MIMELI anode and 500LPI micro-mesh grids with a gap of 125 fsm is chosen
to be used as charge collecting electrodes in the XEMIS2 TPC. To properly understand the
charge collecting mechanism, a simulation study on the electric field has been done under the
new electrode geometry. The simulation resules' are shown in Figure 3.3. These simulations show
that only 1% of the induced Charge is generated on the pixels by the electronic cloud before it
passes through the grid. The efficiency of the Frisch grid is therefore 99% in the case of MIMELI-
equipped with a 500 LPI grid. The prototype has also been tested in XEMISI. The induced
current is read out by the ultra-low noise front-end electronics IDeF-X. The experimental result

will be discussed at the end of the section.

"This simulation work was realized by Jean Pierre Cussonneau.
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Fig. 3.3 Iso-potential for real electric field (left) and weighted potential (right).

3.1.1.2 Analog front-end electronic: IDeF-X HD-LXe

IDeF-X HD-LXe (Imaging Detector Front-end for X rays High Dynamic for LXe) is a low-
noise, low-power front-end ASIC adapted for LXe operation conditions. It is composed of 32
independent analogue electronic channels to read out the induced current generated on the
pixels. The analog circuit is inherited from the IDeF-X HD [160]. Each channel includes a charge
sensitive preamplifier (CSA), a variable gain stage, a Pole-Zero Cancellation (PZC) stage, and a

shaper. The general architecture of one channel is schematized in Figure 3.4.
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Fig. 3.4 Schematic of IDeF-X HD-LXe ASIC.

It is designed to be connected to the anode of the detector. Each pixel is directly connected
to one readout electronic channel. The CSA integrates the induced current at its input into
a voltage step by an integration capacitance Cy. The active reset system with PZC stageis is
based on PMOS feedback transistor considering that the anode is polarized at the channel input.
The PCZ is equivalent to a several G2 resistor for baseline restoration that can compensate the
pulse long duration undershoots by preventing pile-up and saturation of closely consecutive
events [161]. Moreover, the circuit provides a dynamic range of 50-200 mV/fC through a variable
gain stage. The signal conditioning circuit is completed by the RC? second-order low pass filter.

A variable shaping time (0.73-10.73 ps) is also adjustable to adapt the different induced signals
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generated on the anode. In addition, there is an injection capacitance of 50 fF, Cjy,;, integrated
to each channel for circuit tests and calibrations.

The main characteristics of the IDeF-X HD-LXe are summarized in Table 3.1. To fit XEMIS2
requirements, the chips were configured with a peaking time value of 1.39 s and a gain value
fixed to 200 mV/fC. The output pulse waveform is shown in Figure 3.5 (right). In addition, to
directly read out the induced current generated on the anode, the IDeF-X ASIC is bonded on a
printed circuit board (PCB). A standard 32 channels mini edge card connector is employed to
couple perpendicularly the IDeF-X card to the anode backplane. The IDeF-X cards are designed
to be placed in the inner vessel of XEMIS2, which will be totally immersed in LXe during
operation. The various materials composing the PCB circuit are the same as those used for the
anode manufacturing to comply with the pressure-temperature requirement. Different versions
of PCB cards (Figure 3.5 left) have been developed and tested for improving electric routing and

reducing the card size to economize the volume of LXe required.

Table 3.1 Main properties of the IDeF-X HD-LXe chip.

Parameter Value

Number of channels 32

Technology 0.35 pm CMOS

Supply voltage 33V

Cy 50 fF

Power consumption 27 mV (800 /L\X//channels)
Gain 50, 100, 150, 200 mV/{C
Dynamic range 1.3 MeV for LXe at 200 mV/fC
Peak time 0.73 t0 10.73 s (16 values)
ENC (RMS) 150 e~ (at room temperature) [160]
Leakage current tolerance up to 4 nA

3.1.1.3 Performance in XEMIS1

The MIMELI prototype and IDeF-X ASIC have been tested in XEMIST at the beginning of
this thesis work. The XEMIS1 experimental set-up was then updated for the research and
development of the new acquisition chain dedicated to XEMIS2. The configuration of the
facility is described in Section 3.4.1.1. Here, only a brief overview of the experimental results

about charge measurements is presented.

During these tests, the entire MIMELI prototype is immersed in ultra-pure liquid xenon with less
than 1 ppb of residual impurities. The drift electric field applied in the TPC was 1 kV/cm. The

front-end electronics IDeF-X was operating in the vacuum and its temperature was controlled
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Fig. 3.5 Picture of IDeF-X HD-LXe card (left). Output pulse waveform with a peak time of 1.39us (right).

through a dedicated stainless-steel cooling system. The 64 IDeF-X output analog signals are
transmitted from the vacuum vessel into the air via 64 standard wires and sent to the acquisition
board where they are digitized at a sampling race of 12.5 MHz by an external 12-bit FADC.
The experimental results? of the pulse shape and the electronic transparency measurements of

511 keV photoelectric events are shown in Figure 3.6. The distortions of the induction signal
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Fig. 3.6 Amplitude of the induction signals (left) and electronic transparency (right) measured at the pixel
level of the read anode for different Frish grids, and for different induction gap heights. With MIMELL,
the induction gap is 130 pim high.

observed at the level of the pixels are represented in the left of Figure 3.6. An “ideal” signal is
also represented which is the expected signal generated by an electronic cloud with a perfect
screening of the Frisch grid. The effect of the geometry of MIMELI combined with the 500 LPI
grid allows to measure an almost perfect induction signal. Meanwhile, in order to get a 100%

electron transparency, a ratio of 15 between the electric field applied in the gap and drift area

2The experimental work was done by Eric Morteau and Lucia Gallego Manzano (during her postdoc at
SUBATECH).
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needed to be applied. In addition, an electronic noise of the order of 85 % 5 electrons [159]
has been achieved thanks to the dedicated electronic devices, which is well suited to accurately

measure small charges.

31.2 Requirements for new data acquisition system

Unlike in XEMIS], the scintillation light will no longer be used to trigger the ionization charges
DAQ in XEMIS2. Conventionally, for each event, the whole data acquisition system needs
to wait for a detector drift length, to collect all possible ionization signals in the sensitive
volume after a scintillation light trigger signal. For example in XEMIS2, under the electric
field of 2 kV/em, the signal takes about 52 ps to travel a drift distance of 12 em. Therefore,
the non negligible drift time of charge carriers in LXe limits the acquisition rate, and thus
the detection efficiency. Despite not being an issue for experiments looking for rare event
interactions as for example Dark Matter detection, it might be an issue for nuclear medicine
where the radiation activity is several orders of magnitude higher. The first phase of XEMIS2 is
conceived to achieve a small animal imaging with a source activity of 20 kBq corresponding
to an event every 50 ps on average; while in a future phase the source will be increased to
200 kBq (5 ps per event). For this reason, a novel signa]s acquisition system needs to be

developed to prevent the event loss due to the dead time resulting from the electron drift process.

To optimize the event efficiency with a negligible dead time (of order of 52 ps), we chose a
low threshold self-triggered data acquisition mode. Instead of using the scintillacion light signal
to trigger the ionization signals readout, two synchronized self-trigger readout systems were
developed to measure both signals, respectively. The basic concept is schematized in Figure 3.7.
The system records independently the currents induced in the anode and the PMTs signals
generated by prompt light emission. The self-triggering systems can record signals with almost
no dead time, solving the limitation due to the detection of high flux radiations. The drift time
of charge carriers is then obtained by matching both signals (scintillation and ionization) offline
when analyzing data. In this way, the recorded signals of the two systems could be realigned
to find the reference time of each event. Moreover, an accurate synchronization between both

DAQ chains is achieved through offline corrections.

Besides, in order to ensure the detector performance several additional requirements should
be considered in the charge readout electronics due to the huge number of pixels. The specifically
crucial issue for Compron reconstruction is the accurate energy and position measurement
of the small signals due to the charge sharing effects. Therefore, ultra-low electronic noise is

required in the first place to measure small charges collected by neighboring pixels. Moreover,
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Fig. 3.7 Basic concept of the event builder in XEMIS2.

the self-trigger approach needs to use thresholds to enable acting over a certain noise level
for pulse discrimination. This leads to considerable degradation of signal detection and an
inevitable rise of the threshold level. To reach a sufficient signal over noise ratio, the trigger
threshold has to be set to about 3 times the standard deviation of the electronic noise. For small
animal imaging of 20 kBq activity, an adverse effect of a low threshold is the rapid increase in
the data flow, dominated by the electronic noise. The conventional approach used in XEMIS1
that continuously samples the analog signal is no more adaptable for XEMIS2 due to the massive
number of channels used for ionization signal collection. The XEMIS2 DAQ has to deal with a
huge data flow due to this low threshold triggering. Based on these reasons, a new ultra-low
noise self-trigger electronic circuit named XTRACT (Xenon TPC Readout for extrAction of
Charge and Time) has been developed for ionization signal data readout of XEMIS2. In light
of the massive number of pixels, the idea of signal information extraction has been brought
out to reduce the readout data flow. The system is designed to control the data volume at an

accessible level by extracting only the necessary information (amplitude and time) for cach signal.

An expected data acquisition strategy is schematized in Figure 3.8. The fast flashing light is first
collected by the UV-sensitive PMT and converted into an electronic signal. Then it is shaped
and sent to the leading edge discriminator for the self-triggering process. Only the information
related to time of the leading edge and TOT (time-over-threshold) time are stored. On the other
hand, the ionization charge carriers are read out by MIMELI and IDeF-X, generating an analog-
shaped signal. The output analog signal of IDeF-X then passes through a Constant Fraction
Discrimination (CFD) module being part of the XTRACT ASIC chip to achieve self-triggering
performance. Meanwhile, for each fired pixel, instead of sampling the entire analog signal, only
the time, amplitude and channel address information corresponding to the CFD trigger moment

are extracted in order to reduce the data flow. For the purpose of managing XTRACT output
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data flow, a processing unit (PU) card is also utilized, working at the same time as an Analog-to-
Digital Converter (ADC) module. Two sets of data are collected in the acquisition FPGA to
realize data storage and preliminary online data processing. The new acquisition chain requires
a specific development of the following electronics as XSRETOT (XEMIS Scintillation Readout
for Extraction of Time Over Threshold), XTRACT (Xenon TPC Readout for extrAction of
Charge and Time), XPU (XEMIS processing unit) and XDC (XEMIS Data concentrator), which
will be described in the following chapter.

Scintillation signal measurement system

[ ToT: time of leading edge, time of trailing edge
PMT address

XDC >
lonization signal measurement system (FPGA)

Amplitude, time
(STGEAES affected pixels A b

Fig. 3.8 Schematic of the data acquisition mode app]ied in XEMIS2.

PMTs | XSRETOT LVDS

Pixels

3.2 Characterization of a new ASIC for signal extraction:

XTRACT

As part of the XEMIS2 project, the XTRACT circuit was developed in collaboration between
the SUBATECH laboratory and the MICRHAU pole®. In order to reconstruct the position of
the interactions in the TPC in three dimensions, it is important to know precisely the deposited
energy and the occured time of of the interaction. The role of the XTRACT ASIC is to extract
these two pieces of information from the signals coming from the front-end electronics (IDeF-X
HD LXe). It thus offers the possibility of considerably reducing the quantity of data leaving the
TPC by storing only the essential data. In association with the rest of the acquisition chain, this
ASIC could also reduce the number of connections traversing the chamber and limit the dead

time linked to the extracted data reading.

3Pble de MICroelectronique RHone AUvergne
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Global architecture 'The XTRACT is a multi-channel(x32), low-power ASIC with analog and
digital common blocks. Each channel includes a Constant Fraction Discrimination (CFD) block
which performs the self-triggering function with a limited time walk error and an improved
timing resolution [162]. It is designed to operate at a temperature of approximately -80 °C. The

global architecture is schematized in Figure 3.9. It consists of several operational blocks: a CFD
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Fig. 3.9 Illustration of the XTRACT architecture.

block per channel, a common ramp generator for dating events (time/amplitude conversion),
a dual-port analog memory for events analog recording (amplitude and time), a binary-tree
asynchronous multiplexer (MUX) for analog signals, a digital control block, and a 12C slave for

ASIC configuration.

3.2.1 Principle of signal extraction

One of the main feature of this circuit is to send a trigger signal when the analog input signal
exceeds the preset threshold. Aiming towards the optimization of the amplitude and time
resolution of the ionization signals, a CFD type of architecture has been adopted to limit the
influence of the time walk. Based on the CFD block, when the analog input signal exceeds the
programmed threshold, the CFD block is used to send a trigger signal. The architecture of one

channel is illustrated in Figure 3.10.

Constant Fraction Discrimination The CFD operation is based on a zero-crossing (ZC) dis-
crimination validated by a threshold (THD) discrimination. The zero-crossing information is
obtained by subtracting a fraction of the input signal to its de]ayed copy. It has been demon-
strated that the trigger timing delivered by a CFD is theoretically independent of the amplitude

and the rise time of the input signal [163], and that the best timing performance is obtained
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when the ZETO-CTOssing is set on the maximum s]ope of the input signa] [164]. The operation

principle of the CFD is illustrated in Figure 3.11.
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Fig. 3.11 Illustration of the CFD operation and signal measurement .

The attenuated signal and delayed signal are represented by A(t)and A(t — n) respectively. The bipolar
pulse CFD(t) shows the substraction of those two signa]s. A zero-crossing comparator performs this
subtraction and produces a digital pulse whenever its differential input crosses zero. A trigger pulse will
be sent only if zero-crossing point of the CFD signal is within the over-threshold window.
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As illustrated in Figure 3.10, an incoming analog pulse is split into four halves. Except for
the first one that is sent to the memory block, all others are used for the CFD operation. One of
them is sent to a leading edge discrimination (LED) comparator. An over-threshold logical pulse
will be sent if the input signal exceeds the threshold level. The other two halves are modified and
applied to the zero-crossing discrimination (ZCD) comparator, one of which is attenuated by a
fraction of about 70% of its maximum amplitude via a voltage divider and the other delayed with
a tunable delay time by a Bessel filter (represented as signals A(t) and A(t — n) respectively
in Figure 3.11). The ZCD comparator subtracts those two modified signals and generates a
logical pulse whenever the bipolar pulse crosses a reference value. The zero-crossing point of
the CFD signal corresponds to the moment that the input signal reaches its maximum value. A
trigger pulse for time and amplitude memorization will be sent only if the zero-crossing time
is within the over-threshold windows. It should noticed that an external trigger signal "trig
in" integrated in the ASIC allows the amplitude and time of a signal to be directly registered

independently of the CFD via the veto option.

DAC functionality  To optimize the CFD operation of each channel, two 6-bit resolution digital-
to-analog converters (DACs) are integrated into each channel. The first is used to adjust the
threshold voltage (TH), while the second is used to adjust the DC input level of the zero-crossing
comparator in order to compensate for the intrinsic offset of the comparator. The values of
ZC and TH can be set independently for every pixel. The adjustment process and experimental

results will be presented in the next chapter.

Common ramp generator  Once a pulse is detected by the CFD module, a channel flag is set to 1,
and a trigger is generated and sent to the PU card (whose architecture and operation principle
are explained in the next section) to inform the detection of pulses. At this point, a voltage ramp
is started with constant slope by the common ramp generator. It is based on a time-to-amplitude
converter (T2AC) in which a capacitor is charged linearly via a constant current circuit until
the end. This ramp is used to measure the time between the first pulse and the following events
inside the detector. For each detected pulse, the amplitude, the address of the affected channel
and the amp]itude of the ramp are stored. The timing of the trigger event thus reproduces the
arrival time of the first event tg. The ramp starts to discharge the moment that all memorized
information are read by the PU card. The ramp lasts at least 1 ps if none of the pulses are

detected, and the minimum duration can be regulated through the slow control interface.

Analog memory It is used to store two analog values of IDeF-X HD-LXe output signal, trig-

gered by the CFD operation, namely the signal amplitude at the zero-crossing point and the
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Fig. 3.12 Architecture of the analog memory block of XTRACT.

corresponding time delivered by the voltage ramp. The architecture of the analog memory block
of XTRACT is illustrated in Figure 3.12. Each XTRACT electronic channel has its own memory
block which is made up of two completely identical separate memories (for amplitude and time).
Every memory module is made up of two sub-memories that operate in a complementary way.
When the Meml sub—memory is in read-mode (rd), the Mem2 sub—memory goes into write-mode
(wr) and vice versa. In version 2 of the circuit, in order to limit reading noise, memory reading
has been subdivided into two blocks of 16 channels. All 32 input signals are connected separately
to 32 amplitude memory cells, while the 32 of time memory channels are linked by a common

time ramp.

Readout process  'The 32 memory channels of each type (amplitude and time) are read by two
double read stages each, i.c. one sense amplifier for 16 amplitude cells and another for 16 time
channels. This is possible thanks to a multiplexing system which consists in selecting a single
memory channel to be read at a time. Once a pixel is fired, its flag signal will switch to I and be
recorded through the derandomizer. In the case that multiple pixels are fired, this derandomizer
module can handle all arrival information, thereby preventing the information loss whether a
new flag arrives during the reading process. It also allows addressing information to the control
unit. This block performs a logical OR engagement between receiving flags and sending a
trigger signal to the PU card. After the PU card is ready, the chip selection block will send a
signal, named chip select (CS), to start the reading process among one of the eight XTRACTS.

Then, a read command is sent through the multiplexer to extract the information stored in
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the analog memory. When the reading process is completed, the flag of the associated pixel
is reset from I to 0. A chronogram of signals detection and read-out processes is illustrated

in Figure 3.13. A physical event is collected by three different pixels corresponding to the
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Fig. 3.13 Examplc of the detection and read-out process of three different signals.

readout channels 22, 3 and 4. The output signals from IDeF-X HD-LXe are delivered to the
XTRACT chip. When the CFD module detects the arrival of the first pulse and sends a trigger
pulse, the fired pixel flag (22) turns to I and a voltage ramp is started to record the time of
possible next events. The trigger signal warns the reading electronics (PU card) that at least one
event has been detected. The arrival time of this trigger will be memorized by the PU card and

allows resetting in time the arrival of the following pulses.

Meanwhile, the flag signals of the fired pixels are sent to the memory control unit to start the
reading process by the PU card. When the PU card, which manages up to 8 XTRACTS, is
available, it launches a read procedure by first sending a CS; and then it sends a succession of
reading orders to read the memories of the affected channels. A de-randomizer (DRND) is used
to select the memory to be read and sends back the information of the amplitude, time and
address of the affected channel. If more than one channel is fired during the voltage ramp, the
DRND sequentially sends the information through a multiplexer (MUX). The reading sequence
generated by the DRND can be different from that of detection. When all the memories are read,
the trigger is reseted, and the PU card releases the CS for reading another XTRACT. Once the
CS returns to zero, the time ramp is also reseted pending a new event. The reading chronogram

is schematized in Figure 3.14.
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3.2.2 Simulation studies on double trigger for CFD operations

Before experimental testing of the new XTRACT ASIC, a set of simulation studies have been
conducted to evaluate the performance and parameter selection. In this part,we will focus only

on double trigger simulation scudies.

Phenomenon description When there are double triggers from one pad during the ramp/read
time, this phenomenon is referred as to a double trigger. It is a normal phenomenon during data
recording in detector DAQ due to the influence of electronic noise. The XTRACT has been
designed to record either the last value (default choice) or the first one (option that could be
chosen) when a double trigger occurs. It might result in a false charge measurement, especially
when a high amplitude noise arrives just before or after the physical signal. Furthermore, it could
also result in events loss when the occupancy rate is important. Besides the size and frequency of
noise, there is another factor, the signal waveform, which also contributes to this phenomenon.

The re-triggering effect is more likely when the signal duration is long.

Method  In order to reproduce the detector response, the physical and noise signals used in the
simulation are tuned based on data collected using the XEMISI experimenta] Faci]ity. Table 3.2
lists the main parameters used in the CFD simulation for signals generation. Noise will affect the
signal waveform, especially in the low-energy regime resulting in an important contribution to
data analysis. In order to achieve a complete simulation of the detector, a noise signal simulation
has been performed. The noise at the output of IDeF-X has a Gaussian amplitude distribution.
The Discrete Fourier Transform (DFT) method has been used to convert the signal from the
time domain to the frequency domain. The simulation was realized with ROOT where the

physical pulses and noise pulses are simulated with a sampling time of 80 ns.

The simplified simulation is done under several approximations:
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Table 3.2 Main parameters used in the simulation for signals generation.

Digital signal information CFED1 signals parameters
Anode MIMELI Signal amplified factor 1.5
Grid Micro-mesh 500 LPI Signal delay time 0.72 ps
[DeF-X peak time 1.39 us CFD2 signals parameters (XTRACT)
ENC (RMS) 80 electrons Signal attenuation factor 0.7
Analog-to-digital sample time 80 ns Signal delay time 0.72 ps

« The XTRACT circuit handles continuous analog signals (the output signal of IDeF-X).
In the simulation, we use continuous digital signals with the same sampling rate as the
data collected by XEMISI. This approximation is established under the assumption that
the sampling rate (80 ns) is less than the time resolution of DAQ electronic components.
However, the digital time delivered by the PU card is 10 ns, which corresponds to its internal clock
of 100 MHz. Therefore, the time resolution obtained in the simulation is worse than the actual

situation.

« In order to simplify the simulation related to the CFD processing of XTRACT, the zero-
crossing time is obtained by subtracting the original signal from the modified signal (the
amplification factor is 1.5, and the delay of 9 dugutsi.e. 0.72 ps). In fact, the CFD operation
of the circuit compares the delayed signal with the attenuated signal in a zero-crossing
comparator. The following simulation results (Figure 3.15) show that the zero-crossing
time obtained by these two different CFD simulation methods is the same, so that the

simplification is valid.

Simulation: original signal

Simulation: amplified and delay signal
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XTRACT: delay signal

XTRAGT: different of two signals

e

Q XTRACT: attenuated signal o}

5 XTRACT: delay signal 0.08

1f XTRACT: different of two signals.

E Sd 0.04 Sa

|

(=]
(4]
T [
o
S
‘Il]llllTlTITll|||||||||T|‘||||T|T|||||||
I
L. lL“‘L
- 08

0 I
Hi S ~F

C S . -0.02 cfd2

[ Scfaz SR

0.5} -0.04

-0.06

e L I 1Y | I L | DA L | | | | | |
560 580 600 620 640 660 680 700 560 580 800 620 . 640 660 _
time (channel) time (channel)

Fig. 3.15 CFD operation simulation on physical signa] (top) without noise (bottom) with noise.

The simulated pulses presented in the figures are: Sp original signal without modification, Sy, signal
delayed (0.72 ps) and amplified (1.5), S rq1 subtraction of Sy, and Sg, S, signal attenuated by a factor
of 0.7 (attenuated signal of XTRACT), Sy signal delayed 0.72 ps (delayed signal of XTRACT), S¢fa2
subtraction of Sy and S, (CFD signal of XTRACT).
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« DC of the zero-crossing comparator is considered as perfect, i.c., the offset between
the DC of two compared signals is zero. Table 3.3 summarizes the CFD configuration

considered in this simulation.

« A second threshold, normally at (n - 1) times the noise where n is the leading edge
discriminator, is considered to avoid a new CFD at the same pixel outside the interval of
interest. Therefore, we assumed that the hysteresis that exists in the threshold comparator
is about one sigma of noise, i.e., the difference between the high level (used to open the
TOT window) with the low level (used to close the TOT window) is about one ENC.
The existence of two thresholds is important to guarantee a stable time window to those
signals near the threshold. In fact, that value is more important than the considered
one sigma of noise according to the experimental results. The hysteresis defect will be

discussed in the next chapeer.

« The ramp time of XTRACT is set to 1 ps while the read time is omitted.

Table 3.3 CFD Conﬁguration considered in the simulation.

XTRACT conﬁguration parameters Values

Number of channel 1 (not considering the occupation of multi-channel)
Threshold of the leading edge discriminator (TH) 3 SNR

Hysteresis in the threshold discriminator 1 SNR (corresponding to a second threshold of 2 SNR)
DC of zero-crossing discriminator (ZC) 0 (considered as perfect)

Hysteresis in the zero-crossing discriminator 0 (considered as perfect)

Ramp time 1 s

Reading time 0 (considered as immediate)

Results and discussions  The first step of the simulation study is to ensure the effectiveness
of CFD operation. Since the Equivalent Noise Charge (ENC) has not been evaluated during
the simulation. The physical and noise signals are normalized and represented with the unit of
Signal-Noise-Ratio (SNR) in the following discussion. A total number of 107 physical signals
including noise have been generated whose amplitude values follow a uniform distribution in
the range of 1-350 SNR. The leading threshold value is set to 3 SNR corresponding to the second
threshold of 2 SNR. Figure 3.16 and Figure 3.17 represent the amplitude and time measured
by the CFD compared to those of generated peak values as a function of the simulated signal
amplitude.

The two distributions corresponding to single-trigger and multi-trigger are shown separately.
Based on the results shown in the figure, we could infer that the CFD performs perfectly in the
strong amplitude regime. In the small charge area, the noise threshold effect combines with

the amplitude and time uncertainty. More details will be given in the next section where a
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complete study about time and amplitude measurements will be presented. Concerning the
double-trigger, Figure 3.18 (left) shows the distribution of the zero-crossing points in the CFD
simulation, that confirms our initial understandings. The leading and trailing parts of the signal
increase the noise baseline, making it casier to pass the threshold. The normalized waveform
is shown in Figure 3.18 (right), where the possible trigger areas have been circled in different
colors. In order to take the electronic components effect into consideration, a more realistic
simulation has been done with the LabVIEW software. The simulations results presented in
Figure 3.19 and Figure 3.20 show that the memorized signal depends certainly on the common

ramp/read time.

Conclusion  This section describes a simplified simulation based on ROOT and LabVIEW.
The simulation has been carried on to understand the possibility of using two successive triggers
during the CFD operation of XTRACT. The simulation results show that this phenomenon does

exist in the signal processing of XTRACT. It is the result of the superposition of physical signals
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Fig. 3.20 XTRACT simulation with LabVIEW: the memorized signa] in case of a false trigger arriving
after the true one, with a ramp time of 960 ns (left) and 2.4ps (right).

and noise. Besides, the ramp/read time impacts the signal that will be memorized. A short
ramp/read time can record more signals (physical and noise), thus preventing event loss. On
the other hand, it will also lead to a significant increase of counting rate. Since all 32 channels

in XTRACT share a common voltage-to-time ramp, the high count rate will extend the ramp
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duration, thus, on the contrary, resulting in a dead time of each channel. A trade-off should be
made to improve performances. Research on this issue will continue in follow-up experimental
tests. Besides, given that the waveform of IDeF-X is an incompletely symmetrical Gaussian
shape, the probability of a second trigger at the tail is higher than the 1eading part. We have

integrated the option that records the first event instead of the last one into XTRACT.

3.2.3 Analog test bench

The test bench for the analog part of the acquisition chain is mounted as shown in Figure 3.21.
The left picture shows the test card of the XTRACT_V2 in which the XTRACT ASIC is bonded

= XTRACTASIC ™"
K

CON_IDEF-X -2 oUTRUT

(b) il

Fig. 3.21 Picture of the test bench set-up of the XTRACT_V2 chip.

in the center. The test card is equipped with three connection ports for communication with the
IDeF-X, ARDUINO, and PU cards. Besides, a test voltage input end and 5 analog signal output
ends. The right picture represents the experimental set-up, that includes a standard IDeF-X
HD-LXe card, the test card, and an Arduino card used to configure IDeF-X and XTRACT.

This test bench aims to get a preliminary performance evaluation before the integration with
the rest of the acquisition chain. In the next chapter a comprehensive evaluation of the entire
acquisition chain will be presented, for this reason the analog test bench resules will not be
described in this section. Only one test example is given here. A schematic diagram of the
analog test bench process is illustrated in Figure 3.22. During the test, the SC (slow control)
program of the PC end controls four devices through three USB ports: two generators, an
Arduino card and an oscilloscope. The Arduino card is powered by a DC source of 5V and
connected with the test card for [2C commands transmission and LVDS signal communication.
During the test, the PC will first send a set of configuration commands to the Arduino card in
order to configure the IDeF-X and XTRACT. Later, via the USB1 represented in the top-right

part of the figure, the PC will send a command to control two connected generators. A square
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Fig. 3.22 Schematic diagram of the analog test bench process.

signal Sy from the generator] passes through the injection port of the test card then is shaped
by IDeF-X, delivering an analog signal at the input of XTRACT. S is collected, meanwhile,
by the CH1 probe to the oscilloscope and it is used as ¢y. The analog signal of time Sijne and
amplitude Sy are also collected via two probes to CH2 and CH4 of the oscilloscope. The
logic signal output of the CFD trigger Siyigger transmits through the Arduino card to CH3 of
the oscilloscope. Figure 3.23 shows an example. The signals collected by the oscilloscope are
treated in the PC end to realize the measurement. The waveform generator G2 is synchronized (or
optional delayed ) with waveform generator GI via a TTL signal. A logic signal of 5V is sent to the
Arduino card, transmitting a Trig_in to XTRACT. It allows XTRACT to send a trigger signal

without CFD discrimination.

This experiment set-up has been used to characterize parameters such as, the zc (offset of
zero-crossing discriminator), the amplitude linearity, and the time walk. Figure 3.23 shows an
example of time walk measurement where two different test voltages, 20 mV and 300 mV, are
sent to the injection capacitance (50 fF) of IDeF-X, corresponding to the yellow signal S;. It is
also used to indicate the reference time ty. The output signal (red) of IDeF-X delivered to the
XTRACT passes through the CFD discrimination and generates a trigger signal Syigger (blue).

The difference between the leading edge is, therefore, the CED trigger time. By continuously



3.3 Principle of operation of complete acquisition chain 95

Fig. 3.23 Examplc of time walk measurement.

The ana]og signal S1 (yellow) is the test Voltage delivered by Gl to the injection port of IDeF-X, which
gives us the reference time . The analog Signal Samp (red) is the output signal of TDeF-X corresponding
to the injection signal S1. The logic signal Styigger (blue) is the CFD trigger relating to the signal Sgmy.

changing the amplitude of the test impulsion, we can measure the CFD trigger time variation with
respect to the signal amplitude, known as the Time Walk. A complete Time Walk measurement
has been done with the entire acquisition chain, including the digital part, which is described in

the next chapter. The main properties of the XTRACT ASIC are listed in Table 3.4.

Table 3.4 Main properties of the XTRACT chipr

Technology AMS 0.35pum CMOS
Area 21 mm?2
Supply Voltage 33V
Requirements | Measured results
Non-linearity of amplitude and time measurements | <1% <1%
Consumption (32 channels) @ -80°C 50 mW max. 52 mW
Output noise voltage (rms value) @ -80°C <1l mV 225 mV
Jitter (rms value) @ 30 with IDeF-X <250 ns 200 ns
Time walk (30 to 300) <250 ns <200 ns

3.3 Principle of operation of Complete acquisition chain

Besides what described in the previous sections, the rest of the acquisition chain includes the
fast light measuring electronic named XSRETOT?, the XPU card used for XTRACT reading

4Ph.D thesis of Yuwei ZHU
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and ionization data serializing processes, and the central data collection management (i.e., the
XDC card) for managing scintillation and ionization data. The XDC card consists of a Field-
Programmable Gate Array (FPGA) component. Its basic function is to control the data flow
and synchronize the ionization and scintillacion DAQ systems. The first version (NI FlexRIO)
was completed and implemented in the XEMIST set-up, whose acquisition framework will be
described in Section 3.4.2. This section mainly describes the operation principle of the XPU
card and XSRETOT circuit.

3.3.1 Digital acquisition hardware of ionization signal: XPU

The XEMIS Processing Unit (XPU) card is a home-made PU card dedicated to managing the
output signals of the XTRACT cards. As mentioned in the previous section, the XTRACT
reading process, related to the emission pixel information on the address, time and amplitude,
requires the assistance of a XPU card. Besides, in each XPU FPGA board , a 100 MHz clock is

used for relative dating of TPC data in a time slot.

XPU features As shown in Figure 3.24, a PU card can manage a maximum number of 2x 8
XTRACTS (i.e. 2 x 256 pixels) independently, then multiplexes the data on the same LVDS
serial line. Together with an acquisition FPGA framework, they compose the digital part of
the acquisition system. As an inter-stage between XTRACT signal extraction and acquisition
FPGA, the principal function of the XPU card is to handle trigger information, manage the
XTRACT reading process, realize analog-to-digital signal conversion (ADC) and serialize digital

darta to the central collection management, i.c., the XDC FPGA.

» Charge
» Temps
Selectl

P Trigl
Read
P N° voie

Select2
p Trig2

Serial Data Out —— g Acquisition
DAQ Reset ¢——— FPGA

Select8
Trig8

\ /

1/2 FGA PU

Fig. 3.24 Schematic diagram of the principal function of a XPU card.
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Principle Each XTRACT can send a trigger signal to notify the PU that one or more events

have been detected. The general architecture of the PU card is shown in Figure 3.25. The trigger
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Fig. 3.25 General architecture of a half-XPU card.

management block resynchronizes the triggers sent by 8 XTRACTSs with the internal clock (100
MHz) of the FPGA and time stamping. Triggers are stored in a double-port for preparing the
XTRACT read. Once the XPU card is ready, the XTRACT reading block will send a signal
(CS), to start the reading process among one of the eight XTRACTs. The analog signals related
to the time and amplitude are then digitized by the ADC management block before being
stored in the FIFO module. Finally, the data are serialized and sent to the central collection
management through a single 200 Mb/s LVDS (Low Voltage Differential Signaling) link. The
serializer is shared by the two half-XPU ("smart" multiplexing). The serialization process and

XTRACTSs reading procedure are working in parallel.

A prototype digital acquisition chain has been built and tested. Figure 3.26 shows the benchmark
set-up. The NI FlexRIO realizes the acquisition FPGA framework in the prototype, used to

collect all light and charge data. The acquisition procedure used in XEMIST is described in
Section 3.4.2.

Fig. 3.26 Picture of the test bench set-up of the digital acquisition chain.

33.2  Scintillation signal readout: XSRETOT

In XEMIS2, the principal use of the scintillation signal consists in recording the initial interaction
time used to calculate the drift distance. This recorded time is used to extract the longitudinal

z-position of y-ray interactions. Furthermore, the scintillation light can also be employed for the
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spatial pre-localization of the physical event. The number of UV photons collected by each PMT
could serve as a virtual fiducialization of the active volume, in order to reduce the occupancy rate.
A low-cost scintillation signal measurement electronic chain® was developed to deliver a convenient
and efficient data readout and acquisition process (Figure 3.27). The XSRETOT diagram is

shown on a gray background in the figure.

XDC

PMT W Nos, e
s (FPGA)

Fig. 3.27 General architecture of the scintillation readout chain. The XSRETOT diagram is shown on a
gray background in the figure.

The elementary circuit is composed of a pulse-shaping amplifier and a discriminator, op-
erating at room temperature. The PMT output signal is first integrated and shaped by the
pulse-shaping amplifier powered by a £5 V DC source. The crucial part is composed of a passive
RLC network. Then the shaped pulse passes to the discriminator on which a constant threshold
voltage is applied. A logical output signal is delivered by the XSRETOT that allows to further
Time-Over-Threshold (TOT) measurement. The corresponding digital information on the
leading edge, trailing edge, and PMT address are finally readout via high-speed LVDS line to
XDC for data acquisition. A prototype card (Figure 3.28) consisting of two electronic channels
has been developed and tested in XEMIS1.

Fig. 3.28 The XSRETOT prototype card used in the XEMISI test.

>Here only a brief description is provided. For more details on the development and calibration processes refers
to Yuwei ZHU PhD thesis.
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3.4 Implementation of acquisition chain in detector

To prepare XEMIS2, an entire prototype of the acquisition chain was developed and integrated
into the XEMIS1 detector. A complete performance test has been carried on the system. This
section will mainly describe the experimental set-up, including the XEMIST facility and the
prototype chain implementation. The slow control, data acquisition process as well as the
delivered experimental results on the DAQ chain characterization and optimization in XEMIS1
will be detailed in the next chapter. Moreover, the general architecture and electronics assembly
strategy of the data acquisition chain of XEMIS2 that is being prepared for installation, will be

described in the second part.

341 Integration of acquisition chain prototype in XEMIS1

The prototype acquisition chain is presented in Figure 3.29. It consists of two IDeF-X cards, two
XTRACT cards, an Arduino card, and a prototype PU card connected to the FlexRIO via LVDS
cable. Besides, two interface cards are equipped, one of which is used to connect the PU card
and the XTRACT card, while the other is the 12C bus transfer interface between Arduino and
XTRACT/IDeF-X. The test voltage produced by the LFG (Low Frequency Generator) injects

Fig. 3.29 Picture of the prototype acquisition chain on the workbench.

through the input port of the first interface card. The injection signal is then sent to the test
capacitor in the entrance of IDeF-X to simulate the induced current from the detector. The
shaped analog signals output from two IDeF-X cards are directly read out by two XTRACT
cards connected by a standard connector. The output digital and analog signals of the address,
amplitude and associated time of the fired pixels are sent to the PU card via two interface cards.
Later, the collected digital data is sent to the FlexRIO via a LVDS cable. Finally, the FlexRIO
sent the data to the PC processor for storage. Additionally, an Arduino card, connected on two
sides to the PC and the second interface card, is used to configure both XTRACT and IDeF-X.
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3.4.1.1 Overview of XEMIS1 facility

The experimental facility of the XEMISI prototype is represented in Figure 3.30. It consists of
the XEMIS1 TPC, which is encapsulated in an external cryostat, the cryogenic equipment used
for xenon liquefaction and purification, the scintillation and ionization data acquisition system,

and the rescuce tank to recuperate the Xenon in in case ofemergency.

e "
'—PW :lh W; j

Fig. 3.30 General view of the XEMISI facility.

The experimental set-up is installed in the SUBATECH laboratory including: (O inner vessel holding the
XEMIS1 TPC which is cover by MLI to reduce the thermal exchange, @ external cryostat, ® injection
and security panel, @ cooling tower consisting of a double-tube heat exchanger and a pulse tube refrig-
erator (PTR), ® rescue tank, © high voltage supply system and control panel, @ data acquisition
and storage PC (also worked as ionization measurement chain calibration workbench), ® scintillation
measurement chain calibration workbench.

Cryogenics of liquid xenon During the operation of XEMISI, the TPC is placed inside the
cryostat immersed in LXe, working at a stable temperature of 168 K and a pressure of 1.2 bar. The
internal container of the cryostat is designed as a double-walled stainless-steel container, which
can hold approximately 36.5 kg of LXe. Like the XEMIS cryostat, it is also placed in a vacuum
enclosure for thermal insulation, which is Composed of a double-wall stainless-steel container.
The schematic diagram of the XEMIS1 LXe cryogenic device is presented in Figure 3.31 (right),
it consists of a high pressure bottle used to store the gaseous xenon when the detector is not
in operation, a purification system consisting of two rare-gas getters connected in parallel to
purify xenon in gas-phase, a cooling tower containing a Pulse Tube Refrigerator (PTR) and

a coaxial heat exchanger for xenon liquefaction, a cryostat that host TPC operating in liquid
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Fig. 3.31 (left) 3D drawing of the PTR, heat exchanger and the connection with cryostat. (right) Schematic
of XEMIS cryogenic system (Figure taken from [165]).

xenon, and a rescue tank of 4 m*connected with the cryostat in order to recuperate xenon in
case of emergency. The xenon from the storage bottle is liquefied and filled into the cryostat by
the remote PTR after being purified by the getter (rare gas purifier) and passing through outer
shell of the heat exchanger.

Fig. 3.32 Pictures ofcryogenic devices.

@ the water-cooled helium compressor (CryoMini Compressor OW404), @ the pulse tube refrigera-
tor(Iwatani PC150), ® two SAES PS4-MT3-R/N rare-gas purifier getters connected in parallel, @ a
high-pressure bottle used to store the gaseous xenon and a liquid nitrogen bottle used for xenon recovery.

The cryogenic process of xenon liquefaction in XEMIST is similar to that in XEMIS2 (described
in the Section 2.3), except the main part of the Cooling system which is based on Iwatani PC150
PTR. It is especially developed and optimized to liquefy xenon gas and keep it at a constant
LXe low temperature. It works with a water-cooled helium compressor (CryoMini Compressor
OW404). The PTR provides stable cooling power up to 200 W at 165 K to liquefy xenon gas

and keep it at constant temperature. The built-in heater is integrated between the PTR and the
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copper cold head to compensate for the additional cooling power of the PTR. Figure 3.31 (right)
gives a 3D schema of the connection between the PTR, the coaxial heat exchanger and the inner
vessel of cryostat. The PTR is installed on the top of the coaxial heat exchanger, 2 meters away

from the thermostat to reduce the electronic noise caused by mechanical vibrations.

3.41.2 Configuration of updated TPC

The small-scale XEMIS1 TPC was developed to demonstrate the feasibility of the proposed
detector concept. The updated configuration shown in Figure 3.33 conforms better to the
XEMIS2 TPC set-up. The charge collecting electrode uses the same MIMELI technique as that
in XEMIS2, which is composed of a segmented anode equipped with micro-pillars and a 500LPI
micromesh with a gap of 125 gm above. The active area of the anode is 2.5% 2.5 cm? including 64

pixels of 3.1x3.1 mm?. Two IDeF-X HD-LXe cards are connected perpendicularly to the anode

Fig. 3.33 Conﬁguration of the XEMIS1 TPC.

@ Position of XEMIS1 TPC in the cryostat, @ TPC assembly in clean-room, ® segmented anode
equipped with micro-pillars including of 64 pixels of 3.1x3.1 mm2, @ 500LPI micromesh with a gap of
125 pm, ® 1DeF-X HD-LXe cards perpendicularly connected to the anode, ® PMTs support made of
Macor ceramic, @ 1”7 VUV-sensitive Hamamatsu R7600-06 MOD-ASSY PMT, ® installation of PMTs
in the support.

in LXe at -104°C, to readout 64 independent analog signals with ultra low electronic noise. For
scintillation light detection, two 17 VUV-sensitive Hamamatsu R7600-06 MOD-ASSY PMTs
are placed at the TPC periphery side by side through specific support. An active length of 12 em
was chosen in XEMIS2 to ensure a high detection efficiency of 88% in the energy range of the

third gamma-ray. However, the source is disposed about 1 cm away from the cathode, which
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implies a smaller solid angle covered by the electron collecting surface when the drift length is
higher. In XEMISI, the drift length of the chamber has been reduced to 6 cm by considering
the solid-angle acceptance of incident photons in front of the smaller charge collecting surface.
Besides, to increase the light collection efficiency, we reduced the number of shaping field rings.
A set of 6 copper field rings with a gap of 9 mm between each other is located between the
cathode and the anode, aiming to provide a uniform electric field. A simulation study has been
done which proves that this modification will not significantly impact the homogeneity of the
clectric field. The TPC set-up is placed horizontally inside the external cryostat and entirely
immersed in about 30 L of LXe during operation phase. Therefore, all components are fixed
on a stainless-steel flange and held by four Macor ceramics rods in the peripheral. A group of
four stainless-steel springs is used to fix the entire assembly and to counterbalance the change
of material sizes due to thermal contraction while cooling of the detector. To avoid device
deformation and guarantee high Xenon purity, all materials used for the TPC construction have

a small thermal expansion coefficient and low outgassing character.

3413 Implementation of acquisition chain prototype

Figure 3.34 shows the experimental configuration of the prototype acquisition chain integrated
in XEMISI. To reduce the electronic noise which is dominated by the preamplification of the
front-end electronics, two IDeF-X cards are directly connected to the anode and immersed in
LXe. Two XTRACT ASIC treat the 64 analog output signals of IDeF-X. A standard connector
and the interface card are linked to the two ends of XTRACT cards, intending to link the
XTRACT ASIC with IDeF-X and PU card. The entire unit operates in the vacuum enclosure,
cooled by the heat conduction from the inner vessel interface. The ionization signal information
of the detector is then sent to the external cryostat by 64 wires. The rest of the acquisition
chain is placed on the outside of the cryostat working at room temperature. The Arduino card
is connected to the PC via a USB port. The power source of IDeF-X and XTRACT is linked
to the interface card. Besides, the scintillation chain is also integrated in air working at room

temperature.

342  Architecture and integration of electronics in XEMIS2

As described in the previous chapter, XEMIS2 consists of two identical cylindrical LXeTPCs.
The scintillation light and ionization charge are respectively collected by the peripheral 64
PMTs (in the first phase) and by two end-side MIMELI anode each one composed of more
than 10,000 pixels of 3.1x3.1 mm?. The data acquisition system of one TPC is schematized

in Figure 3.35, including signal readout and data acquisition electronics. The information of
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@ TInner vessel of XEMISI cryostat, @ Two XTRACT_V2 cards are connected with two standard
connectors, then attached to the slot located in on the stainless-steel flange vacuum/xenon interface,

® The XTRACT_V2 card and a standard connector, @ The interface card linked two XTRACT_V2
cards and the rest of the acquisition chain, ® The Arduino card and PU card are installed at the outside
the cryostat working at room temperature, © FlexRIO is also installed outside of the croystat, connected
with LVDS cables to collect the digita] data of both 1ight and charge signa]s.

ionization and scintillation are extracted independently through two individual measurement

systems, synchronized and processed in the XDC (XEMIS data concentrator ) card.

lonization signal measurement|system
10240 x Pixel ~>[320 x IDeF-X --|> 320 x XTRACT]-»> 40 x XPU
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Fig. 3.35 Schematic diagram of the data acquisition system of XEMIS2 (one TPC).

lonization signals measurement system The Tonization signal provides not only the

information on the deposited energy but also the 3D position reconstruction. Optimizing the
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energy and position resolutions is fundamentally needed for the Compton scattering sequence
reconstruction. Besides, to realize an ultra-low activity imaging of small animals, maximizing
the event efficiency in the XEMIS2 ionization signal measurement system is fundamental.
Finally, due to the low-threshold self-triggering mode, it is necessary to reduce the output
data stream and maintain processability in high-rate signal readout without affecting essential
information. In order to perform a continuous readout for 20 minutes with almost negligible
dead time, a high performance ionization signal readout and data acquisition (DAQ) chain
was developed specifically for XEMIS2. It consists of three basic functional units: IDeF-X
HD-LXe (Imaging Detector Front-end for X rays) [166], XTRACT_V2 (Xenon TPC Readout
for extrAction of Charge and Time), and XPU (XEMIS processing unit). The picture of
cach electronic component is shown in Figure 3.36. IDeF-X HD-LXe and XTRACT_V2

IDEF-XHD LXe XTRACT_V2 PU
IRFU — SUBATECH MICHRAU - SUBATECH SUBATECH .

Fig. 3.36 Electronic components for ionization signals readout in XEMIS2.

compose the front-end readout electronics unit, and each of them is a multi-channel (32)
ASIC (Application—speciﬁc integrated circuit) bonded on a PCB. One unit can be connected
to 32 channels of the segmented anode, i.c., cach pixel is read out by its individual ultra-low
noise electronic channel. The induced current generated on a pixel is first integrated by the
charge-sensitive preamplifier in IDeF-X| generating an analog signal. The output analog signal
of IDeF-X then passes through a Constant Fraction Discrimination (CFD) block inside the
XTRACT chip allowing for a self-trigger. In addition, XTRACT includes analog and standard
digital blocks to memorize and deliver the fired pixel address, amplitude and CFD time of each
over-threshold ionization signal. A XPU card could connect a maximum of 16 XTRACTS
devoted to data collection and analog-to-digital conversion. The collected digital data of the
XPU card are finally sent to the XDC via a LVDS cable to realize a preliminary online data

processing.

To deal with the enormous quantity of ionization signal channels and to facilitate their manage-

ment , XEMIS2 picks scalable signals readout arrays. The electronics assembly layout of one
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half TPC is illustrated in Figure 3.37. For a halfTPC, a total of 5000 pixels are directly readout
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Fig. 3.37 Electronics assembly scheme (half-TPC) of the ionization measurement system.

(D) 1xAnode and Frisch Grid

(2) 162 xIDeF-X Front-End Electronic

(3) 1xXenon/Vacuum Interface common to IDeF-X/XTRACT modules
(0 162xXTRACT Front-End Electronic

(5) 28 x Cluster Card grouping XTRACTSs by 4, 5,7 or 8

(6) 28 xKapton Cable connecting Cluster Card and XPU Card
@ 16xXPU Card (each can manage 2 XTRACT Clusters)

(8) 16x3 Cables (ALIM-PU, SATA-PU, JTAG-PU)

©) 1xDispatch Card comprising 16 XPU Cards

(10) 1XLVDS Cable and 1x Dispatch Card Power Supply

(1) 1x Vacuum/Air feedthrough Card

via 162 IDeF-Xs connected to the backside of the anode plane. The output end of IDeF-X is
coupled to XTRACT through a standard connector on the Xenon/Vacuum Interface, one-to-one
correspondence. The Figure 3.38 (a) presents the photo of the Xenon/Vacuum Interface common
to IDeF-X/XTRACT modules. A sum of 162 XTRACTs is regrouped by 28 Cluster Cards,
with each associating 4,5,7 or 8 XTRACTSs. An example of a XTRACT-Cluster assembly and
connection is shown in Figure 3.38. One XPU card can handle two XTRACT-Clusters by
Kapton cables. A dispatch card comprising 16 XPU Cards manages all 28 XTRACT-Clusters.
The XPU cards operate in the vacuum layer, cooled by a heat exchanger with water circulation.
Information of all 5000 ionization signal channels is extracted to the outside of the cryostat via
only one high-speed LVDS line, realizing an optimized communication strategy and a minimized

power COl’lSllmptiOl’l.
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Fig. 3.38 Pictures of electronics assembly in XEMIS2.

(a) The Xenon/Vacuum Interface common to IDeF-X/XTRACT modules, (b) An example of XTRACTS
cluster: seven XTRACT cards are connected by one Cluster card, (c) Installation example in the case of
one row of interface panel consisting of eight standard connectors, (d) Connection of three cables with
PU card.

Scintillation signals measurement system  In XEMIS2, instead of accurate energy measurement,
the principal role of the scintillation signal is to record the original interaction time for drift
distance calculation. A low-cost scintillation signal measurement system was developed to
deliver a convenient and efficient data readout and acquisition process. The scintillation light
is collected by the VUV-sensitive PMT then readout through the self-developed XSRETOT
card. The latest XSRETOT card (Figure 3.39) consists of 16 identical self-triggering electronic
circuits to process 16 PMTs output signals in parallel. Each elementary circuit is composed of a
pulse-shaping amplifier and a discriminator, operating at room temperature. The schematic
operation diagram is shown in Figure 3.27. The PMT output signal is first integrated and shaped
by the pulse-shaping amplifier. Then the shaped pulse passes to the discriminator on which a
constant threshold voltage is applied. The data acquisition system will be triggered if the signal
amplitude is greater than the applied threshold so that the Time Over Threshold (TOT) signal
will be readout. The corresponding digital information on the leading edge, trailing edge, and
PMT address are finally readout via high-speed LVDS cable to XDC for data acquisition. Besides,
during off-line data processing, the number of photoelectrons collected by the VUV-sensitive
PMT can be deduced via a threshold time-out method.
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(a) Frontal view (b) Bottom view
Fig. 3.39 XEMIS Scintillation Readout for extraction of Time over Threshold (XSRETOT).

XEMIS Data Concentrator (XDC)  An updated version of the XDC (Figure 3.40) aiming at a
real-time image reconstruction conception is Currently under development, with continuous
high-frequency DAQ capacity and event builder treatment. One XDC card is envisaged to
manage 10,000 ionization channels and 32 PMTs output signals, i.c., all data of a TPC, with
a flow up to 8 Gb/s. Given that the expected raw data can reach up to 1 To for a 20-minutes
image, a real-time data filter is also proposed to be implemented further. The R&D work is
underway at SUBATECH in collaboration with IMT Atlantique Brest Campus. The aspects of
hardware acceleration, data reduction, and pretreatment for data acquisition are under study in
cooperation with the electronics department. At the same time, the LATIM laboratory partici-
pates in the research on the acceleration and optimization of 3-gamma imaging reconstruction

with XEMIS2 via artificial intelligence approaches.

Fig. 3.40 Experimental set-up for the test bench of the digital acquisition chain (version 2).



3.5 Conclusions Chapter 3 109

3.5 Conclusions Chapter 3

The primary goal of the first phase of the XEMIS2 Compton camera is to achieve small animal
imaging with a source low activity of 20 kBq in 20 minutes of exposure. To continuously readout
with negligible dead-time during 20 minutes, a specific high-rate data acquisition system was
developed and tested during this thesis work. This chapter consists of three parts that describe
the novel acquisition chain of XEMIS2 from the design requirements, operation principle, up to
the electronic readout chain implementation.

The first part focuses on the requirements for the new data collection. In order to perform
accurate charge measurements, our research team proposed an innovative segmented electrode
geometry MIMELI to optimize the induced current generation in LXeTPC. The experimental
test in XEMIS1 combined with an ultra-low-noise front-end electronic ASIC called IDeF-X
HD-LXe has shown encouraging results. A brief review was done at the beginning of this section.
In XEMIS2, in order to obtain the expected image quality with lower activity with respect to
other technologies currently in use, we need to extrapolate the same/better performance from
64 pixels to more than 20,000 pixels while achieving higher event efficiency under a manageable
data flow/volume. The new signal readout electronics system needs firstly to meet self-triggering,
high-rate acquisition, and low electronic noise. Furthermore, a signal information extraction
ASIC was developed to reduce the storage data volume. A new data acquisition system was
proposed based on the above listed requirements.

In the second section and the third section, the operation principle of the new DAQ
is speciﬁed. The former describes the core electronic components used in this thesis work,
XTRACT, which is also specifically important for the entire ionization signal measurement
chain. Instead of sampling all analog output signals of the IDeF-X chip, the role of the XTRACT
circuit is to extract and store the valuable information about amplitude, peak time, and fired
channel address. Therefore, offering the possibility of considerably reducing the quantity of
data by storing only the essential ones. In addition, combined with the PU card used to read
and serialize XTRACT data based on internal FIFO and dual-port memory, this circuit can
also reduce the number of connections traversing the chamber and limit the dead time of the
read link with the extracted data. Finally, the ionization signal data and the light signal data are
concentrated in the XDC card, deserialized by its FPGA framework, and then stored on the PC
side.

The final part describes the experimental set-up, including the XEMIST facility and the
implementation of the prototype acquisition chain. Besides, the data acquisition chain of

XEMIS2 is also under preparation for installation, its general architecture and electronics
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assembly strategy are also described. The next chapter will introduce the calibration process of

the new DAQ prototype for optimizing charge measurements.
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A new data acquisition system designed for the XEMIS2 has been developed to guarantee

a continuous readout with negligible dead-time during 20 minutes. There are two main

innovations brought by it. The self—triggering implementation aims to maximize the detection

efficiency. Extracting amplitude and time information from analog signal allows reducing the
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data flux and the storage volume. The architecture and operation principles of the concerned
electronic devices are detailed in Chapter 3. To study the operational calibration and per-
formance characteristics, a prototype has been developed and integrated into XEMISI. The
corresponding experimental resules will be reported in this chapter. The introduction provides
an overview of the entire data acquisition process and presents the critical parameters from basic
concepts. In the second part, we focus on the calibration of those adjustable parameters related
to the CFD performance and the threshold setting. It constitutes an essential step to operate the
core ASIC chip, XTRACT. The measurement optimization dedicated to the concrete observed
phenomena such as the threshold effect and fake triggers is discussed in the third section. At
the end of the chapter, an overview of the calibration performance will be given, including
the charge and time response. Besides, the self-developed slow control system for automatic

measurement will also be presented.

41 General overview

The operationa] princip]e of the overall data acquisition process is schematized througb the
diagram in Figure 4.1. A summary description of the data acquisition system components

provided below.

IDeF-X The ultra-low noise front-end electronic working as shaping-preamplifier, is directly
connected to the anode. The optimized operational parameters have been identified,
configured with a rise time of 1.39 us and a gain of 200 mV/fC. The semi-gaussian
waveform of the output signal is illustrated in Figure 4.1. The electronic response has
also tested and it shows a perfectly linear behavior. The electron noise (ENC) has been
optimized to a value as low as 80 electrons under operational conditions, i.e., connected to
the entire detector and working at -80 °C. Based on this experimental result, the targeted
ENC of the overall DAQ chain was defined to 100-120 electrons to optimize the energy

and position measurements.

XTRACT The core ASIC chip of the new DAQ system is the main electronic device to be
characterized and calibrated. The IDeF-X signal is split into four branches at the chip
entrance. They are used for self-trigger and the remaining one is continuously tracked
by the analog memory to register the amplitude at the trigger timing point. For time
recording, in the case of multiple trigger channels, the PU card only directly records the
first trigger time, and the other possible times are provided by the voltage ramp common
to all 32 channels. The voltage ramp starts from the first trigger sequence and ends when

the PU card finishes reading all fired channels. The self-trigger process, as the principal
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Online Storage

chip function, works for physical signals identification and triggers timing flag delivery.
It directly impacts the data acquisition quality. Its operational performance is the main

focus of this chapter.

PU card It can manage a maximum of 16 XTRACTS in parallel, handling the trigger flags and
reading out the amplitude and time data. The internal FPGA is equipped with a 100 MHz
clock to record the first trigger time of XTRACT. The readout information about analog
amplitude and time is converted into digital data in the ADC module then stored in the
FIFO, waiting to transmit to FlexRIO via LVDS. In this calibration experimental set-up,
the PU card prototype handle two XTRACTS instead of 16.

FlexRIO It is the headquarters of the data collection process. The calibration and physical data
are both segmentally registered per bunch of 80 ms duration. This time segmentation
method is chosen to allow a precise synchronization of both light and charge DAQ
branches. To this end, FlexRIO records the time of the former, and PU records the latter.
The time reset command is sent by the FlexRIO’s FPGA to the PU cards. During the
data acquisition process, the data is consecutively recorded in the FIFO-A during 800

pts and then sent to the FIFO-B during 1 ps. It is important to note that there is no data
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loss during the transmission time between two FIFOs, thanks to the FIFO inside the PU
card. FiFO-B will then send the data to the processor of the PC for data storage. Two
FIFOs are working in parallel in order to provide continuous data recording without dead
time. After 100 cycles, i.e., 80 ms, FlexRIO will stop the PU reading and process light
data. Unlike the charge data, during 80 ms, the light data is stored in another FIFO of
FlexRIO without sending it to the PC. Only after the charge data recording, the light data
memorized in FIFO will be sent to the PC and be written following the end of charge data.
Until all the light data will be correctly written in binary through the PC processor, the
acquisition segment is complete, and a reset ﬂag will be sent to PU to restart. The time

difference between two bunches of 80 ms depends, therefore, on the light data volume.

The correct operation of PU and FlexRIO is a prerequisite for DAQ calibration. Many short

acquisition runs have been taken to validate their performances. The binary data decoding and

debugging, loss data checking, and events order verification are complicated processes that will

not be discussed here. The experimental results reported in this chapter, except some of them

obtained with oscilloscope, are all based on the analysis of binary data with ROOT.

4.1.1 Self-trigger principle and affected parameters

Figure 4.2 illustrates the self-trigger principle which is based on:

« Leading Edge Discriminator (LED) or voltage over Threshold Discriminator (THD) are

utilized to detect the presence of a signal and to prevent CFD from noise trigger. This
clectronic circuit constantly compares the input signal pulse with an adjustable threshold
voltage. If the value of the signal exceeds the reference value, the comparator output level
switch to logical state 1. When the signal is below the threshold, the outpurt returns to
logical state 0. The Time-Over-Threshold (TOT) is thus the positive logic window of the
LED.

The Constant Fraction Discriminator (CFD) is used to provide a trigger timing ﬂagl
according to which the signal amplitude has be recorded. It comprises :

- a Bessel-filter to delay the input signal;

- an Attenuator to have an attenuated copy of the original IDeF-X signal;

- a Comparator to emulate the subtraction of the two previous (delayed and attenuated)

signa]s. The attenuated signa] 18 compared to the delayed signa]. When the two signa]s are

'Tn fact, LED can also be used to determine the time of the present signal whose rise time is always the same

regardless of the amplitude change (signal of IDeF-X). However, leading-edge timing is affected by time-walk, i.c.,

the measured time varies with the amplitude. The use of CFD can theoretically provide a trigger timing position

eliminating the dependence of the amplitude variation.
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equal, or the delayed signal is greater than the attenuated signal, the comparator output

is high. The output of the comparator block then goes high on the rising edge.

« Logical AND is used after the output signals of two discriminators in order to eliminate

the noise trigger. A trigger pulse will be sent only if the CFD signal is within the TOT

window.
amplitude
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Fig. 4.2 Hlustration of che self—trigger principle of XTRACT.

Leading edge discriminator (LED)

In XTRACT, we have added a leading-edge discriminator with an adjustable threshold for
signal selection. Unlike thresholds that are directly applied to software during data analysis,
hardware thresholds can introduce discriminator noise. Besides, the instantaneous signal level is
also modulated by noise. Both types of noise will cause the threshold crossing point to fluctuate.
The principle is illustrated in Figure 4.3.

Considering the standard deviation of the electronic noise of discriminator is o, and the
noise imported by the input signal is oy, the convolution of two types of noise can be expressed
as:

O'N2 = O'NT2 + O'NS2 (4-])

we can therefore deduce that:
oN = O'NT2 + UNS2 (4.2)

Besides, the timing uncertainty at the leading-edge, namely time jitter oy, can be written as:

o, = % (43)

dt

Vr
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Fig. 4.3 [lustration of the 1cading—edge discriminator response.

(a)Principle of leading-edge discriminator used in the XTRACT circuit. V7 is the threshold voltage. Due
to the hysteresis of the comparator, the reference voltage at the trailing edge is normally smaller than
Vr. The differential time between the leading and trailing edge is the time over threshold, namely TOT..
Only those trigger times that arrive within TOT could be valid. The TOT could therefore achieve signal
selection and eliminate the noise trigger.

(b) Resolutions of time and amplitude at leading—edge threshold due to the noise ofinput Signal blue and
that of discriminator red.

Many researches have been conducted in those LED-based timing measurement detectors,
inc]uding time-walk and time-jitter. The method used for the scintillation 1ight measurement

in XEMIS2 has the following characteristics:

« Leading-edge timing is affected by time-walk, i.c., signals with the same shape and different

amplitude cross the threshold at different times.

« Time-walk is a deterministic effect that can be corrected by measuring the curve of delay

time as a function of the signal amplitude.

« Time over Threshold (TOT) is an efficient way of registering the amplitude, requiring also

the calibration of the TOT dependency as a function of the signal amplitude.

In this work, since the timing trigger is provided by CFD instead of LED, those features will not
be detailed here.

Constant-Fraction-Discriminator (CFD)

The operation principle of the CFD block is shown in Figure 4.4. The input signal (S;, (1)) is
firstly split into two signals, then it generates a delayed signal (S4(t)), through a delay filter
based on a second-order Bessel filter, and an actenuated signal (S,(t)), via a divider bridge
attenuator. Later, those two signals pass through an amplitude comparator delivering a crigger
timing flag (tcpp) at their cross position. Therefore, the trigger timing point is located on

the constant fraction of the input signal, insensitive to the input signal amplitude for a given
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Fig. 4.4 CFD principle of the XTRACT chip with the IDeF-X pulse shape produced by the PSpice

simulation.

normalized pulse shape (S(t)). The theory of CFD can be demonstrated as follows. The input
signal could be expressed as:

Sin(t) = VinS(t) (4.4)

where Vj, is the maximum of the input signal. Then, the attenuated and delayed signals could
be therefore defined as follow:
Sa(t) = aVy,S(t) (4.5)

Sa(t) = Vi S(t —ta) (4.6)

where « is the attenuation factor related to the attenuated signal and ¢4 is the delay time
corresponding to the delayed signal. Since the CFD time (t¢pp) is determined by the intersection

of the delayed signal and the attenuated signal, we thus have:

Sa(tcrp — td) = Su(tcrp) (4.7)

The amplitude voltage of the input signal V;,, appears in the two side of Equation 4.7 that can
thus be simplified as
S(tCFD - Zfd) = OéS(tCFD) (4.8)

As expected, topp is not depending on the signal maximum Vj,. The trigging ratio r at topp is
expressed as :
S(tCFD — td)

r = S(tCFD) = o (49)
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The dependence of the trigging ratio r is only on the delay time ¢4 and the attenuation
coefhicient . When o and 4 remain unchanged during the measurement, 7 becomes constant

and independent from the input signal amplitude, allowing to reach an ideal CFD performance.

However, in practice, the zero-crossing comparator might have an offset which introduces a
differential voltage* V7o between the compared attenuated and delayed signals. Equation 4.9

should thus be changed to:

S(terp — td
r = S(terp) = terp > ) (4.10)
zZC

Vi

o +

In chis case, the trigging ratio r is no longer a constant but dependent from the input signal
amplitude, i.c., Time Walk. To reduce the impact of this phenomenon, a direct-current (DC) bias
has been added onto the attenuated signal. This adjustable parameter is named ZC correction in

this work, and it is meant to compensate the offset Vzc.

Conclusion

This section gives a general overview of the entire DAQ chain and explains the operation
principle from a theoretical point of view. In order to optimize the self-triggering operation
concerning the time and amplitude acquisition, four critical parameters should be taken into

consideration:

« Threshold (TH) and Hysteresis of the LED which defines the signal section range.

« Delay time (¢4) and DC current of zero-crossing comparator (ZC) of the CFD which

impacts the trigger timing position.

Other than hysteresis that is an inherent property of comparator, all the rest of parameters are

adjustable. Their calibration characteristics will be reported in the next section.

4.2 Calibration characteristics of XTRACT parameters

The goal of the XTRACT chip is to provide an ionization signal self-trigger and to record the

corresponding time and pulse voltage value. The basic design and operating principles have been

*Bedsides, a light shift of baseline might also be produced during the signal split, attenuated or delayed processes.
Here all the factors are simplified and expressed as V.
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described in Section 4.1. In this section, we will mainly discuss the adjustment and calibration

process dedicated to performance optimization.

4.2.1 Delay time

The impact of V¢ offset could be ignored when the input signal amplitude V;,, is big enough,
ie., when Vz¢o [/ Vi, is approaching zero. Under this condition, the CFD operation can be
considered perfect. As demonstrated in the previous section, in an ideal CFD, the trigger ratio
r depends entirely on the delay time ¢; and the attenuation coefficient a. In the XTRACT
circuit, « is fixed at 70%, nonadjustable and constant for all 32 electronic channels. The delay
time becomes, therefore, the unique adjustable parameter for the time ratio selection. In our
case, the ideal trigger ratio is 1 that the amplitude of input signal could be directly obtained.
From Equation 4.8, we have:
r = S(terp) = 1
torp =t (4.11)
S(t, — tqg) = a = 0.7

Slow Control In order to adapt the different peak times of the input signal, the XTRACT
circuit is equipped with a 3 bit DAC (8 different values from 0 to7) that allow for delay time
adjustment. ¢4 is common for all 32 channels of one chip. The control is realized via the register

12C of the Bessel filter to activate the auxiliary capacitors.

Objective  This test mainly aims to find such an optimized delay time that the voltage at
the CFD trigger timing point could be maximized. The maximization of the trigger ratio can
improve the accuracy of the induced current (deposited energy) measurement and optimize the
signal-to-noise ratio. Besides, since the adjustable values of delay times are unknown and not

ordered, this work can also be used to calibrate and reorder the DAC values in the delay time.

Method  Since the time of the signal maximum is hardly affected by other factors, we chose to
calibrate it in the first place. The effect of different delay positions was determined by injecting
a high amplitude step pulse of 100 mv through the injection capacitor of IDeF-X. The shaping
time of the IDeF-X chip was configured at 1.39 ps, and its gain was set to 200 mV/fC. The
threshold value was set to the maximum possible value to eliminate the noise triggers. Only the
time and amplitude (ADC digital value) were registered with the novel DAQ chain. By analyzing
the measured amp]itude and trigger time, we could therefore characterize the performance of

cach delay time.
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Result and discussion

An example of the experimental measurement result of one channel is shown in Figure 4.5. It
presents the delay time response of the pixel #0 of XTO. For each delay value, the measured
amplitude and time have a Gaussian distribution. The experimental result allows associating
and reordering the delay times according to the DAC values, whose main characteristics are
summarized in Table 4.1. Four of the delay values make the trigger time point before the peak
time (tcpp < t,), and the others define a bigger time ({cpp > ). Among all the optional
delays, delayl (DAC value) makes the time point closest to the peak time, maximizing the

measured amp] i tude Value.
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Fig. 4.5 CFD delay time measurement (one channel): output amplitude with the experimentai cross-time
of all 8 delay times are superposed. The projection on the x-axis shows the measured time distribution
fitted by a Gaussian function.

Table 4.1 Main characteristics of the delay time parameter.

DAC value (LSB) 0 1 2 3 4 5 6 7

Experimental results ofpixei #0 of XTO (injection ampiitude of 100 mv)

Amplitude (ADC channel) 3115 3345 3286 3328 3230 3340 3326 3305

Cross time (ns) 1061.83 1397.56 1227.23 1505.73 1158.62 1459.07 1304.45 1558.92

Time jitter (ns) 7.35 7.40 7.30 7.55 7.30 741 7.27 7.49
Associated (Reordered) capacity value and delay time

Capacity (datasheet) (fF) 700 1500 1050 1850 900 1700 1250 2050

Delay time (simulation) (ns) 295 620 430 780 390 705 520 820
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Fig. 4.6 Characteristics of the delay time: (Ieft) delay time simulation and (right) variation of crossing

time with delay time.

Since the delay time is in common for all 32 channels of one XTRACT, a follow-up test was
established to calibrate the dispersion of their performance. The experimental results are shown
in Figure 4.7a and Figure 4.7b, where the variation of the amplitude and time measurements

with different delay times of all channels can be seen.
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Fig. 4.7 Delay behavior of 64 channels of two extracts for an input voltage of 100 mv

The mean values were obtained by performing a Gaussian fit. We can see that all 32 channels
of the two XTRACTS have a quite uniform performance. The maximum amplitude is always
achieved with delay time at delayl. Besides, the cross-time distributions of two XTRACTs with

delay time set at delayl are shown in Figure 4.8a and Figure 4.8b.
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Fig. 4.8 Dispersion of time measurement of XT0 and XT1 with delay time set at delayl: (left) superposition

of measured value, (right) distribution of mean value on time measurement.
Conclusion

In this part, an optimal delay time has been found corresponding to the DAC value of delayl.
The trigging time, in this condition, is about 1.4 ps approaching the shaping time of IDeF-X.
Therefore, the trigging ratio is almost equal to 1, i.e., XTRACT is well performing and is able to

record the maximum value of the IDeF-X signal.

4.2.2  Zero-Crossing (ZC) correction

As mentioned in Equation 4.10, we have:

r = S(tCFD) =

o+

Vin
where the trigging ratio depends on the input signal amplitude V;;, of the CFD. The offset V¢
of the Zero-Crossing comparator introduces hence a time walk, breaking the requirement or

a perfect CFD. To eliminate its impact on the accuracy of the trigger timing point, a direct-
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current (DC) bias Vpe should be added to compensate Vz¢ as much as possible, chat is:

S(t — td
20 =200 = Vpe = Vye = r = Slterp) = (CFDa )

where ZC0 represents the optimum ZC value which allows to eliminate the time walk effect. Sev-
eral simulations have been done with PSpice, LabVIEW and ROOT to estimate the performance.
Since other factors may be involved, such as the baseline shift of the split signals (attenuation
or delay or both), simulations cannot accurately reproduce the observed behavior. A set of

experimental measurements has been done to investigate its impact and find the optimum ZC

value (ZCO0).

Slow Control The DC input level of the Zero Crossing comparator is adjusted by a 6-bit
resolution DAC via the register 12C. The chosen architecture is a classic R-2R ladder type. This
functionality allows to compensate for the variations in the DC level introduced by component
offsets. Thanks to an adaptation stage, the initial adjustment range of the DAC (& 43 mV) has
been reduced to = 20 mV, corresponding to a LSB (Least Significant Bit) value of 0.625 mV.

Objective  This part of the work is mainly divided into two objectives. On the one hand is
to measure the time and amplitude for different ZC values. On the other hand, it is necessary
to find a fast and effective method to determine ZC0 in order to calibrate more than 20,000

electronic channels in XEMIS2.

EFFCCtS on time measurement

A full measurement on each channel has been done to observe the response of time and amplitude
measurements to different ZC values. Figure 4.9 provides an example of channel #3 of XT0. We
can observe the average time measurement results with all 64 DAC ZC values. In this test, we
sent a set of injection pulses of different amplitudes to the injection capacitor (50 fF) at the
entrance of IDeF-X, namely 3 mV, 5mV, 12 mV, 25 mV, 50 mV, and 100 mV. The threshold was
set to approximately 3 times the noise level, which corresponds to an input voltage of about
2.5 mV. The shaping time of the IDeF-X chip was configured at 1.39 us, and its gain was set
to 200 mV/fC. From the figure, we can clearly observe that the ZC value impacts the time
measurement, especially for small-signal near the threshold. Even for bigger signals, it slightly
changes the time of the trigger tcpp. To find the optimum ZC value, we exploited the measured
time as a function of ZC values, shown in Figure 4.10. From this measurement, we can extract
lots of useful information. Firstly, for an input voltage of 100 mV, equivalent to 5 fC ( ~ 31000

electrons, around the collecting charge of 511 keV deposit energy) after the injection capacitor
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Fig. 4.9 Response of time measurement with input amplitude for different ZC. Each point represents the
average measured time for a given input Voltage and a value of ZC (DAC value [LSB]). All mean values
have been obtained by performing a Gaussian fit.
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Fig. 4.10 Comparison of the impact of different ZC values on time measurement.

of 50 fF, the variation is slight, less than 50 ns in all ZC dynamic range. This result proves the
hypothesis of the previous delay time measurement: the impact of V¢ is negligible for large
input amplitude. It also confirms that the baseline deviation value is much smaller than 1V
(the gain of IDeF-X is set to 200 mv/fC). Besides, an inappropriate ZC value could induce more

than 700 ns time walk in the range of 3 mV to 100 mV of input voltage, corresponding to the
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collecting charge from 30 keV to 511 keV of deposit energy. Finally, the optimum ZC value, i.c.,
ZC0, can be casily found at a DAC value of 18, for which the time walk is perfectly compensated.

Z.C0 determination with noise triggers

For cach electronic channel, we aim at finding the ZC0 by using the same method as presented
above. It provides a precise evaluation of all ZC values. The measurement and analysis process is
so complicated and time-consuming that it is challenging to implement this kind of procedure
for all the 20,000 electronic channels in XEMIS2. For example, the previous measurements on all
32 channels of XT1 need 64 X6 injections for each channel. If each injection, configuration and
measurement are performed manually, it would not be possib]e to estimate the required time
because each injection needs a change of the parameter value of XTRACT and the generator
simultaneously. Based on this, we wrote a self-developed Slow-Control program with LabVIEW
to realize automatic measurements, based on I12C Arduino card communication for XTRACT
configuration and generator control. Nevertheless, the time required is still unacceptable for
]arge quantities of electronic channel calibration. Considering that the injection frequency is 1
kHz, each measurement takes about five seconds on average since we need enough statistics to
have the precise average value to achieve the ZC determination. One channel finally takes about
30 minutes. We spent almost 17 hours calibrating one XTRACT (32 channels). In XEMIS2,
there are more than 20,000 electronic channels, that corresponds to more than 600 XTRACT
cards. The total required time is therefore about 15 months, more than one year. Of course, we
can simplify the test procedure, in order to shorten the acquisition time and reduce the injection
measurement points. However, considering the different distribution of ZC in each channel, a
non negligible number of measurements are still needed. Given this, a new fast and efficient
calibration method needs to be established.

We proved that when the offset is well compensated, the discriminator has the highest
counting rate. Therefore, we proposed the idea of obtaining ZC0 through noise triggering with
a threshold under the signal baseline level. Figure 4.11 shows the variation of the noise trigger
rate with ZC values, the curve follows a Gaussian distribution. The position of maximum noise
trigger counts corresponds to the ZC0 value. This result is consistent with our assumption and
proves the feasibility of this approach. In this measurement, neither a threshold nor an injected

pulse signal is required, greatly simplifying the operation processes and the required time.

Calibration results

The ZC0 values of two XTRACTSs have been determined at room temperature and at operation
condition. i.e., -80 °C. The corresponding distributions at room temperature is shown in Fig-

ure 4.12 while its dependence on the temperature is presented in Figure 4.13. The possible
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2C0 values distribute in the whole dynamic range of DAC adjustment, gathering in the central
zone. However, there are still two channels whose ZCO is out of range. Given the importance of
this compensation, we decided to expand the adjustment range of the DAC from 4 20 mV to
+ 43 mV in the next version (XTRAXCT_V3) which will be used in XEMIS2. Besides, we can
observe that the effect of temperature is not obvious. In most cases, changes are limited to one

or two LSB units.

Conclusion

In this section, we introduced and observed the impact of ZC deviation from a theoretical point
of view and we discussed the experimental aspects. According to the experimental results, we
proved that the ZC value affects the time measurement, especially for small signals near the
threshold. Two methods to determine the optimum ZC are proposed: time walk measurement
and noise trigger count rate. Both methods showed satisfactory results, while the latter can greatcly
simplify the calibration process and reduce the required measurement time. Besides, a slow-
control program has been developed based on LabVIEW to realize the automatic measurement
of each channel that need to be calibrated in XEMIS2. The ZC tuning processes of a XTRACT
chip can be accomplished within one second in the 32 multi-channel parallel measurement

mode.

4.2.3 'Threshold calibration

As described in the first section of this chapter, the amplitude measured at the threshold level
is affected by the electronic noise of the input signal and the discriminator. The objective of
this part concerns unique]y the calibration of the DAC threshold. The impact on the charge

measurement will be derailed in the next section.

Slow Control  The voltage of threshold of LED discriminator is adjusted by a 6-bit resolution
DAC via the register 12C. The chosen architecture is a classic R/2R type architecture, same as
the one used for DC current adjustment. This functionality allows to set the threshold at the
desired value in considering different situations (gain, noise). The adjustment range of the DAC

is & 43 mV corresponding to the LSB value of 1.344 mV.

S-curve fit

To calibrate the threshold DAC, we used the S-curve fit whose principle is shown in Figure 4.14.
Considering that the electronic noise follows a Gaussian distribution, the detection efficiency is

dependent on the utilized threshold level for a given amplitude signal at the LED input. The
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relation between the detected event number and the threshold value follows a Gaussian error
function. The input signal amplitude and the threshold voltage have the same value when the

detection efficiency is 50%.
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Fig. 4.14 S-curve principle. Consider an input signal whose amplitude is the center value. The blue
curve is the amplitude distribution of the signal under the effect of noise, which follows the Gaussian
distribution. For a given number of shots, the detection count will vary with the threshold value, in the
form of a Gaussian error function. The input signal amplitudc and the threshold value are cquivalcnt
when the detection efficiency is 50%.

An example of experimental result is given in Figure 4.15. It represents the threshold DAC
calibration of channel #0 of XTO. In this measurement, we sent a set of injection pulses of
different amplitudes to the injection capacitor (50 fF) at the entrance of IDeF-X, namely 5 mV,
7mV, 9 mV, and 11 mV. The number of injected pulses is 96000 for ecach amplicude. We scan the
threshold across its whole DAC dynamic range for each input pulse and record the corresponding
detection counts. The shaping time of the IDeF-X chip was configured at 1.39 ps, and its gain
was set to 200 mV/fC. A S-Curve fit was then performed to the histogram of the count number
varied with the threshold DAC value. It is named the complementary error function (erfc) with

the following expression:

x — b

fl@) = a - (1 —Erf(\/ﬁ.c)) with Erflz) = \/27? : /Oxetz dt (1)

where the parameters have the fb]]owing impact:

a:  Scales the Erf-function, which is normalized to 1, to the number of triggers. The default

value of a is set to 5,000 for 10,000 triggers. (a = p0 in our fit result.)

b:  Provides the desired threshold value V. It is the value of the x, at which the f(x) function
reaches 50% of its maximum. The default value of b is determined dynamically and may

be in the whole DAC-range. (b = p1 in our fit result.)
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of the signal noise and the electronic noise of discriminator. (¢ = p2 in our fit result.)
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Fig. 4.15 S-curve fit for threshold calibration of a single channel.

According to the S-Curve fit, we could therefore obtain the gain curve of threshold DAC, as
shown in Figure 4.16. The data are well described by a firstc-order polynomial and show excellent
linear behavior in the measured range. The DAC offset value corresponds to the fitting parameter
p0, namely THO. Its voltage is equal to the input signal baseline, i.c., the input amplitude is
zero. The DAC gain can be calculated by 1/p1, representing the voltage value of the input signal

corresponding to a LSB unit. It can also be converted to a charge value knowing the value of the
injection capacitor.
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Fig. 4.16 Threshold calibration results of a single channel.

[t represents the noise uncertainty o, introduced in Equation 4.2, which is the convolution
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Calibration results

The threshold calibration result of XTO is shown in Figure 4.17. The fluctuation of all 32 channels
in THO and gain is not notable. Non-correlation between two variables could be observed.
Besides, the comparisons of the discriminator characteristics of two XTRACTs on THO and
gain are given in Figure 4.18 and Figure 4.19, respectively.

All those distributions follows a Gaussian distribution showing good uniform performance.
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Fig. 4.17 Offset (THO) and gain values of threshold DAC (XT0).

The average THO is about 30 DAC value placed in the center of the dynamic range. The average
gain is about 0.52 mV/LSB. Considering that the injection capacitor is 50 fF, we have, therefore,
that a LSB corresponds to ~26 pC, i.c., ~167 electrons. This value will be compared with the

noise level of our electronics chain in the following discussion.
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Fig. 4.18 Distribution of THO DAC value of the two XTRACTS.
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Conclusion

In this part, we discussed the threshold DAC calibration of both XTRACTSs. A brief theoretical
introduction about the leading-edge discriminator has been given at the beginning of the section.
The threshold determination is based on the S-curve fit technique. To accomplish the calibration
of all 64 channels, 4 x 64 pulse injections are needed, together with 4 x 64 x 64 measurements, 4
x 64 S-curve fits, 64 linear fits. Given the numerous operations, we developed a Slow-Control
program, similar to that used in the ZC determination, to realize the automatic measurement.
The experimental results show the excellent homogenecous performance of the two XTRACTS
whose average THO value is 30 with a 4-6 RMS fluctuation over the 64 channels. The DAC gain
is about 26 pC/LSB, corresponding to 167 electrons per LSB. The threshold value used in the

operating conditions will be discussed in the next section.

Section conclusion

We achieve to find the expected delay time with which the registered amplitude is located on the
signal peak position at the CFD trigger timing. The delay time parameter is in common for all 32
clectronic channels of a XTRACT chip. The standard deviation of the crossing time is less than
20 ns per XTRACT. Then we introduce the impact of ZC value on the time-walk. ZC0 conduces
a quasi-perfect time measurement with a slight time-walk that can be neglected. Meanwhile, it
leads to a minimum voltage difference between the delayed signal and attenuated signal at the
Zero-Crossing comparator, rcsulting in a maximum noise trigger count rate which can be used

in return to determine the ZC0O DAC value. This determination method significantly reduces
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the complicity of the ZC calibration process. At the end of the section, the threshold DAC
calibration is presented. It has an excellent linear behavior whose offset and gain are measured.
The overall DAC calibration result is promising. In the next section, a further adjustment will

be discussed with the aim of‘optimizing the charge measurement.

43 Charge measurement optimization

For Compton sequence identification and reconstruction, the detector requires both good energy
and position resolution, obtaining through the charge measurement. Using the segmented anode
optimized with the MIMELI technique, we have achieved an exceptional performance of charge
extraction from the LXe TPC. Meanwhile, the downstream electronic chain was carefully
optimized to measure small charges. This section discusses the DAQ perfbrmanee at the tiny

charge level and the optimization process.

4.3.1 Low noise and threshold requirement

Compared to the whole signal sampling with an external trigger, the self-trigger detection
method demands threshold discrimination for signal selection and noise elimination. For the
signals whose amplitude is around the threshold level, the detection efficiency and measurement
uncertainty are both impacted. A low threshold level is therefore strongly required in our

detection set-up.

Non]inear response: threshold CH‘CCt

The use of thresholds also produces a non-linear charge response in a small amplitude range.
This phenomenon has been studied via simulation. It is interesting to have an experimental

measurement to compare the amplitude measured by the "CFD" with and without setting a

threshold.

Method  The standard operational process of XTRACT directly provide CFD measurements
that can be used to study the impact of a threshold. The use of the trig_in mode of XTRACT is
intended to operate an ideal CFD measurement. As presented at the beginning of the chapter, the
trig_in way provides an external trigger without CFD while the amplitude and time memorizing
process are the same. This approach has been chosen by considering that the ideal CFD trigger
timing point is constant (at the peak time) with no dependence on the input signal amplitude.

To fix the trig_in timing position, the amplitude measurement for different value of trig_in
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time has been studied in the first place. The output data reproduce the IDeF-x output signal

waveform. We set, therefore, the trig_in time at 1.61 ys to measure the peak amplitude.
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Fig. 4.20 The waveform of the IDeF-X output signal measured by DAQ with trig_in mode.

Result and discussion  The experimental results are showed in Figure 4.21. A set of injection
charges in the range of [0.05, 5] fC has been realized via two methods. A first-order polynomial
is used to fit the measurements (red line) in the chosen range showing a good linear response.
However, as mentioned, we can observe a non-linearity with the threshold at small amplitude

in the zoomed ﬁgure. This phenomenon is the typical effect related to the electronic noise and
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Fig. 4.21 Comparison of linear responses between the ideal CFD (trig_in at the peak time) and the
XTRACT (CFD + threshold comparator). (right) zoom in the region of interest.
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threshold. It can be explained through Figure 4.22. For the same input charge, we superimposed
the distributions of measured amplitudes applying or not a threshold. The blue line histogram
(H1) correspond to the case where no threshold has been applied: it follows a Gaussian distribu-
tion represented by the blue line (function G). The black-filled histogram (H2) is the amplitude
measured with a threshold whose distribution is no longer symmetric. Instead of characterized
by a product of HI and Heaviside, H2 is well described by a semi-Gaussian distribution that
can be explained as the result of a convolution between the noise introduced from the input
signal and the discriminator effect. The threshold effect has been taken in consideration of the
discriminator electronic noise fluctuation. The simulated threshold effect is represented by the
function (T) and it is represented by the red line in the figure. The distribution of the measured

amplitudes when applying a threshold can be well reproduced by the multiplication of G and T.

H |
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Fig. 4.22 Threshold effect simulation. The blue line histogram (H1) corresponds to the amplitude without
threshold: it follows a Gaussian distribution represented by the blue line (function G). The black-filled
histogram (H2) is the amplitude measured with a threshold whose distribution is no longer symmetric.
The red line is the simulated threshold effect (function T) considcring the discriminator electronic noise
fluctuation. The product of those two functions, G and T, shows a perfect fit on the histogram H2.

Threshold determination

To reduce the impact of the non—]inearity on small charge measurement, the direct method is
to decrease the threshold as low as possible. However, there is a trade-off between threshold
level and noise triggers occupation rate. Figure 4.23 shows the simulation result of the noise
count rate over the threshold with and without CFD. Obviously, the noise count rate explodes
with the threshold level reduction. The limit acquisition rate per electronic channel is 4000 ¢/s,
corresponding to an extreme threshold about 3 times of SNR. It is thus the desired threshold,
namely THC, during the operation. The THC could be calculated through the threshold DAC
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Fig. 4.23 Simulation result of noise count rate over threshold with and without CFD in 10garithmic scale.

calibration presented in the previous section. However, such a complicated experimental process
is not adapted for XEMIS2 with more than 20,000 electronic channels. Another method has
been adopted and the corresponding results are shown in Figure 4.24. It consists in using only
one S-curve for the injection signal of six noise sigmas per channel instead of completing the
whole calibration process. The reason not to choose a standard three noise sigmas is to avoid
noise triggers on the measurement efficiency. Since the threshold value is related to the noise
level, an iterative approach will be needed to find the new threshold. Even with 32 channels,

the S-curve is too complicated, let alone the 20,000 channels of XEMIS2. Finally, an empiric
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Fig. 4.24 S-curve of an injection signal of 6 noise sigmas.



136 Optimization of Charge Measurement with New DAQ Prototype

method is adopted to determine the THC level with the noise trigger rate without injection. So,

a rapid daily repetition is acceptable, providing an adjustment before each physical running.

Conclusion

This part gave a brief description and demonstration of the non-linear charge measuring response
just above threshold as expected. It is a reasonable phenomenon due to the signal selection
method. Still, it will significantly impact small charge measurement since no pulse waveform
would be registered in our DAQ. The energy reconstruction is directly based on the measured
amplitude, which is biased by this non-linearity response. To reduce the impact, we need to use
as small as possible the hardware threshold. Nevertheless, this threshold should not be much
smaller than three times the sigma noise level in order to reduce the trigger noise. Thus, that
dependence conduces a lower possible ENC (equivalent noise charge) level presented in the

detector and the whole DAQ electronics.

43.2 Studies of fake triggers

After the XTRACT DAC parameters calibration process, we started the first physical run with
the XEMIST detector under operating conditions. As mentioned above, we set the DC correction
current to ZCO and set the threshold to 3 times to the noise level, T'Hs,,. In the first test run,
two hours of physical operation data have been acquired and analyzed. For several pixels, the
noise occupancy rate is so important that there is not enough useful physical data. This section

will focus on this phenomenon and carry out the investigation.

Phenomenon description

In this paragraph we will discuss an example of the most affected electronic channel to describe
this phenomenon more clearly. However, it is worth noting that not all tested channels have
such severe defects. Figure 4.25 shows the raw data of amplitude measured near the threshold of
channel #31 of XT1 (corresponding to the pixel #63). The distribution is displayed in logarithmic
scales on the y-axis. In addition to the expected signals exceeding the threshold (corresponding
to the peak above threshold), there is an apparent second peak in the colored part below the
threshold (i.e., 1025 ADC), corresponding to a huge number of events. Besides, we can even
observe a part of events under the baseline (i.e., 976 ADC). Such important fake triggers cause a
high DAQ occupancy rate, increasing the acquisition dead time. This phenomenon dramatically
affects the detector performance, so the following tests have been conducted to identify the

issue.
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Fig. 4.25 The amplitude distribution measured near the baseline. The blue part indicates the amplitude
lower than the set threshold.

In the first step, using the same settings as for the physic run, an injection test was performed
on the observed channel (pixel #63) to reproduce the phenomenon. The measurement result
of an input voltage of 80 mv is shown in Figure 4.26. The measured amplitude is shown as
a function of the measured time, where the injection time is set to zero on the x-axis. The
injection pulse signals are well measured. The zoomed image is displayed in the inset black
frame. Nevertheless, after 5 us of the pulse signals, a spot of noise signals was recorded. It
shows the same amplitude distribution with the noise peak present in the physic data. Other
noise signals are discretely distributed over the entire time range except for the zoomed area.
This result indicates that those abnormal registered noise signals mainly appear following the
physic signals. Given that their amplitude is under threshold. The problem may come from the

t]’lTCShO]d comp arator.

When needed, each XTRACT is equipped with an electronic channel for chip debugging, that
can output a single analog signal among the attenuated, delayed, CFD, or threshold. Figure 4.27
shows the observation of false triggers observed with the oseiﬂoscope. There are three trigger
signals (red) in the TOT window (green). However, by observing the output attenuated analog
signal (blue), only the first trigger corresponds to an over-threshold signal while two others are
generated by electronic noise. As mentioned in the previous chapter, the presence of double
trigger at the 1eading or trailing pu]se is expected as it is due to the noise impact. However, we
observed a 16 p1s TOT window which was unexpected. This phenomenon can only be explained

by the fact that the hysteresis of the comparator is bigger than expected, leading to a trailing
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threshold (the difference between the set threshold of hysteresis) lower than the baseline. The

following part will describe the hysteresis measurement and a new ZC value adapted to reduce

the noise trigger and

optimize the charge measurement linearity.
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Fig. 4.27 Observation of fake triggers with the oscilloscope (channel #31 of X1 - pixel #63). Signals

presented in the screen

are: (blue) attenuated injection signal, (green) over threshold time window, (red)

trigger signals. Two false triggers are following the true pulse signal.
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HystCI'CSiS measurement

We have tried to qualitatively estimate the hysteresis value from the physic data, as shown in
Figure 4.25. There is no suitable method to evaluate the hysteresis with registered data from
XTRACT. Given that the test channel of XTRACT could deliver the attenuated and delayed
analog signals, the hysteresis was measured with an oscilloscope. The amplitude difference
between the leading edge and trailing edge give the hysteresis with an attenuation factor. It

required firstly to determine the attenuation factor before calculating the hysteresis value.

Attenuation factor  The maximum amplitudes of the attenuated (subscript denoted as a) and

delayed (subscript denoted as d) signals, averaged on 1000 samples are:
Amp, = 10.010 mV and Amp,; = 13.240 mV

assuming the delayed signal is also slightly attenuated by a factor of 5 %, we have therefore:

Am
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Fig. 4.28 Measurement of the attenuation factor of channel #31 of the XT1.

The attenuation factor of the test channel #31 of XTO0 is 0.721 following the same measure-
ment. The experimental result is in agreement with the design specification value, which is 0.7

within a deviation of 5%.

Hysteresis  For channel #31 of XT1, on the attenuated signal, we measured with a probe x10

during 1000 samples:
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1. The amplitude of the leading trigger position:
Amp; = 56.480 mv, 0 gy, = 0.067 mv

2. The averaged and standard deviation of the amplitude at the trailing trigger position:
Amp, = 55374 mv, 0 pmp, = 0.069 mV

4 4

(a) Attenuated signal (b) Delayed signal

Fig. 4.29 Hysteresis measurement on the attenuated signa] on channel #31 of XT1.

The hysteresis is thus:

(Amp = Ampy) 0 15 404 my (4.14)

hys =

The hysteresis of the test channel #31 of XT0 was 15.589 mV, it has been obtained using the
same procedure previously described for the test channel #31 of XT1. The experimental result
shows a hysteresis of about 15.5 mV for the two channels #31 of the two XTRACTs. Considering
the gain of 200 mV/fC, the hysteresis is therefore 484 electrons, equivalent to 6 times the ideal

noise (80 electrons) or 3.2 times the current noise (150 electrons).

Please note that, it could not be considered as a defect since, as mentioned in many articles,
the hysteresis of comparator used in the ASIC is generally about dozen millivolts. The design
specification on current consumption mainly limits it. Besides, those two test channels present
a more important hysteresis than others (observed with physic data) meaning that the average
hysteresis is lower than 15 mv. We observed the phenomenon, namely hysteresis "defect”, which
results from the low threshold used in our set-up. The following part will describe a new ZC

tuning adapted to reduce the trigger rate and optimize the charge measurement linearity.
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433 7C tuning for charge measurement

In the previous section, we find a ZCO0 allowing XTRACT to perform a perfect CFD operation.
i.e., no time-walk. It also corresponds to the setting for which the trigger rate was maximum
without any threshold. This feature enables us to determine ZC0 by the noise trigger rate.
In addition to minimizing the time step, the DC bias added to the CFD discriminator in the
actual operation conditions is also intended to reduce noise triggering by producing a smaller
offset. In our case, the primary purpose is to optimize the amplitude measurement to ensure
the reconstruction of the deposited energy. A new ZC setting value is required to reduce noise

triggers and optimize the amplitude measurement based on this goal.

EffCCt on eharge measurement

Figure 4.30 shows a study of the non linearity on the amplitude measurement induced by ZC
sectings. The test procedure is the same as that of the charge linearity measurement, described in

Section 4.4.2. For each input charge, the mean value (Amp,),) of the ADC amplitude of detected
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Fig. 4.30 Noniinearity of amplitude measurement with the ZC setting.

events is provided by a Gaussian fit. The behavior of ZC in the large charge range is pretey
uniform, as discussed in Section 4.2.2. A first-order linear fit function describes the charge

measurement performance, which is also discussed in this section.The differential non-linearity
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(DN L) is calculated as:

Ampm - Ampfit

DNL = 100% (4.15)

Amp fit

where Ampy;, is the value calculated with the linear fic function. Since the same analysis is
performed for all ZC values, the standard binning error is not considered. Different ZC responses
are not homogeneous in the small charge range under the same measurement condition. We
compared the time and amplitude measurement response between two ZCs: ZC0 (DAC =
18), showing the best CFD timing performance, and the ZC (DAC =29) with which the DAQ
presents the most desirable charge linearity. Figure 4.31 shows the experimental result. The
corresponding trigger rate rates are given in Figure 4.32. The noise trigger rate of 20 kHz was
then chosen as the desired setting for ZCC determination. A slow-control program has been
developed to auto-set the parameters, and is presented in the next chapter, where the uniform

response of ZCC is also discussed.

ilsofﬂ ....... ~2zc=18 | _ Ezzoo?‘ T e
-gltwf ...................... ~zc=29 %21005 \ --Ezc=29
§120f 5 2000, ! :
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Input voltage [mV] Input voltage [mV]
(a) Charge measuring nolinearity (b) CFD time walk

Fig. 4.31 Comparison of the time and amplitude measurement response between two ZCs: ZC0O (DAC =
18), showing the best CFD timing performance, and the ZCC (ZC for charge measurement) (DAC =29)
with which the DAQ shows the most desirable charge measuring linearity.

Section conclusion

This section discussed the choice of parameters used in operational conditions for charge mea-
surement optimization. A non-linearity amplitude measurement due to the use of threshold has
been discussed in the first place. The low electronic noise and hardware threshold are therefore
required to have an excellent small charge measurement. Meanwhile, the LED comparator hys-

teresis might cause an overmuch noise trigger rate with the ZCO0 setting. After the experimental
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Fig. 4.32 The noise count rate corresponding to the ZCO (red dashed line) and ZCC (black dashed line).

investigation, the phenomenon results from the ultra-low threshold has been employed in our
detection set-up. We discussed how increasing the electronic gain or reducing the fake triggers
are two possible solutions to this problem. Given that the gain of IDeF-X is already set to
its maximum value (200 mV/fC), a favorite ZC setting shift is proposed to reduce the false
triggers and optimize charge measurement linearity. The ZC bias is a pretty typical method
for reducing the noise trigger from the CFD discriminator, working as a threshold [167]. After
studying the relation between the ZC and charge measurement response, we choose ZCC, whose
noise count rate is about 20 kHz, as the desired setting parameter. The following section will
give the self-developed slow control program of parameters self-finding and the corresponding

calibration results.

4.4 Overall performance calibration

This section will show the calibration results of the novel DAQ chain prototype in the operation
condition. They are essential for the following physical data analysis, which will be discussed
in the next section. The performances on both charge and time measurements are presented,
including the linear response of electronics, the nonlinearity of the employed threshold, and the

corresponding time walk and time jitter of amplitude variation.
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441 Calibration procedure

Since, about 20000 electronic channels need to be individually calibrated in XEMIS2, we
develop a method to obtain all parameters with only one data taking. The method is illustrated
in Figure 4.33. The data taking was realized with the help of the scintillacion DAQ chain to

provide the reference time (see Figure 4.33). Firstly, we need to launch the noise triggers rate

PMT Shaper

Interface
card

Interface
card

FlexRIO

Arduino 1

Test signal injection
o

Synchronized logic signal

Fig. 4.33 Diagram schematic of the experimental calibration set-up.

measurement, which is discussed above. This step has been optimized and automatized to
generate the configuration file containing the ZCC and T HC value of all 64 channels. After
the configuration of two IDeF-X and XTRACT units, the slow control program (presented
in the next section) will send the command to the pulse generator to produce 30 signals with
amplitudes in the range of 1 mV to 200 mV. The variable amplitude signal was sent to the input
capacitor of IDeF-X for DAQ calibration. Its synchronized logic signal (= 5 V) first passed
through two attenuators of 14 dB to reduce the amplitude, then it is sent to the XSRETOT as a
time trigger. The recorded data of two synchronized systems need matching during the offline

analysis to provide the time-related information.

Slow control development for automatic measurement

During the whole DAQ testing procedure, lots of short slow control programs have been
developed to reduce the experimental operation time. This part will briefly introduce three
self-developed slow control programs dedicated to optimizing and automatizing the calibration
process, including ZC, threshold, and overall calibration. Those prototype programs were
specially developed for XEMIS1. However, the methodology will be implemented in the future
PU card for the XEMIS2 electronics calibration.

7.C settings  For XEMIS2 calibration process, select the noise trigger count rate as the mea-

surement method to determine the ZC0 and ZCC corresponding to peak value and 20 kHz
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count rate. To realize the daily calibration of the detector data acquisition system, we developed
a Slow-Control program with LabVIEW to realize automatic measurement. The user inter-
face (UI) is shown in Figure 4.34. The Ul is intended for daily use by non-expert people. The
default values of IDeF-X and XTRACT configuration parameters are programmed internally
such that no additional setting is demanded. To start the measurement, we need only to choose
the corresponding address of XTRACT and click the start button. Then the program will scan
all ZC values and record the noise counts channel by channel. The results, i.c., the values of

7ZC0 (and ZCC) of all 32 channels in hexadecimal, are registered in a text file at the local disk.
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Fig. 4.34 Slow control interface dedicated to automatic ZCC determination.

The program was not originally designed for multi-channel parallel operation to avoid
overloading the acquisition system due to high occupancy. However, the current test results
proved that 32 channels could be operated at the same time. The comparison is shown in
Figure 4.35. Compared with single-channel measurement, the maximum count rate is slightly
degraded. This phenomenon is exp]icable by eonsidering that multi-channel triggers could result
in the time ramp extension, leading to the dead time increase. Nevertheless, the peak position is
always located at the ZCO value and the counts at 20 kHz is not degraded. In other words, the

result will not be changed, and the calibration duration could be further reduce by a factor 32.
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Fig. 4.35 Comparison of 7C searching results in different measurement modes: the red curve is measured
in the one channel mode and the white curve corresponds to the 32-channel mode.

TH settings  The interface of the same type of slow control program for TH setting is shown in

Figure 4.36. Since it is also based on the noise trigger rate, we need to choose the desired ZC file
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before launching the program. A considerable deviation exists around the desired 1500 counts
per second. The step of a threshold ADC is more than 150 electrons (sigma noise presented in
this calibration work while the actual noise level has been reduced to less than 120 electrons).
The searching process is optimized with the Bisection method to find the desired TH. When the
count rate arrives at the demand window and close to 1.5 kHz, the TH DAC value will be written

in the text file. Like the ZC program, the THC program was not designed for multi-channel
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Fig. 4.36 Slow control interface dedicated to automatic THC determination.

parallel operation to avoid overloading the acquisition system due to high occupancy. Figure 4.37
shows the comparison of the 32 multi-channel (white points) with single-channel (red points)

modes. No significant difference can be observed: this allows determining all THC at once.

All Channel

OnebyOne  [NEH

Fig. 4.37 Comparison of TH searching results in different measurement modes: the red curve is measured
in one-channel mode and the white curve is the result obtained in 32-channel mode.

Calibration program  Once loading the correct ZCC and THC configuration files, the slow
control program sends the command to the pulse generator to produce 30 pulse signals with

predefined injection amplitudes in the injection text file. Its synchronized logic signal (£ 5V)
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first passed through two attenuators of 14 dB to reduce the amplitude then sent to the XSRETOT

as a time trigger.
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Fig. 4.38 Slow control interface dedicated to automatic calibration process.

Data acquisition and processing

For each input voltage with the generator frequency of 1 kHz, a packet of 20 x 80 ms data
is registered per channel, corresponding to 1,600 events. Since the threshold is so low (noise
count rate about 1.5 kHz) a comparable quantities of pulse and noise signals are recorded. To
avoid the noise bias to the calibration, the first step of the calibration data process is the signal
matching. A time window of 2 ps after the "PM" leading edge time is opened for "charge” data
matching. This process allows removing most of the noise signals. We then use a Gaussian fitting
to estimate the mean value and the standard deviation of the distributions, since Gaussian
parameters are less affected by the remaining noise signals within the matching window. A
measurement example after matching procedure is shown in Figure 4.39. We can clearly observe

the variation of the output time and amplitude with the different input voltages.
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Fig. 4.39 Results of time and amplitude measurement with different input voltages.
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4.4.2 Electronic response to charge measurement

4.4.2.1 Charge ]inearity

Figure 4.40 shows the measured amplitude, the mean value of the Gaussian fit over the 1600
events, as a function of the injected charge of all 64 electronic channels of XEMIST at the detector

operation conditions. The red lines are the first-order polynomial fit functions. The following
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Fig. 4.40 The linear response of all 64 electronic channels in XEMISI.

results could be concluded from this data analysis:

A. Linear Response Figure 4.41 (a) shows the central value of the Gaussian fit of measured
amplitude over the 1600 events, as a function of the injected charge. A first-order polynomial
excellently describe the linear behavior in the dynamic amplitude range. The IDeF-X ASIC
starts to saturate at an input voltage of 220 mV for a gain of 200 mV/fC. For an injection
capacitor of 50 fF, the saturation charge is about 12.5 fC (~7.8x10%* electrons). This roughly
corresponds to the charge generated by a photoelectric effect of 1.4 MeV under an electric field
of 2 kV/em (calculated with NEST). The dynamic range effectively satisfies the required energy
interval, i.c., maximum 1.274 MeV, for the detector calibration. However, a slight non-linear
response could still be observed in the domain of small charge (see Figure 4.41 (b)) just above

threshold. The percentage of‘non—linearity will be given later.
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Fig. 4.41 Measured amplitudc as a function of the injcctcd Chargc for pixcl #1 of the anode. The first-order
polynomial fit shows the perfect linear response of the electronic device in all dynamic ranges except a
s]ight non-linear response in the small charge region due to the threshold.

B. Signal conversion from ADC to electrons  From the fit function, the conversion between input

charge (Q,,) and measured amplitude in ADC counts (Q apc) is given by the following formula:
Napc =pl X Qin + p0 (4.16)

where p0 and pl are the parameters of the linear fit. We can therefore calculate @, from the

recorded amplitude in ADC counts (Q ap¢) through:

B = p0
Qin = K (Napc — B) with - 1 (4.17)
=

where B is the baseline offset in ADC counts (pedestal) and K is the conversion coefhicient,
i.e., the input charge that is equivalent to an ADC unit. Both ADC-amplitude parameters are
required for each electronic channel during the data conversion. Figure 4.40 presents all the
linear fits of 64 electronic channels of XEMISI at operation condition. The distribution of
the offset or baseline B and the conversion coeficient K could be found in Figure 4.42 and
Figure 4.43. The data shows that the baseline Bt is signiﬁc:mt]y related to the memorization
of the signal by XTRACT, which manages 16 electronic channels in common. This translates

into the fact that the baseline voltage of each memory module is different. On the contrary, the
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Fig. 4.42 Offset distribution of the amplitudc—ADC (64 electronic channels). The data displays that the
ADC channel number is related to the amplitude memory of XTRACT, which manages 16 electronic
channels in common.

ADC—amplitude gain IC distribution shows a perfectly homogeneous response whose averaged

value is about 31.5 ¢ /ADC with a Gaussian-fit RMS of less than 0.2 e=/ADC.
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Fig. 4.43 Amplitude ADC gain of all 64 electronic channels. A Gaussian fit characterizes each set of 32
channels belonging to one XTRACT.
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C. Electronic gain  According to the experimental results, Figure 4.44 shows the electronic

gain G of the overall electronic chain, calculated as:

G — Uapc

C (4.18)

where Uype is the voltage step corresponding to a single ADC channel. As the signal amplitude
is encoded by a 12-bit resolution ADC in the PU card with a dynamic range of £ 2V, then the

U apc is equal to 0.977 mV. From the distribution, we observe:

1. The output electronic gain G is globally lower than the IDeF-X gain (i.c., 200 mV/fC) of
less than 4%. The relative gain difference is within a 5% tolerance range of the IDeF-X
fabrication specification. Additionally, it might also be affected by the CFD settings and

amplitude memory block gain dispersion.

2. The 32 channels output from the same IDeF-X and XTRACT ASIC have minimal gain

deviation of about 5%o.. This result proves the excellent consistency of the electronic

modules.
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Fig. 4.44 Electronic gain at the output of the whole DAQ chain.

Conclusion The study of electronic linear response has shown satisfactory results. Despite a
slight non-linear response near the threshold, it shows an excellent linearity performance within
the dynamic range. Using a first-order polynomial to fit the data, the offset and gain of the
amplitude ADC can be obtained, that is essential for physical data analysis. Also, we estimated
the amplitude gain of the entire signal acquisition chain. The deviation from IDeF-X gain is less
than 5%, and the homogeneity response observed over 32 electronic channels in a unit module

is within 1%.
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4.4.2.2 Equiva]ent noise charge

The equivalent noise charge of the entire DAQ chain is extracted by the parameter sigma of

the Gaussian fit of the input signal amplitude. The experimental resule for all 64 channels is

presented in Figure 4.45. The electronic noise of a DAQ unit (32 channels) is precty homogeneous

with a sigma of less than 5 electrons respecting the Gaussian fit. The average ENC of two units

is around 141 £ 5 electrons.
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Fig. 4.45 Equivalent noise charge of 64 electronic channels. The distribution per ASIC is well described

by a Gaussian function.
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Fig. 4.46 Observation of noise source of 15 kHz: distribution of the time difference between two successive

triggers measured under condition of chargc injection.

As discussed in the previous section, an ultra-low noise level is required in our experiment.

Compared to the desired ENC of 100 electrons, noise minimization work is still undergoing.
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Recently, we have identified a noise source of 15 kHz by measuring the time intervals between
two successive triggers, see Figure 4.46. This is caused by the device components of the detector
that are powered by different power supplies in the experiment. Using a single power source
for all devices, the noise level at room temperature is reduced to about 120 electrons. Further

testing is in progress.

4423 Quasi-linear response near threshold level

Figure 4.47 shows the relative non-linearity of the amplitude response, calculated from Equa-

tion 4.15. All 64 electronic channels show a high level of uniformity under the experimental
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Fig. 4.47 Relative non-linearity on amplitude measurement.

settings. The maximum non—linearity, 30-50%, appears for an input charge of around 300 elec-
trons. The non-linearity is largely related to the threshold value as discussed previously. Since
the threshold is set according to a predifined count rate of around 1.5 kHz (Figure 4.48 (a)),
its equivalent charge is not known in advance. Figure 4.48 (b) shows the threshold estimation
through the S-curve fit of the detection efficiency as a function of the input charge. The fit
is not precise enough, limited to the minimum increment of the input voltage. A more tiny
injection increment should be implemented during the future calibration process. The estimated
equivalent threshold charge of each electronic channel is presented in Figure 4.49. The missing
channels are those that could not be well fitted. For those channels presented in the figure,
their equivalent threshold charge looks relatively homogeneous, with an average value of around

350 electrons and a standard deviation of 40 electrons. This result translates into an observed
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non—linearity of 30-50% for an input charge of about 300 electrons. It corresponds to about 150

electrons. i.c., one sigma of noise level, of charge measurement error.
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Conclusion

This part presented the calibration result related to the charge measurement. A satisfactory

linear response has been observed. The slight non-linearity near the threshold is about one sigma

of noise level, not more significant than the contribution of the noise itself to the amplitude

measurement. The overall DAQ performance for the charge measurement is promising.
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4.43 Time measurement discussion

Since the overall setting of DAQ prioritizes charge measurement as a result a non-negligible
time walk is introduced, which needs to be corrected during the physical data analysis process.

This section will present the calibration results of time walk and time jiceer.

4431 Time walk

Time-walk is the deviation of the trigger timing point with the input signal amplitude, especially
for small amplitude. As mentioned above, in the high input voltage range, the measured time is
very stable and hardly affected by other factors, that is, the constant 7. Since we have matched
the "charge" data with the "PM" data, the measured time is the delay time relative to the leading
edge trigger time of the synchronous "PM" signals. Figure 4.50 displays the distribution of

trigger time 7 of all 64 channels. 7 is obtained by the average value in the measurement input
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Fig. 4.50 Average delay time relative to the synchronized PM signal (injected).
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range of 100-200 mV. The result of the gaussian fit indicates an excellent uniformity of all tested
electronics channels. The average CFD triggering time of all 64 channels is about 1750 ns with
a standard deviation lower than 15 ns. This time is slightly different from the previous test

because we changed the experimenta] settings between them.

The time-walk of 64 electronic channels has been measured and displayed in Figure 4.51.
Except for the two channels whose ZCC is out of the dynamic range of the DAC, the remaining
30 channels all show an homogeneous response. The time-walk effect increases with the decrease

in the signal amplitude. In this test, a shifted time difference of T could rise at 600 ns at the
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threshold level. This deviation is not negligible, it should be corrected during the physic data

analysis. The time-walk correction result will be presented in the next chaprer.
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Fig. 4.51 Time walk measurement resules as a function of the input Chargc for the 64 channels.

v v F

= - g

T . 4

a4 5001 “ O:

n i 0 I

g r1 £ 35

3 400 $ £

s 5 30

- - - =

[ L il C

o = o 25p

_E 300f E E
s 200

200/ 15/%%
- E N
r 100 = = = — R
100 5 == ——
: 57 = ———
[ ~e= E
klll‘lll lllllll I - 07\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0 2000 4000 6000 8000 10000 10000 20000 30000 40000 50000 60000 70000 80000
Measured Charge (electrons) Measured Charge (electrons)
(a) Small Charge invterval (b) Big charge invterval

Fig. 4.52 Time jitter measurement results as a function of the input charge for the 64 channels.

4432 Time Jitter

For a given input pulse, time jitter is the fluctuation of the trigger timing position, which is
affected by the electronic noise from the input signal and the discriminator. Its value can be

extracted by the sigma of the Gaussian fit on the measured time distribution. The measurement
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result is displayed in Figure 4.52. Like for the time walk performance, the time jitter of all
electronics channels presents a homogeneous response in the small and large charge measurement
intervals. Low-amplitude measurements near the threshold are highly impacted by a large noise
fluctuation effect, resulting in a time jitter of about 500 ns r.m.s.

On the contrary, in the large amplitude region, the influence of electronic noise is negligible.
The ADC clock inside the DAQ limits the time measurement accuracy, 100 MHz in our case.
The resolution of the clock (10/4/2 ns) is in good agreement with the measured jitter of about
7ns. A comparison (Figure 4.53) has been made with the previous work consisting in a simulation
study (with ROOT and Geant4) of the recoil electron trajectory in LXe’. Considering the drift
velocity of about 2.3 mm/pis under an electronic field of 2 kV/em, the time jitter effect dominates
the Z position resolution of the detector in the charge range under 12,000 electrons, i.c., about
220 keV. Above 12000 electrons,the Z position resolution is dominated by the uncertainty
of the position of the electronic cloud. The best z-position resolution is achieved at about
200 keV. An excellent z-position resolution of 100 pim could be obtained within a range of
around 5000-22000 electrons, i.e., 100-400 ke V.

— — — Both effects
DAQ time jitter
———— Recaoil election position shift in LXe

Resolution of Z position [mm]
o
()}

—
—_—

O 1 Il I — T 11t { 1 1 7 { T A ¢ [l
0 10000 20000 30000 40000 50000
Charge [electrons]

Fig. 4.53 Contributions detector and liquid xenon on Z position resolution.

Section conclusion

This section gives a general description of the calibration procedure to be used to XEMIS2 in the
future. The experimental results showed in this section have been obtained in XEMIST under the

same operating conditions that will be applied to XEMIS2. The response of the entire system to

3The subject of my Master’s thesis.
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the charge measurement is satisfactory: a good linearity and a negligible non-linearity near the
threshold (of less than one sigma of noise) have been obtained. The time-walk induced by the
measurement settings can be corrected using the calibration resules, which will be discussed in
the next section. In the small charge range, time jitter is the dominant factor to the z-position

resolution.

4.5 Conclusion Chapter 4

This chapter reports the experimental calibration and optimization of the novel DAQ prototype
electronic chain in XEMIST under the operational condition of XEMIS2. It consists of one
theoretical introduction section and three experimental sections.

The first part summarizes the overall DAQ electronics operation principle and data acquisi-
tion process, where the self-triggering operation concerning the time and amplitude acquisition
is detailed. Furthermore, we present and discussed the impact of the four critical parameters:
the threshold (TH) and hysteresis of the Leading Edge Discriminator (LED) (that defines the
signal section range), the delay time and DC of the zero-crossing comparator (ZC) (that impacts
the trigger timing position). Except the hysteresis which is a comparator technical property, all
others parameters are adjustable.

The second part of the chapter is dedicated to the DAC parameters calibration. The
optimized delay time allows registering amplitude on the signal peak position at the CDF trigger
timing. The delay time parameter is in common for all 32 electronic channels of a XTRACT
chip. The standard deviation of the crossing time is less than 20 ns per XTRACT which is
satisfactory for the spatial resolution. Considering the impact of the ZC value on the time-walk,
we found a ZCO value for which the DAQ has a quasi-perfect time response with negligible
slight time-walk. The threshold DAC calibration is presented at the end of the section. It has an
excellent linear behavior whose offset and gain are measured.

The third part discusses the choice of parameters uses in the operational condition for charge
measurement optimization. A precise small charge measurement is critically required due to the
charge sharing effect at the anode level. The utilization of a threshold conduces a non—]inearity
response at the tiny charge range. Thus, an as low as possible electronic noise and threshold level
is required. The threshold during the operation condition is determined at the noise trigger of
about 1.5 kHz, corresponding to three times the noise level. However, given that the comparator
hysteresis is much higher than one sigma of noise, such a low threshold might result in the
inefficiency of the trailing edge threshold. This phenomenon conduces a series of failure triggers
in certain electronic channels. The ZC bias is a typical method for reducing the noise trigger

in the CFD discriminator, working as a threshold, which could compensate for the hysteresis
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effect. After studying the dependence of the ZC value with the linear charge response, another
2C value, namely ZCC, is chosen to be used during the experiment.

A non-linearity amplitude measurement due to the use of threshold has been discussed. A
low electronic noise and hardware threshold are therefore required to guarantee an excellent
small charge measurement. Moreover, the LED comparator hysteresis might cause an exposed
noise trigger rate in the ZCO setting. After the experimental examination, the phenomenon
results from the ultra-low threshold employed in our detection set-up. Increasing the electronic
gain or reducing the noise triggers are two possible solutions. Given that the gain of IDeF is
already set at 200 mV/fC (maximum), a favorite ZC setting shift is proposed to reduce the false
triggers and optimize charge measurement linearity. The ZC bias is a pretty typical method for
reducing the noise trigger in the CFD discriminator, working as a threshold. After studying the
ZC and charge measurement response relation, we choose ZCC, whose noise count rate without
threshold is about 20 kHz, as the desired setting parameter. This choice enables reducing failure
triggers and optimizing the linear response on charge measurement.

The final section gives a general description of the calibration procedure to be used for
XEMIS2 in the future. Furthermore, the current experimental results have been obrained in
XEMIS 1 under the same operating conditions that will be used for XEMIS2. The response of
the entire system to the charge measurement is satisfactory: a good linearity and a negligible
non-linearity near the threshold of less than one sigma of noise) have been obtained. The
time-walk imported through the measurement settings can be corrected using the calibration
results, which will be discussed in the next section. In the small charge range, time jitter is the
dominant factor to the z-position resolution. An excellent z-position resolution of 100 pm

could be achieved within a range of around 5000-22000 electrons, i.c., 100-400 keV.
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S

ince every ionization channel is self-triggered during data acquisition, not only physics

signals but also noise events are continuously recorded. An offline code has been developed
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to reconstruct the physics interaction vertices starting from those raw data. In this experiment,
XEMIST was operated in the conditions foreseen for XEMIS2. A low-activity 22 N @ source with
similar characteristics to those of #4Sc¢ is employed. This chapter reports the work devoted to

the data processing development in view of the application to XEMIS2.

5.1 Experiments with * Na in XEMIS1

In order to prepare the XEMIS2 operation and to evaluate the Compton cone reconstruction
performances, an experiment using the source of ?? Na has been carried on in the XEMIS1
prototype. In order to fit the future operating conditions to the best of our knowledge, the
detector components are arranged similar to the XEMIS2 geometry. The experimental setup is
identical to that used during DAQ calibration, whose characteristics have been described in
Chapter 3.

A full Monte Carlo simulation of particle interaction with matter and detector response
was carried out using Geant4 and ROOT. Comparison with experimental measurement resules
will be discussed in Chapter 6. The TPC geometry construction is shown in Figure 5.1. The
active length of the detector is 65.1 mm with an anode of 64 pixels of 3.1x3.1 mm? (red square
area). Two IDeF-x cards (green plates) are directly connected to the anode and immersed in LXe.
A set of 6 copper field shaping rings (yellow rings) with a gap of 9 mm between each is located
between the cathode and the anode aiming to provide a uniform electric field. Two PMTs (blue
blocks) are placed at the TPC periphery side by side for scintillation light detection. The source
holder (dark red cylinder), supported by the Aluminum cathode of 1.5 cm (silver cylinder), is

located of about 1 em far from the edge of the detector active zone.

5.1.1 Source description

The characterization of the detector is performed by means of a low activity 2 Na source of
about 3.3 kBq. Similar to the candidate source *4Sc used for 3-gamma imaging, the 2 Na is also
emitting a positron and a y-ray of 1.274 MeV in quasi-coincidence. The radioactive source is
encapsulated in a plastic casing of 9 mm thick (H) with a radius (R) of 15.75 mm. The geometry
of the source 2Na is represented as a point-like cylinder with a height (h) of 3 mm and a
radius (r) of 1.5 mm. The configuration of the source is illustrated in Figure 5.2.

In parallel to the experiment, a Monte Carlo simulation using Geant4 is carried out to
study the event topo]ogy inside the active volume of TPC. The simulation results of the total
deposited energy in the TPC per event is shown in Figure 5.3. Without considering the scattering

multiplicity, three general contributions of events could be identified:
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Fig. 5.1 Wire frame representation of the XEMISI TPC constructed with Geant4. The origin is located in
the center of the anode. During the experiment, the TPC is entirely immersed in about 30 L of liquid
xenon holding by the cryostat.

Fig. 5.2 Schematic diagram of the 22 N g source configuration.

7y-ray of 511 keV The red curve represents the case where all deposited energy in TPC comes
from single or double y-ray of 511 keV. Normally, only one of two y-rays of 511 keV could
interact inside the TPC since they are emitted in opposite direction from the position of
the positron annihilation. However, the part of distribution above the energy of 511 keV
well indicates the presence of the second annihilation gamma ray. This additional energy
is likely to come from the interactions of the correlated gamma ray. It first occurs in
Compton backscatter outside the TPC, and then the remaining energy is lost in the TPC.
To reduce this miss-matching in Compton reconstruction, a fiducial volume is employed

during event selection.

7y-ray of 1.274 MeV The presence of the y-ray of 1.274 MeV should be considered as the refer-
ence Photo peak absorption for energy calibration source. However, a saturation of the
[DeF-x below the energy of 1.274 MeV is observed during the experiment. A significant
degradation of the efficiency results in a reduction of the resolution which leads to a more

complicated data analysis.
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Mixture of y-rays 0of 1.274 MeV and 511 keV  Since there is no ambiguity on the third peak with
an energy of 1.785 MeV, it could be thus used as to perform an energy calibration. However,
the energy range of interest to study Compron scatters is well below this energy. The gain
of the whole DAQ has been optimized to accurately measure small charges. This high
energy peak will result in a DAQ saturation during the experiment. For this reason, this
type of event can be considered as a background that will reduce the efficiency of the PE

peak and the Comprton sequence reconstruction.
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Fig. 5.3 Spectrum of deposited energy per event in the active zone.

An event selection is proposed in this chapter. A list of cuts have been selected to eliminate
the bias described above. Besides, more detail about the data analysis and experimental resules

are given in Chapter 6.

5.1.2  Overview of data processing

The precise measurement of small ionization signals is the critical point for the Compton
telescope performance. As discussed in Section 3.1.2, a low threshold self-trigger DAQ system
has been designed to maximize the detector performance for small charge measurement. The
entire newly developed DAQ system was described in Chapter 3, and its calibration performance
is detailed in Chapter 4. In the case of 64 electronic channels used in XEMISI, the new DAQ is
programmed to read out data at a trigger rate of about 1.5 kHz per pixel with negligible dead
time. A two-hour run produces 6.5 GB of data with around 3.4x10® raw events. The significant
number of electronic channels in XEMIS2 should produce a considerable data volume of 350 GB

during an imaging exam of 20 minutes. Online data processing is being considered in XEMIS2
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to reduce the DAQ data flow. An offline study of the needed data treatement is presented in
this section. The objective is to correct the raw signals by making use of the DAQ calibration
parameters and trying to reduce the data flow while keeping the valuable information for image
reconstruction. This part describes a preparation study that is realized via an offline data

treatment. The diagram of the main data treatment steps is given in Figure 5.4.

_ | Selftriggered Self triggered
Charge correction pixel raw data PMTs raw data
Time correction _
JL o . )
© S Time correction
Noise suppression a. Calibration Correction Re-tri -
& double-triggers - b. Data Filter — S?J rl?eg;:’énng
S jsolated in time c. Clustering PP
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Clustering Charge Light
- Clusters % Clusters

| d. Event Building |

TPC Events

Fig. 5.4 Diagram of the principal data treatment steps.

The first step consists in decoding and converting the binary pixel raw data files into
ROOT [168] format files. The relevant decoding process is crucial to verify that the DAQ acqui-
sition is Working correctly and to ensure that the data are not Corrupted. The ionization signal
information about pixels is stored in a ROOT tree as Digit objects, while the scintillation signal is
stored in another tree named Lisig objects. Each Digit; can be noted as D; (z;, y; ,t;, Amp;):

it contains the information about the affected pixel:

« the coordinates of the correponding pixel (z;, v;);
« the time measured through CFD, ¢;;

« the measured signal amplitude, Amp;.

Once all information have been correctly converted and registered in the ROOT files, several
data processing steps are required for the ultimate objective of the TPC event reconstruction.
The DAQ calibration results will be applied in the first place for signal amplitude-to-charge
conversion and time correction. Then the next step is data filtering aiming to eliminate noise
and reduce the data volume. Later a clustering algorithm will aggregate those Digits neighbor in
time and space to the same Cluster. The TPC event could be finally reconstructed after matching
the pixel Cluster with the PMT Cluster. The number of pixel Clusters per event indicates the nature

of the interaction inside the TPC as belonging either to single-scatter or to a multiple-scatter.
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5.2 Optimization of time measurement

The results of the DAQ calibration are employed to correct the measured amplitude and time

for every Digit.

Amplitude gain application  Since the amplitude measurement has been optimized during the
calibration process by appropriate settings of electronic parameters, no other corrections are
needed in this step apart from the gain application. The Amp; which belongs to Digit; will
be converted to g; using electronic calibrated gain. The information of a Digit; becomes thus
D; (i, yi ,ti, q;) for the furcther data processing. Besides, a slight charge loss caused by DAQ

saturation has been corrected in the range of\charge from 5.5x10% to 6.5x10% electrons.

5.21 Signals synchronization

As presented in Section 4.1, the scintillation light and ionization charge signals are self-triggered
through two independent DAQ systems and centralized in the FlexRIO board before being
sent to the PC processor. The former Lisig data is tune stamped by the 100 MHz counter in the
FPGA of the FlexRIO card, while the latter Digir data is tune stamped through the 100 MHz
internal clock of the PU board. Considering the precision and the stability of these oscillators
(a few ppm), the relative error between the different clocks can exceed 100 ns over a time slice
0f 100 ms. For the DAQ synchronization, a reset signal generated by the FlexRIO forces all the
acquisition counters that rely on independent clocks to be reset to 0 each 80 ms.

Meanwhile, an experimental calibration has been done in order to evaluate the frequency slip
between the clocks of FPGA and PU during 80 ms. The test used the same experimental method
as the time walk measurement presented in Section 4.4.3.1. Thanks to the external synchronized
signal delivered by the pulse generator, the relative time between the two DAQ systems could be
obtained. An example of measurement result is given in Figure 5.5. A significant relative time
shift can be observed and needs to be corrected for a precise time measurement. A PU time shift
of about 200 ns was measured with respect of the FlexRIO time during 80 ms (see Figure 5.6a).
A synchronization correction is applied to all Digits and the result is shown in Figure 5.6b.

The absolute PU time (tpy,) corresponding to the end of each acquisition period of 80
ms (absolute time given by FlexRIO) is now recorded in the raw data file used for signal

synchronization. Therefore, the first trigger time (£¢) is given by:

lpu,

80 ms

tg = tpUX
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Fig. 5.5 The measured calibration signal of same channel (a) before and (b) after the clock synchronization
of data processing. The abscissa is the time difference between scintillation and ionization DAQ chain
for the measurement of two synchronized signals, and the ordinate is the measured amplitude.
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FlexRIO time during a slice of 80 ms (black line) before and (red line) after time correction. (b) The
calibration results of a series of injected pulses with variable amplitudes (left) before and (right) after the
time correction (same measurement as Figure 5.5).

5.2.2 Ramp time measurement

As detailed in Chapter 4, when multiple pixels are fired within a short time, only ¢, the time
of the first affected channel (Digity), is directly recorded by the PU card (tpy). A common
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voltage ramp inside of each XTRACT is used to measure the time between the first pulse and the
following signals. This time difference is named ¢ x to distinguish from first crigger time ¢ py.
Therefore, the new DAQ system could provide the time (;) of each signal (Digit;) measured in
a XTRACT:

Vi>0,t = tg + txr (5.2)

Results obtained by DAQ calibration In this part, we report the time dependence of the
voltage ramp that has been measured during the DAQ calibration process. To measure the
dependence of ramp voltage with the time difference of two signals, it must affect two channels
in a time interval successively since one channel could not be retriggered before the ramp stop
(CS returns to zero). More details about the DAQ design could be found in Chapter 4. During
the test, a high injected voltage of 100 mV has been used to avoid the impact of time walk on the
time ramp calibration. The experimental measurement is, therefore, more tricky than other tests
in which only the PU time is employed. The measurement process is not detailed here. Figure 5.7a
shows the measurement result of 32 channels of XTO at detector operating conditions. Two
groups of 16 experimental data (colorful line) are displayed. Each ramp time data is characterized
by a first-order polynomial (red line), presenting an excellent linear behavior in the measured
range. The maximum ramp duration is about 1 s in the condition that only one signal is
delivered after the first trigger during the ramp generation time. The experimental result is
coherent with the DAQ timing schematized in Figure 5.8. Besides, as shown in Figure 5.7b,
the key information for ¢ xp calculation can be obtained by the slope (@) and the baseline (V)

resulting from the linear fit on the experimental data. In addition, a small voltage gap (AV) at
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the beginning of the curve can be identified as the difference between the intercepts of the two

fitting functions. Therefore, the time of a Digit; is calculated from Equation 5.3 :

where V;, is the measured ramp voltage value of Digit;.

XTRACT readout time or Ramp duration in normal condition
990 ns (single trigger)

INT
500ns 20ns
cs
220ns 170ns
RD
200ns 30ns
aoor - 00NN Krcte 2
CHARGE (\Charge A
TEMPS (\Temps A
ADC XSAMPLE CONVERT SAMPLE
20ns

Fig. 5.8 Schematic of DAQ read out in the case of only one channel is affected.

All 64 channels have been calibrated. With the same data treatment described above and
whose method has been applied in Figure 5.7b, the slope, baseline and gap of 32 channels of the
XTRACT XTO0 have been obtained. Their values are summarized in Figure 5.9 and Figure 5.10
at the detector operating condition. The slope is pretty uniform for all 32 channels: their
mean value is about 3.5 & 0.3 ns/ADC. Similarly, 3.7 & 0.4 ns/ADC was obtained for the other

chip, XT1. Besides, the baseline values are grouped in two blocks of 16 channels, similarly to
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Fig. 5.9 Time ramp slope values of 32 channels of XT0 measured at the detector operating condition.
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what presented in Figure 5.7a. The voltage gap is limited in the range of 4-8 ADC channels,

corresponding a time difference of less than 30 ns.
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Fig. 5.10 The distribution of the voltage gap at the beginning of time ramp of 32 channels of XTO at
detector operating condition. The black marker is the measured baseline (same value at che bcginning
and after complete falling down of the ramp). The red marker is the intercept of ramp linear fit. Their
distributions are quite uniform for each group of 16 channels. The difference represents the Voltagc gap
(blue marker) of each channel. The blue band is the 95% confidence interval of the constant fit.

An identical experimental measurement has also been done at room temperature, whose
experimental resules will not be detailed here. The remark which is worth to emphasized is that
the slope value depends on the operating temperature of the XTRACT chip. The voltage of the
time ramp generator increases more slowly at room temperature, whose behavior is closer to the

datasheet.
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Fig. 5.11 Time ramp slope values of 64 channels of two XTRACTSs measured at room temperature.
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Validation of DAQ readout of multi-pixel fired events with physics data  Multi-pixel fired
events commonly occur in our detector due to the electron cloud diffusion. The DAQ readout
validation is essential to make sure that the timing of each Digit is correct. This work was
realized through the analysis of physics raw data. The relationship between the chip readout
time (quasi-equivalent to the ramp duration in normal condition) and the time gap between
two successive trigger flags (begins of ramp) of the same chip (XTO0) is plotted in Figure 5.12a.
The ramp duration shows a discrete behavior and almost independent on the time gap between
two ramps, except when the new trigger flag (f;) arrives just at the end of the former ramp. An
example is shown in Figure 5.12b. If f; arrives in 300 ns behind the end of the chip readout, a

delay time is added to wait to complete the precedent chip readout. In fact, the read out of the

5000

i 1250
40003
4 102
v [ 7 1o?
o L £
3000 b g
§ s 8 s
- 5 5
+ I + ot
© 7] © 2]
N ! 2 4 2
3 i - T 3 o
2000 105 5
o Y [
10001 :
07 L I L L L 1 1
0 5000 10000 15000 20000 102 10° 10
Time gap between two succesive ramps [ns] Time gap between two successive ramps [ns]
(a) (b)

Fig. 5.12 (a) Dcpcndcncc of time ramp duration with the time gap between two successive ramps in the
same chip (XTO0). (b) Zoom picture of the case in which only one trigger is detected in the ramp.

first signal Digit takes a time of Tj longer than the following Digit; since PU and common
unit needs to prepare the lecture in ~ 720 = 10 ns. The remaining Digits are readout with the

identical At. The time of readout (or ramp duration) T; can then be expressed as:
Vi>0, T, =T, + At (5.4)

T; can be obrained from Figure 5.12a with the ramp time projection. The projecting plot is given
in Figure 5.13a. The At is calculated by the time difference between two successive Tjs whose
distribution is shown in Figure 5.13b. The mean time required to read out a new Digir is about

370 ns wich a deviation of less than 3 ns.
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Fig. 5.13 Characteristics of DAQ readout time (quasi—cquivalcnt to the ramp duration in normal condition).
(a) Distribution of the discrete ramp duration. (b) Calculated At for reading out one supplementary
Digit.

tx7 correction under special circumstances  As mentioned above, the Digit sends the trigger
flag to PU and means the start of a new time ramp with voltage of V. The time of the following
Digit; is thus calculated based on the relative voltage to V;,. The new ramp is normally
considered to start from "0", after the former ramp complete falling down. However, as discussed
in Figure 5.12b, there are some situations where the time gap between two successive ramps
(tpu,+1 — tpy,) is too short and, as a result, the new ramp starts from the tail of the former. This
phenomenon is observed in Figure 5.14a. Besides, the distribution of the V;, after subtraction of
the baseline voltage is displayed in Figure 5.14b. The dominating high peak verifies the ramp
start typically from baseline in most cases. The other peaks represent the voltage at the end of

the previous ramp. In this case, the Equation 5.3 should be modified as:
Vi>07 t; = to —|—OéiX(V;i—‘/oi—A‘/i)—OéOX(‘/m—VbO) (55)

where o and Vj, present respectively the ramp slope value and baseline voltage of the Digity

fired channel.

Time ramp characterized with physics data  From Figure 5.13a and Figure 5.14b, we can
calibrate the dependence of the ramp time with the ramp voltage (see Figure 5.15). The linear
behavior induces a ramp slope of ~3.5 ns/ADC, in agreement with the previous calibration

result (Figure 5.9). This finding can simplify the calibration process. We can calibrate the time



5.2 Optimization of time measurement 173

1500 S E
- E
Q L
<
B1o°k
& E
[0} -
> F
2] .
1000 10°E
) E
g =
E =
5 a
ﬁ 284.46 0..06.
4
o =] 10°g
a 5 E
E. ‘?f r© 387.97 + 0.158
500 ] F l
o ~ 10°E 491.51..%..0.282
o o 3 p=
3 5 3 596.90 + 0.801
5 - | 70094 + 0.786
2 10? | 802.12 + 1.107
E v
z l
= OF u
10E J Wm%MMMW
r v L 1
O T T T T T T B e T N 0
0 500 1000 1500 2000 2500 3000 3500 4000 -500 0 500 1000 1500
(P tP'-', [ns] Ramp voltage [ADC channel]
(a) (b)
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figure.

ramp with only 30 minutes of raw physics data, instead of applying the eomplex measurement

with two injection pulses during the DAQ calibration.
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Fig. 5.15 Dependence of the ramp time with the ramp voltage obtained by physics data analysis.

5.2.3 Time walk correction

The final step for timing improvement consists in correcting the time measurement dependence

on the signal amplitude (Time walk). This correction is based on the calibration result presented
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Fig. 5.16 [llustration of time measurement sequence and the contribution of time error.

in Section 4.4.3.1. For each Digit;, the time walk on the CFD measurement (¢tcpp,) can be
obtained through Figure 4.51 according to its measured amplitude. The time ¢; of Digit; could

be finally written as:
Vi>0,t; = tpy + a; x (Vi = Vo, = AV}) —ag x (V;y = Vo) — terp, (@) (5.6)
while the time tg of Digitg can be written as:

to = tpu — torp, (QF) (5.7)

5.2.4 Time measurement error and experimental I'CSLllt

The time measurement sequence and the contribution of time error are illustrated in Figure 5.16.

From Equation 5.6 and Equation 5.7, the time error oy, of Digit; can be expressed as:

\/0'123(] + U%FDl + U% OtherWise

where

« opy is the time error on the trigger flag of the PU board:

Clock
_ Doy 2.8ns with Clockpy = 10ns (5.9)

g
PU /—12

« 0crp, is the CFD time jitter calibrated in Section 4.4.3.1. The resolution depends on the

amplitude of signal;

« 0, is the noise of the voltage ramp (equivalent to 5 ns).
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Since the CFD time walk is negligible for large-signal measurements, we analyzed the time
deviation At of the small charge measured by adjacent pixels relative to the time of the central
pixel. The experimental result of time correction is shown in Figure 5.17. A significant At can
be observed in Figure 5.17a, presenting the same tendency as seen from the time walk calibration
curves in Figure 4.51. The time measurement resolution is estimated in Figure 5.18. The curve is
fitted by a sum of three Gaussian functions and a constant. The contributions to time resolution

are respectively of ~50 ns, ~140 ns and ~350 ns.

x10° x10° x10°
2% e 2 o
1.65| g 1.8'_5'
~ ~
0 0
145 gte? 1.6 5
c c
e e
1.2 @ 1 1.4 3
1.2
1 0.5
1
0.8 0
0.8
0.6
-0.5 0.6
0.4
-1 0.4
0.2 0.2
-1.5
" 0 H 0
ol b e e b 1 Ixa0? bl b e e b 1 Ix10°
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Charge of adjacent pixel [e-] Charge of adjacent pixel [e-]
(a) (b)

Fig. 5.17 Time deviation of the adjacent pixel relative to the central pixel as a function of the Charge of
the adjacent pixel (a) before and (b) after the time correction.
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correction.
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5.3 Dara filtering

Data filtering aims to eliminate noise data without degrading information about physical events

as much as possible. In this step, two kinds of noise will be recognized and treated.

53.1 Rejection of fake double—trigger

The phenomenon of double-trigger is the detection of one or more fake triggers following a
true physic signal. This behavior is due to the contribution of electronic noise and hysteresis
effect which have been studied and discussed in Chapter 3 and Chapter 4. To identify the
representation of double-trigger in physics data, we plot the relationship between the time
difference and amplitude ratio of two consecutive Digits when the latter amplitude is smaller
than the previous one. An example of experimental data results of pixel #9 is given in Figure 5.19.
The noise/small signals is distributed quasi-uniformly during all analysis time window shown in
Figure 5.19b. By contrast, in the time region immediately following the large signal, we observe
densely distributed fake signals due to double-trigger (see Figure 5.19b). The distribution of
the signal amplitude racio with respect to the time difference follows the shape of the pulse
tail. This observation proved that double triggers occurred in the physics data due to the CFD
measurement method. Besides, in the same area, lots of signals whose amplitude ratio is close to
0 (might be even below 0) are caused by the hysteresis. Data in this time window are therefore

climinated by applying the same analysis method used for the observation of this phenomenon.
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Fig. 5.19 Relationship between the time difference and amplitude ratio of two consecutive Digits when
the second amplitude is smaller than the first one (pixel #9) in (a) the entire analysis time window and
(b) the region of interest.
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In addition, another noteworthy phenomenon is that because we use the noise rate method to
determine the hardware threshold, a significant double trigger events (i.e., a relatively important
hysteresis) will increase the signal measurement threshold. This phenomenon has also been
observed and confirmed in this physics data analysis. As shown in Figure 5.20, a more important
re-triggering effect is observed on pixel #62 compared to pixel #9. Due to the obvious hysteresis
effect, the over-threshold time window cannot be closed immediately after the true signal, a
delay of up to 40 ps can be observed (see Figure 5.20b). In this case, we can see that less noise is
detected out of this time window due to the higher threshold setting of this channel to keep a

constant trigger rate.
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Fig. 5.20 Same plots as in Figure 5.19 for pixel #62.

An overview of all 64 channels is plotted in Figure 5.21. Thanks to the setting of ZC intro-
duced in Chapter 4, most channels present a normal double-trigger time interval distribution
resulting from the CFD measurement. Nevertheless, about a quarter of the channels still exhibit
more pronounced hysteresis. These pixe]s are concentrated in the positive X half-axis area of’
the anode (i.e., XT1), which will cause the measurement result on this site to be smaller due
to the threshold effect. This DAQ behavior causes slight deviations of the measurement along
X-axis. This phenomenon has been observed in the physics data analysis and will be presented

in Chapter 6.

5.3.2 Rejection of noise events isolated in time

Other than the above fake triggers caused by double-trigger, the other type of noise recognized
and excluded in the next step is the small-amplicude signal isolated in time. An interaction

vertex is reconstructed from a group of Digits (named Cluster), which are close in time and
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Fig. 5.21 Relationship between the time difference and amplitude ratio of two consecutive Digits when the
second amplitude is smaller than the first one (all 64 pixels corresponding to the real position on anode).

position. The Cluster is supposed to be generated by a unique electronic recoil. The method to
reconstruct Cluster is called Clustering that will be detailed later. Based on the nature of Cluster,
a Cluster containing only one pixel or Digit isolated in time with a small charge is likely to be
considered as a noise event. The method adopted to eliminate this part of the noise is based
on two offline thresholds (thpign and thisy,) and an isolated time window (AT}s0ateq). The
value of thygp is set to the minimum amount of charge required to identify a Cluster. Once a
signal exceeds this threshold thp;gp, all Digits close in time are potential candidates for Cluster
construction. Therefore, we open a time window AT}, 41eq centered on this signal to collect
all compatible signals. If another signal with an amplitude bigger than thp;g, occurs within
this time interval, a new time window centered on this new signal will be created to extend
the current one. In this way, depending on the signal distribution, a variable Digits selection
time intervals can be generated. Digits that are isolated from other signals will not be collected
and thus eliminated. Meanwhile, a thjo,, lower than the hardware threshold will be imposed on
all collected sigrlals gathered in time, to avoid the bias caused by hysteresis effects. The data
rejection factor is defined as the ratio of the number of Digits in the raw data to the number

of Digit after filtering. It can be presented as a function of each parameter separately whose
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relationship is presented in Figure 5.22. The rejection factor significantly increases with higher

thresholds while it decreases with the extend of the time window.
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(¢) isolated time window ATjsp1ated (With thpign = 40noise and thigy = 20p0ise). The first point in (b)
represents the filter ratio using only double-trigger removing without applying a low threshold.

In XEMIS2, this step will be integrated into the FPGA of the XCD card to realize online data
processing. Differently from offline data treatment the data removed during acquisition cannot
be recovered for further analysis. Therefore, we need to choose relatively conservative selections
in order to reduce the amount of data without degrading physics information. Figure 5.23 shows
the experimental resules on the Digit rate per pixel before and after data filtering. The count rate
could reach up to 2000 c.p.s (count per second) for some pixels while less than 1 kHz for others.
The dispersion comes from the difference of hysteresis in the comparator of cach pixel and the
precision of threshold settings. More details have been discussed in Chapter 4. In Figure 5.23b,
the number of residual Digits per pixel has been reduced to less than 100 c.p.s for a threshold
thhigh 4 times ]arger than the equivalent noise Charge (ENC or 0,,pise). The value decreases to
less than 30 c.p.s when the thpgp, is equal to 50 ,0i5¢. In Figure 5.23¢, the distribution tends to be
more uniform and concentrated in the center, characterizing the distribution of physics signals,
which coincides with the position of the point-like source. Therefore, a threshold of 507,445 is
considered as the minimum charge Collecting needed to measure low energy electronic recoils.
Based on the reasons previously discussed, thpigp is set at 40,,055¢ instead of 50,,4i5¢ to prevent
situations that require minimal signal analyzing. Similarly, the thje, is programmed at 20,,0ise
or even without thye, application, depending on the physics events to be analyzed. Besides, a
precise time window study has been done to estimate the suitable isolated time interval presented
in Figure 5.24 by processing the experimenta] physics data. Two situations have been synthesized:

the red curve shows the raw data rejection rate resulting from an application of isolated time
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Fig. 5.23 Digir rate per pixel (a) before and (b)&(c) after data filtering. High thresholds of (b) 40,,0i5e and

(¢) 50 no0ise are applied respectively with a time window of 2 ys.

window, while the blue one includes also the spatial position of each Digit, it thus corresponds
to a case of real Clustering. Both results are obtained with a thygn of 505,0ise and a thyg, of
30 noise- The filter ratio in both cases decreases with longer time window AT s014z¢q and presents
a turning point at about of 1 ps. When ATjg4qteq is smaller than 1 s, a substantial fall could
be remarked. This region indicates therefore a loss of physics events. Moreover, considering
that the CFD time jitter measured for tiny signals is about 500 ns, a time window of at least
three times the DAQ time measurement resolution is required. Combining the above reasons, a
conservative value of the time window of 3 yis has been chosen for data filtering, which is large

enough to ensure no physics signal rejection.
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5.4 Event reconstruction

The next phase in the data analysis following the data filter is the TPC event reconstruction.
During this step, neighbor Digits will be first aggregated into the same pixel Cluster and then
matched with the scintillation Lisig Cluster to build the TPC events. A mis-association of either
information will result in reduced energy and spatial resolution of detector. Given the diversity
and complexity of event topologies, the clustering and matching are one of the most challenging

parts of data analysis.

5.4.1 Clustering

The Clustering method is used to reconstruct the interaction sites of gamma-rays, regardless of
the physics process involved, i.e. Compton scatter or photoelectric effect. The most considerable
difficulty related to clustering is to identify the measured charges (Digits) really contributing
to the same interaction. This could happen in the case of Compton backscattering where the
distance of two interactions is small comparing the pixel size. To prevent the constructed Cluster
from containing a part of the charge belonging to another interaction, i.c., charge carriers from
two interactions reach the same pixel, we choose a Clustering algoritlim to first create a large
cluster containing all potential candidate Digits and then apply selection criteria on this cluster
as the time correlation between Digits and the Cluster size. Our clustering algorithm is composed

of a pre-clustering in time and a clustering in space.

54.1.1 Pre-clustering in time

The pte—clustering algorithm is the same as that used for eliminating noise isolated in time,
except that a more tiny time window is utilized. As previously discussed, a At of 1.5 ps is
necessary considering the CFD time resolution for small signals of about 500 ns. All Digits
in filtered data are aggregated firstly in a set of pre-Clusters. Similar to that mentioned in
Section 5.3.2, a variable time interval might be built depending on the event topology. The
experimental results show that a deviation time between the adjacent Digits to the reference

one, could reach more than 3 ps.

5.41.2 Clustering in space

After pre-clustering of Digits in time, the next step is aggregating the spatial adjacent Digits
into a Cluster corresponding to the same interaction vertex. The list of Digits is firstly sorted in
descending order of amplitude. Considering that the charge carriers undergo Gaussian diffusion

in liquid xenon, the clustering starts from the Digit with the largest amplitude (Dy) as the central
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point of the new Cluster. The clustering algorithm is schematized in Figure 5.25. A parameter R
is used for Digit selection based on the distance between D; (x;, v;, t;) and Dy (20, Yo, o)

following the expression:

o= \/(951 —20)" + (i — y0)” + (ti — to) X Varigi® (5.10)

where vgyf1 is the electron drift velocity. If 1 < R, D; is inside the same Cluster of Dy (case 1
shown in Figure 5.25a). Any Digit with an over-threshold amplitude in the current Cluster could
become the new center point of the Cluster expending. This might result in a Digit belonging to
the list of pre-Cluster being added to the current Cluster even though it is not close to Dy (case 2
shown in Figure 5.25b). For constructing a Cluster, the clustering algorithm needs to loop over all
Digits in the list of the same prc—Clustcr to search the candidates that meet the above conditions.
Once a Cluster is formed, all associated Digits will be removed from the pre-Cluster to search for
a new Cluster. The next maximum Digit in the list becomes the new Dy of a new Cluster. The

procedure stops when all Digits have been clustered, or no more over-threshold Digir is left.

4z

Fig. 5.25 Schematic representation of the clustering algorithm. (a) All D; inside the sphere of Dy belong
to the same Cluster. (b) Ds is also belonging to the Cluster created from Dy since its position is inside
the sphere of Dy. Both (a) and (b) represent a single cluster under our clustering algorichm.

Based on this method, certain huge Clusters might be created. For example, a Cluster might
contain more than twenty Digits in the case of cosmic rays traversing the detector. An event
selection is crucial to reconstruct good interaction vertices which will be presented in the next

section.
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5.4.1.3 Characterization of Cluster

A reconstructed Cluster; can be noted as C; (X, Y; , T}, @), depending on the information
constructed of the N parent Digit; (D; (z;, y; ,t;, ¢;)) inside of Cluster;:
« N — the multiplicity of Cluster; indicate the number of Digits inside this Cluster;;

« (Qj — the total charge of Clluster; as the sum of the individual charges of Digit;, g;:

<N

Qi=> a (5.11)
1=0

« (X, Y;) — the XY position is estimated through the center of gravity method, as first

approximation, expressed by the following formulae:

i<N i<N
Z:O q; - T Z:O q; - Yi
X;= Sy and Yy =S 6.2
Z:o qi ;0 qi

« T; — well approximated by the time of the Digir with the maximum charge in the case of
a Cluster corresponding to a single interaction. However, the clustering algorithm applied
in our data analysis might build some super Cluster. A time fit method is proposed to
estimate the true time of the interaction vertex and give an indicator for Cluster events

selection.

5.4.1.4 Time fit method for events selection

The method of finding the accurate time of the interaction vertex (¢,) of the Cluster is based on

the time measured on cach pixel (t;) and a X2 minimization, which is expressed as follows:

1 & [t — )2
2 7
X = ( ) (5.13)
n—1 Z o;
i=1
where 7 is the number of pixels in the Cluster and 0; represents the time resolution that is
composed of two contributions of the DAQ time resolution 0,,; of Digit; and the electron

range fluctuation 0. The 0; of Digit; can therefore be written as:

0 = Opi® + OR’ (5.14)

The 0,,; could be obtained through the calibration curve (Figure 4.52) which is a function of

the measured charge of Digit,. Besides, the diffusion in liquid xenon of ionized electron cloud
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generated along the recoil electron track would also impact the time measurement. This effect
is estimated by the Monte Carlo simulation and presented in Figure 4.53. The range resolution
or thus could be identified through the deposited energy, i.c., the total charge measured in the
Cluster.
This method is equivalent to a fit with only one parameter ¢. The minimum variance of the
x? is obtained at:
o>
ot

From Equation 5.13, x? expressed as a linear combination of #; , the interaction time ¢, could

=0 (5.15)

thus be estimated as:

n i
i=1 9
g;
tu|aX2 . - ﬁ (5-16)
ot =2

The x? value calculated for the fitted interaction time ¢, is a statistical indicator of the quality
of the reconstructed cluster. It can contribute, therefore, to the event selection for separating
those clusters associated to overlapping physics interactions. However, the time correlation
between pixels are not considered in Equation 5.13 due to the complexity of the electron track

topology. A further simulation study should be performed to improve the accuracy.

5.4.2 Matching

During the previous steps of data processing, the PMT raw data (Lisig) and the pixel raw data
(Digit) have been corrected, filtered, and aggregated in clusters. This step aims to match the two
types of Clusters, scintillation and ionization, for the TPC event construction. For a physics
event occurring in the TPC, the scintillation signal gives the reference time to calculate the
drift time of ionization charge carriers. This principle is used in the Event Builder for signal
matching. Considering the time of a Lisig Cluster as ¢y, within a time window equal to the
maximum possible drift time of charge carriers inside the TPC of about 28.1 ys, all compatible
Digit Clusters are associated to the Lisig Cluster to form a TPC event (Figure 5.26). One or several
Digit Clusters could be attached to the same Lisig Cluster depending on the true event topology,
single or multiple interaction of gamma-rays. Conversely, if one Cluster is grouped with more
than one Lisig Cluster, this event is considered as a pile-up event. The time window could not be
precise]y defined at the very beginning of the experiment since the drift Velocity has not been
precisely measured. A default time interval of 30 ps is set to ensure that all Clusters inside the

same event would not be eliminated.
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Fig. 5.26 Illustration of the matching mechanism (left) and visualization of the reconstructed event (right)
with the position of Lisigs (green points) and Digit Clusters (blue and purple points).

5.4.3 Event selection

Pile-up and DAQ Saturation Events Suppression As discussed in Section 5.1.1, the DAQ has
been optimized for small charge measurement. The deposited energy in the range of
Photoelectric peak from the y-ray of 1274 keV saturates the IDeF-x in case of only one
fired pixel (observed in Figure 5.27a ). Besides, the mismatching of scintillation light with
ionization signal might generate pile-up events defined in Section 5.4.2. This part of the
events accounts for 15% of the total number of reconstructed events (see Table 5.1). This
number is probably overestimated because two events are rejected each time a cluster is
identified as a pile-up, while in reality only 1 event is lost. The cut efficiency could be
slightly improved by applying an appropriate time window of 28.1 ys during the matching

procedure instead of using the default value of 30 ps.

] ')

Events/bin
Event s/ bin

Tl b e b b b e b R BTSN U N B B B B 5 0y
0 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
Charge of cluster [el ectrons] Charge of cluster [electrons]
(a) (b)

Fig. 5.27 Multiplicity of Cluster as a function of the charge of Cluster (a) before and (b) after the event

selection.
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Fiducial Volume Application The fiducial volume consists in removing of 3.1 mm (size of a

Time

pixel) from the boundary of the active area on each axis to eliminate the bias of partial
charge collection. All clusters whose center of gravity is located on the anode boundary
(pixels at the first and last rows and columns) should be removed from the data analysis
list. This selection is motivated by the uncertainty on the charge collection efficiency. In
addition, as discussed at the beginning of this chapter, the deposited energy in the TPC
boundary may be caused by the backscattering of gamma rays injected outside the TPC.
The application of fiducial volume benefits from the self-shielding ability of liquid xenon.
As summarized in Table 5.1, the reduction of the reference volume leads to a significant
reduction in the efficiency of event reconstruction. This phenomenon is mainly limited

by the geometry of XEMISI. In XEMIS2, the impact will not be so significant.

Fit Cut Some multi-scattering events inside the TPC could not be effectively separated
due to the short distance between them not resolvable by the size ofpixe]s. As presented
in Section 5.4.1, the choice of clustering algorithm in our data analysis is in favor of
potentially large clusters to aggregate all the relevant information from neighboring
Digits. The time dispersion inside a Cluster can be enormous due to the mix of noise and
overlapping interactions (see Figure 5.28a). A cut of x? < 5 has been used to eliminate
those biases (see Figure 5.28b). A more strict cut could be employed to improve the
detector resolution. However, the event measurement efficiency is identically important

for a low-activity imaging camera.
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Fig. 5.28 Time difference berween adjacent pixel and the central pixcl as a function of the eharge of the

adjacent pixel (a) before and (b) after the event selection.
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Table 5.1 List of cuts used for event selection. The residual event number and cluster number after each
cut are given. Efﬁcicncy is defined as the number of events after the cut divided by the number of events

before the cut. The cuts are applied one after the other.

Event Selection (36 h Data Acquisition))

Operation Nevent  Ncluster  Ncluster/Nevent  Cumulative efficiency
Raw Data 6.08107 8.04 107 1.32 100%
Pile-up & DAQ Saturation Cut 518107  6.73107 1.298 85%
Fiducial Volume (X,YE€[-9.3, 93], Z€[1, 64] mm) 2.15107  2.54 107 1.182 42%
Fiducial Volume (X,Y€E[-9.3,9.3], Z€[3, 62] mm) 1.76 107  2.11 107 1201 29%
Time Fit (x? < 5) 143107 1.68107 1178 24%
Cluster Size (L <15 mm) 140107 162107 1.166 23%

Cluster Size Cut The Cluster size is calculated as L = \/A$2 + Ay? + AzZ% where Az, Ay
and Az are respectively the maximum distance between the Digits inside of a Cluster on
axis X, Y, and Z. L depends on the size of the electrons cloud, i.c., the deposited energy
and drift 1ength. A part of small charge Cluster possess a huge Cluster size and Digits
multiplicity. A contribution of cosmic rays or noise events might be identified. During
the event selection, a last operational step is to put those Clusters aside to eliminate the

possible bias.

5.5 Conclusion Chapter 5

In this chapter, we presented the development of data processing devoted to XEMIS2. The
physics data are taken from the XEMISI prototype using a 2 Na source operating under the
same conditions foreseen of XEMIS2. The event topology displayed in the TPC has been first
discussed. Neither using a collimator nor applying an external coincident trigger, deposited
energy in the TPC may come from the gamma-ray of 511 keV or 1.274 MeV or both. The
background coming from other gamma-ray will impact the calibration done using with a single
energy peak source. The effect of the above mentioned background will equally affect the
Compton sequence reconstruction, inducing a considerable data analysis challenge, especially
limited by the small-scale TPC geometry of XEMISI.

The first step of data trearment using the DAQ calibration consists in extracting signa]
corrections. The time measurement of the pixel signal depends on the clock stamping time of
PU, the common voltage ramp and time memory block of XTRACT, and the CFD time walk
and jitter. A set of corrections to optimize the time measurement has been detailed in the second
section of this chapter.

The third part presented the data filtering dedicated to lower the noise present in the raw

data to further reduce the storage volume. Two sub-steps have been investigated to remove the



188 XEMIS2 Performance Estimation using source 22N g in XEMIS1

impact of fake double-triggering resulting from the electronic noise and hysteresis effect as well
as additional isolated background noise from the clustering time window. A raw data rejection
ratio could vary from 20 to 50 depending on the applied amplitude threshold and isolated time
window. The data filtering process will be integrated into the XCD for online data processing.

The last section of this chapter reported the algorithm of the event reconstruction and
selection. We presented the pixel signal clustering method and the signals matching approach.
To eliminate the bias due to the overlapping interaction vertices, the clustering algorithm is
optimized to increase the cluster size to include all relevant information. A dedicated selection
is then necessary to eliminate the bias events. A time fit method was proposed for event selection
by estimating the time measurement variance inside a cluster. It accounts for the contributions
of the DAQ measurement and electrons range of all Digits in the Cluster. Other cuts were also
employed and listed in the last part of this chapter. The cumulative cut efficiency is 23%. The
fiducial volume cut is the main responsib]e for the loss of‘ef‘ﬁciency: this can be exp]ained as due
to by the small-scale geometry of XEMIS1. This impact will not be so significant in XEMIS2
thanks to the larger detector size.

The next chapter will be dedicated to the physics analysis results on signal scattering events

based on the data treatment presented in this chapeer.
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The precise energy measurement in a single-phase liquid xenon detector depends on many

parameters. Various factors could impact the charge measurement from the aspect of

the detector construction to the data acquisition process. Under the operating condition of

XEMIS2, the XEMIST detector performance is ﬁrstly estimated with the calibration of the

photoelectric (PE) peak of 511 keV and 1.274 MeV gamma-ray. The associated data analysis
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and experimental results are reported in this chapter. In the first part, the study is oriented
toward the correction of charge measurement distortion, thus improving detector energy and
spatial resolution. Then, the second part presents the position reconstruction resules based on
the data after charge loss correction. In the last part, we talk about the energy reconstruction.
The collected charge degradation regarding the pixei multiplicity is observed during the analysis

process, whose calibration result is also introduced.

6.1 Charge loss correction

The processes that impact the Charge measurement has been discussed from the ionization signai
production up to the DAQ system in Chapter 2 and Chapter 3. Three contributions to the

charge measurement distortion are discussed in this part, including

« Cluster charge loss effect caused by threshold and electron diffusion;
« Ballistic deficit effect regarding the non-negligible high-energy electronic recoils range;

« Electrons attenuation related to liquid xenon purity.

All experimental results are based on the single-cluster events after the data treatment presented
in Chapter 5, whose events topoiogy is shown in Figure 6.1. The dependence of the collected
charge on the z position indicated in Figure 6.1a will be corrected during the data analysis.
Besides, the number of events reduces significantly near the anode due to the decrease of solid
angle and absorption of gamma in the LXe (mean free path). A reduction factor of more than ten

can be observed in the middle of TPC Compared to events rate at the cathode level (Figure 6.1b).
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Fig. 6.1 Events topology of single-cluster events. (a) Scatter plot of the reconstructed cluster charge

as a function of the electron drift time after events selection. (b) Drift time distribution for different
multiplicities of clusters. The Frisch grid is located at z = 0 (anode end) while another extreme is close to
the source (cathode end).
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6.1.1 Charge sharing effect

Phenomenon description  The transverse size of the electron cloud produced by the ionization
of a recoiling electron depends mainly on the drift distance to the anode through the diffusion of
charge carriers in hquid xenon. Therefore, the ionization charge can be shared by several pixels.
The mechanism of electrons diffusion and collection in liquid xenon TPC has been described in
(see Section 2.2.2). The current will not be induced on the segmented anode until the charge
carriers generated by the interaction reaching the Frisch grid. The size of the electron cloud
generated far from the anode side might be 1arge enough to become Comparab]e to the pixel size

and inducing signals on multiple adjacent pixels.

Impact on detector efficiency Charge sharing could result in the degradation of detector
energy resolution due to the applied threshold on each pixel [169]. In the setup of XEMIS2 (same
situation as this experiment), the source (small animal) is located in the center hollow tube (see
Chapter 2), where the majority of interactions will occur at the cathode side. Most ionization

eleccrons will be collected after a long drifting distance. The Charge sharing is unavoidable for
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Fig. 6.2 Fraction of single—pixe] event and all types ofmulti—pixel events across the whole detector with

different energy cut.
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those signals with high deposited energy near the source. The fraction of events for different
cluster multiplicity and different energy cuts measured in this experiment is shown in Figure 6.2.
The fraction of single-pixel events is dominant in the short TPC of 6 cm regardless of the energy
cut. Due to the IDeF-X saturation, all single-pixel events are removed in the energy window
arround 1.274 MeV. Figure 6.3 displays the average multiplicity of different energy window
events as a function of the drift length. Considering the electron diffusion along the transverse
direction, it is expected to observe the pixel multiplicity increase with the drift distance. Besides,
the range of recoil electrons increases the size of the electron cloud leading to a slight multiplicity
rise regarding the deposited energy. Here, the energy window of 1.274 MeV is not considered

since its multiplicity is probably not good because of the saturation problem.

4
oy —— Fovuacer ALL
S Ecluster € 200 keV * 30,
s ———— Eijuseer € 511 keV * 30,
o 3.5 —— E..... € 1274 keV * 30,
i) -
— -
g L

3 —
o B
o L
© B
$ L
5 2.5
<G

2 —

1.5—
1 L | P T Ll L

5 10 15 20 25
At [us]

Fig. 6.3 Average multiplicity of different energy cut events as a function of the drift 1ength.

Simulation studies A low threshold of about 3 7,,4isc has been employed to minimize the
charge loss from the sharing effect. However, whether the impact could be negligible or, inversely,
should be corrected has not been discussed. A simplified MC simulation is realized with ROOT

framework under the following context:

« The experimental event topology is not considered in this simulation. Events are generated
uniformly in the charge window (V._ € [500, 85000]) and in space (whole detector length

in the surface of one pixel) to observe the general effect.

« The charge distribution in (z, y) plane of the anode is following a Gaussian law where the
sigma is increasing with z as opp[mm] = 0.2304/z [em] to simulate transverse diffusion

in liquid xenon.
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« The longitudinal diffusion and electron attenuation are not taken into account.

« The charge per pixel is calculated as the integral of the Gaussian law over the surface of

each pixel. Only the 8 pixels surrounding the central pixel are considered.
« A random Gaussian noise per pixel is added to the calculated charge;

« The noise values 0,,0i5c and hardware threshold effect thy,,,q are fed with the calibration

results;

« The cluster charge correction A is the mean value of the difference between the cluster

charge and the generated charge.

Figure 6.4 shows the simulation resules of AQ) as a function of the z position and cluster
multiplicity, respectively. For the entire simulated charge range, the average cluster charge
decreases with the drift distance (Figure 6.4a), indicating that the cluster loss below threshold
increases for bigger electron clouds. Besides, the measured charge could be overestimated near
the anode due to the contribution of over-threshold noise. However, the corresponding average
charge distortion is limited below the ENC level (~140 ¢-) and can be considered as negligible.
The similar case can be also found in Figure 6.4b. The distortion is not significant apart from

the high-multiplicity clusters with small charges where the noise pixels are dominant.
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Fig. 6.4 Simulation results of cluster charge loss with respect of (a) drift length (all multiplicities) and (b)
multiplicity (whole drift length).

However, the impact becomes more visible when we separate the average result of Figure 6.4a
to different multiplicity events (Figure 6.5). A maximum of over 1000 e- is reached due to the
loss of under-threshold fired pixel. Under these circumstances, a cluster charge correction might
be useful to improve the detector energy resolution. The correction application result will be

discussed in Section 6.1.4.
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Fig. 6.5 Dependence of cluster charge loss on the drift length with (a) single-pixel, (b)double-pixel and (c)

triple-pixel events.

6.1.2 Ballistic deficit effect

Phenomenon description  The amplitude of the analog signal delivered by the front end
electronic should be ideally proportional to the charge produced in the TPC. It requires the
independence between the rise time of output signal of shaper on the charge collection time.
However, only a very long integration time could accomplish this requirement that is not the case
of IDeF-X, whose rise time is about 1.4 ps (see Figure 6.6). The large electron cloud generated
by high-energy recoil electrons could increase the electron collection time on the pixel resulting

in the defect of amplitude measurement, this effect is known as ballistic deficit.
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Fig. 6.6 Experimental result of the amplitude defect with respect to the induced current duration. The
gap means the distance between the Frisch grid and anode.
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Impact estimation  We measure the amplitude of the signal output of the IDeF-X through
various pulse injections to estimate its ballistic deficit effect. The experimental results is shown
in Figure 6.6. Then we could estimate the influence of electron range for these test resules. The
estimation result is show in Figure 6.7. Figure 6.7a is the simulation result of electron range
with respect to the electron energy from Geant4 simulation. Figure 6.7b shows the evolution
of ballistic deficit with respect to the electron energy after applying the electronics response
of Figure 6.6. A degradation of amplitude could reach to more than 2% considering the recoil

clectron is emitted along the drift direction and only one pixel is fired. Besides, the same
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Fig. 6.7 Evolution of (a) Electron range and (b) ballistic deficit with the energy of recoil electron
(considering the recoil electron is emitted along the drift direction and only one pixel is fired).

evolution with respect to the collected charge could be obtained by applying the ionization
charge yield (Figure 6.8). It could contribute to correct the ballistic deficit effect during the
data analysis process. However, the impact is multi-parameter-dependent. We should consider
the momentum of recoil electron, the topology of fired pixels and z position, etc. The correction

should be improved with more in-depth studies.

6.1.3 Electrons attenuation correction

A vital charge loss source is the actachment of electrons due to electronegative impurities present
in liquid xenon, e.g., Oy or HyO. The released electrons during an interaction are captured as
they drift towards the anode, resulting in an exponential attenuation of the measured charge
carriers. The drift-length-dependent charge loss leads to a non-negligible worsening of detector
energy resolution that should be corrected. The evolution of the charge (@) as a function of the

clectron drift time (£gyf;) from the interaction vertex to the Frisch grid level is written as:

—tdrift

Q) = Qoe 7 (6.1)
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Fig. 6.8 (a) lonization charge yield as a function of the energy of recoil electron (NEST data). (b) Evolution
of ballistic deficit with the collected charge.

(o is the actual deposited charge at the point of interaction ¢y and 7 represents the electron
lifetime which has been discussed in Section 2.2.2.

The electron lifetime 7 can be deduced by monitoring the dependence of measured amplitude
on the drift time. In our experiment, we measured the evolution of the photoelectric peaks of
511 keV and 1274 keV y-rays with respect to tg4,; +. Here, the electrons drift time ¢4, is equal

to the difference time At berween the matched ionization and scintillation cluster time.

614 Experimental results

Here, the experimental results before and after the charge and attenuation correction are

introduced and discussed.

Analysis method The evaluations of cluster charge on the drift time with different event
multiplicities have been treated for those events located in the 511 keV and 1274 keV photoelectric
peak, respectively. The employed analysis method finds the collected charge of interest peak
range through Gaussian fit per drift time slice to obrtain the evolution plot. The delicate points
concerning the fit process mainly result from the background events in the photoelectric peak
energy band and the intense decreasing of events distribution anti-dependent on the drift length.
The former leads to important fit uncertainty depending on the fit interval, while the latcer
could introduce a statistic bias concerning the fit result. It is almost impossible to avoid the two

effects completely, but we have tried to reduce their influence.

1. The histogram with variable bin widch is generated to ensure that the integrated number

of events per bin is constant.
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2. A specific fit method is applied to eliminate the impact of background events on the
collected charge estimation. A fit example is given in Figure 6.9. The event distribution
(h) is not symmetric due to multi-factors, such as the diffusion before interaction in the
TPC, the electron cloud fusion of two adjacent interactions of backscattering, and the
Compton plateau of 1274 keV (for 511 keV). We firstly release the constraints on peak and
background auto-finding to extract the good events (hppy). Then a Gaussian fit is applied
to the entire interval to characterize hypy. In order to optimize the fit uncertainty, a
second Gaussian fit is used in total event distribution A in a variable interval. For 511 keV
events, the asymmetry phenomenon is normally more important compared to that of
1274 keV. A shorter interval is therefore used. For both two cases, in each slice, we search
an optimized fit with minimum x? where the mean and sigma are recorded as collected

charge and sigma of charge measurement corresponding to the photoelectric peak energy.
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Fig. 6.9 An example of peak fit for events energies of (a) 511 keV and (b) 1274 keV. The blue markers with
error bar (h) represent the charge distribution of all physics events. The blue line (hbg) is the self-find

background distribution. The red markers with error bar (hypp,) are the substraction of the two above
distributions representing the good events. The red line is the Gaussian fit of hphy in whole interval. The
black line is the Gaussian fit of h in a variable interval to minimize the x2. Only the fitting results of the
black line are used, and the other ﬁttings belong to the peak fmding method.

Photoelectric peak of 511 keV

No correction application  The analysis results on the no corrected data are show in Figure 6.10.
To reveal the impact of cluster multiplicity on the charge measurement, the analysis process
is applied firstly on events integrated with all multiplicities (Figure 6.10a), then particularly
to single-pixel (Figure 6.10b), double-pixel (Figure 6.10c), triple-pixel (Figure 6.10d) and high
multiplicity (Figure 6.10¢) events. A comparison of the evaluation of all the above cases has been

summarized and plotted in Figure 6.10f. Based on the those results, we find that:
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« A difference in collected charge between the different multiplicities is similar to the one

studied at the beginning of the section.

« The exponential fit of each curve is not consistent (parallel), indicating that the depen-
dence of collected charge on z position of different multiplicity events is not the same.

That means there exist other contribution apart from the attenuation.

Cluster charge loss due to pixel threshold might be a good candidate to explain those phenomena.

The cluster charge correction is thus applied in the next step.
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Fig. 6.10 Scatter plot of the measured cluster charge (without any correction) as a function of the electron
drift time for 511 keV events with (a-¢) different multiplicities. The red points represent the collected
charge obtained by Gaussian fit per slice in the interval of interest, and the solid red line represents the
exponential fit of the collected charge. The comparison of all fit results is presented in the figure (f).

Application of cluster charge correction In this step, we use the simulation results to correct
the measured charge of clusters. A charge correction is applied for each measured cluster charge
according to the z position and the pixel multiplicity. Then a similar data treatment has been

done. The synthesized result is shown in Figure 6.11b. To compare with that without correction,
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we re-build Figure 6.10f and put it with the corrected result side by side (Figure 6.11). We find
that:

« A more consistent behavior between the events of different multiplicities concerning the
drift time dependency can be observed after the charge correction, indicating that the

charge loss of those events far from the anode has been effectively corrected.

« Two groups of exponential slope between multiplicity 1&2 (gr1) events and that of 3&4
(gr2) are observed. The different behavior could result from several factors.
- As presented in the first part, the average mu]tip]icity of collected charge of
511 keV should not be higher than 2.5 even located at the cathode side. Those clusters
of high multiplicity (gr2), potentially contains the over-threshold noise pixel, showing a
different performing with respect to the z position, compared with the proper events gr1.
- Apart from the noise pixels presented inside gr2, another possibility is that two
neighbor interactions, e.g., the backscattering events, are miss-associated into the same
cluster driving the different collected charge.
- The response of the readout electronics could also play a role in this observation.

More details will be discussed in the part of event energy reconstruction.

« The electron lifetime is then taken from the exponential fit resule of grl of about
221.533 £ 0.094 ps, corresponding to an attenuation length of 510.633 £ 0.216 mm
calculated with a drift velocity of 2.305 mm/us. This distance is about 8 times the full
TPC drift length which implies a charge loss of about 10%.
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Fig. 6.11 Comparison of the measured cluster Charge as a function of the electron drift time for 511 keV
events (a) before and (b) after the cluster charge correction.
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Application of attenuation correction We integrate the attenuation coefficient into the data

analysis and the same study as before could be observed in Figure 6.12.

« A perfect correction is obtained for those events of multiplicity 1&2 (Figure 6.12b and
Figure 6.12¢).

« The dependence of collected charge against the z position is still existing for those events
with high multiplicities implying a reduction of energy resolution (Figure 6.12d and

Figure 6.12¢). Other mechanism as discussed previously could contribute to this behavior.

« A charge loss for large multiplicities defecting charge measurement will be discussed in

the following section (Figure 6.12f).

« The dependence shown in Figure 6.12a for total events regardless of multiplicity. The
evaluation of the multiplicity fraction on the z position is presented at the beginning of the
chapter. The strong variation of multiplicities proportion and their different behaviors

degrade tl’lC energy resolution.
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Fig. 6.12 Scatter plot of the measured cluster charge (after cluster charge and attenuation corrections) as
a function of the electron drift time for 511 keV events with different multiplicities (Same interpretation
as Figure 6.10).
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Photoelectric peak of 1274 keV

The same data analysis is also performed to the events located at 1274 keV events. The overall
result is shown in Figure 6.13. The attenuation correction used the electron lifetime obtained
with 511 keV photoelectric peak. A very similar conclusion can be drawn as for the analysis at
511 keV and will not be repeated here. However, for this high-energy, there are less backscattered
events since the diffusion gamma has more energy and interacts farther. The collected charge

degradation and energy resolution with multiplicity will be detailed later.
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Fig. 6.13 Dependence on the measured cluster charge on the electron drift time for 1274 keV events
with different multiplicities (a) without any correction (b) after cluster charge correction and (c) after

artenuation correction.

6.2 Space point reconstruction

The event 3D position reconstruction is an essential step for imaging cameras. The importance
of precise space point localization has been reported in Chapter 2. This section will present the

3D position reconstruction and the time resolution observed on high-energy events.

6.2.1 XY position reconstruction

Impact factors A distortion of XY position is possible due to the non-homogencous electric
field resulting from the imperfections in the field shaping rings. Drifting electrons are deflected
from ideal drift, contributing to a non-uniform response in the XY p]ane. This is Why a XY
position calibration is necessary for the large dimension TPC detector, where the deviation of
the electron along drifting axis might be significant. Besides, the induced current generated in
the adjacent pixel could also affect the electron collection, thus degrade the position resolution.

To eliminate those potential influences, the high-quality shaping rings and innovative MIMELI
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anode has been implemented in both XEMIST and XEMIS2, detailed in Chapter 2 and Chapiter 3.
The distortion is considered negligible in XEMISI since the active area of the anode is much

smaller than the inner radius of the shaping field. A perfect electric field can be considered.

Experimental result  Two XY position reconstruction method has been used in our Event
Builder. The first one is to determine the center of gravity (detailed in Chapter 5) of charges col-
lected by pixels inside clusters. Figure 6.14a shows the distribution of XY position reconstructed
by determining the center of gravity. Events with the center of gravity at the boundary pixels
are rejected during the data analysis process. The high event density presents at the intersection
of high intensity lines is the center of the pixel. The deducing of events density presents on the
top sous from the cycle is caused by the pixel # 27 (red box), whose ZC is over range resulting in

a high threshold compared to other pixels.
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Fig. 6.14 XY position reconstructed by determine the center of gravity. (a) Distribution of cluster in XY
plane (b) projection along the x-axis. The point of intersection is at the center of the pixel.

In reality, the electron cloud spreads as Gaussian-like distribution due to the transverse
diffusion effect. A Gaussian correction is therefore applied to multi—pixel events for spatial
resolution improvement [152]. Figure 6.15a shows the distribution of XY position reconstructed
with Gaussian correction. As expected, the peak (middle of the pixel) is isolated, because it
corresponds to single pixel clusters when the real interaction takes place near the center of
the pixel. It is estimated that the resolution of a multi—pixel event is about 150 pum (average
value, different multiplicity has not been analyzed separately). Besides, The events are evenly

distributed on the tracks and pillars; indicating that MIMELI and Frisch grid work perfectly.
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Fig. 6.15 XY position reconstructed after the Gaussian correction. (a) Distribution of cluster in XY plane
(b) projection along the x-axis.

6.2.2  Electron drift velocity and time resolution

The electron drift speed is determined by dividing the TPC length by the maximum drift time.
Using the error function ETf (i.e., the S curve with all detailed parameters that has been
introduced in Equation 4.13) to fit the distribution of events related to the drift time at the
beginning and end of the TPC, we can obtain the total drift time over the entire drift length.
Figure 6.16 and Figure 6.17 show the analysis results concerning the events of 511 keV and
1274 keV. A rtotal drift time of about 28.2 + 0.1 s is calculated with the events of 511 keV and
28.0 £ 0.2 ps using the results of 1274 keV. Considering the total length from cathode to the
Fricsh grid is 65.1 £ 0.5 mm, a drift velocity could be estimated at 2.309 % 0.008 mm/ s and at
2.325 £ 0.010 mm/ps, respectively.

The range of the electron could explain the dependence of measured total drift time on the
energy. For example, for a photoelectric effect at 1274 keV, if the recoil electron trajectory is
backward, the end of its track may hit the cathode before drifting toward the anode. In this
case, the electron cloud will lose part of its charge. The charge defect is related to the distance
between the interaction and the electrode. In the case of very close distances to the cathode, a
large amount of charge loss appears, which will cause the reconstructed energy to be outside the
peak range and not be considered. Therefore, the measured time at the side of two electrodes
exists a distance gap in the order of electron range. This impact of electrons track takes place in

all energy range while less important at lower energy.
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Moreover, the width (sigma) of both Er f fits also gives an estimated value of the timing
resolution for 511 keV signals of around 88.1 £ 7.6 ns and for 1274 keV signals of around
133.9 = 23.0 ns regarding the average result of both TPC side. Considering the drift velocity

is 2.3 mm/us, we could calculate a z-resolution for 511 keV of around 200 gm and 300 pm for

1274 keV signal.
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6.3 Event energy reconstruction

The collected charge spectrum of all single cluster events after the charge loss correction is
presented in Figure 6.18. Due to gamma-ray scattering and overlapping physical interactions,
the PE peak shows an asymmetric event distribution. The energy resolution of the all—energy
photoelectric peak is about 4.5-5% and 3-3.5% corresponding to the gamma-ray energy of 511 keV
and 1274 keV, respectively, slight varying with different ficting intervals.
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Fig. 6.18 Collected charge spectrum of single cluster events.

6.3.1 Gain correction

The electronic gain of each pixel could be corrected with the physics peak calibracion. The
collected charge map on the XY plane is presented in Figure 6.19. A different gain value between
pixels at positive and negative x-axis can be observed, corresponding to two XTRACT chips,

XTO0 and XT1. A variance of more than 1000 electrons is observed. This gain correction is
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Fig. 6.19 Charge collection map on the XY plane using the events of (left) 511 keV and (right) 1274 ke V.
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necessary to improve the energy and position resolution. Considering the various integration
capacity inside the IDeF-X chip, all pixel gain is re-adjusted with NEST, i.e., 26467 electrons for
photoelectric peak of 511 keV 7y-rays.

6.3.2 Charge degradation of mu]ti—pixel events

The collected charge degradation between events of different multiplicity is characterized in
this part. The collected charge at the calibration peak of each type of multiplicity is obtained
from the mean value of Gaussian fit. To prevent the bias generated by the event statistic, the
fit is applied in the same fraction of amplitude interval. The analysis resules of 511 keV and
1274 keV are shown in Figure 6.20 and Figure 6.21. In both cases, the collected charge decreases
with the increase of event multiplicity. However, the distribution is quite similar between those

events own different multiplicities. Only a small shift could be observed directly.
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Admitting that those events hold the largest amplitude (i.c., the minimization of multiplicity)
has no defects, other event types relative degradation can be calculated. Figure 6.22 shows the
reduction of the collected charge relative to the multiplicity for events of 511 keV and 1274 ke V.
Except for the case of a single-pixel event to a two-pixel event, the reduction in amplitude varies
almost linearly with the increase in multiplicity. This behavior is more likely to be caused by
DAQ or electronic systems than physical phenomena in TPC.

Actually, a characterized behavior of IDeF-X could be used to explain this observation. A
parasitic signal appears in all the pixels of the same chip when the readout chip is fired by a
relatively high charge. The negative pole of this bipolar parasitic signal can cause a fall of the
baseline of the order of 0.7% of the total collected charge in this chip. However, the degradation
per pixel observed in this work is in the range of 1.2-1.7%. However, this phenomenon is still

strongly related to this electronic effect.
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Fig. 6.22 Encrgy degradation as a function of the multiplicity for events of (a) 511 keV and (b) 1274 ke V.

Other factors contributing to this charge loss should be identified to find a correction
method since the impact is important. In addition, it is critical to determine whether smaller
deposited energy exhibits the same degree of amplitude reduction because the energy accuracy
has a greater impact on Compton reconstruction than the photoelectric peak used for LOR

reconstruction.

6.3.3 Energy resolution

The energy resolution (0/E) is the ratio between the sigma ¢ and the mean value E of the
Gaussian distribution of the measured charges. Considering the charge yield is constant in the
high energy range that the energy resolution could be direction calculated with the collected

charge. Figure 6.23 gives the energy resolution for events with different multiplicities.
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Fig. 6.23 Energy resolution as a function of the multiplicity for events of (a) 511 keV and (b) 1274 keV.

Energy deposited in one or two pixels (4.5% for 511 keV) presents better resolution compared
with those high-multiplicity events (4.7% for 511 keV). It mainly caused by the contamination of
double interactions and the contribution of over-threshold noise pixel. Besides, the amplitude
shift between events of different multiplicities leads to a worse resolution of the integrated
spectrum (more than 4.9% for 511 keV). Considering that the amplitude degradation is caused
by electronic performance with a constant affecting fraction, a corresponding correction has
been applied to compensate this effect. An improved energy resolution of 4.5% can be observed

in Figure 6.24 after the correction.
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Fig. 6.24 Energy resolution as a function of the multiplicity for events of (a) 511 keV and (b) 1274 keV
after the multiplicity-dependent-amplitude correction.

The results of Figure 6.12f and Figure 6.13c have shown the impact of pixel-multiplicicy-
dependent charge measurement results in the gain deviated along drift-axis. In this case, due to

the electronics saturation, the single-multiplitcity event cut in the case of 1274 keV can reduce
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the dispersion of event population, leading thus to a more uniform performance along z-axis.
Here, the charge yield and resolution along the drift direction after the multiplicity-dependent-
amplitude correction is also investigated shown in Figure 6.25 and Figure 6.26 for events of
511 keV and 1274 keV. A uniform charge measurement is reconstructed showing a better energy

and position resolution.
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634 Charge yield

Finally, Figure 6.27 shows the charge yield that is calculated with the entire events integrated
from all multiplicity and z slice. The gain of charge measurement is calibrated with the yield of
511 keV given by NEST. However, the yield deviation of 1274 keV of about 1 ¢™ /keV can not be
compensated. It could be mainly caused by the ballistic deficit effect, related to the electron
range, and by the inseparable fusion of adjacent backscattering interactions, increasing the
difficulty of the precise high-energy calibration. The Compton geometric calibration method
specia]]y used for small signal measurement can avoid these effects, and it is currently being

studied to apply it to XEMIS2.
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Fig. 6.27 Charge yield measured with this work comparing with NEST. The curves show the results after
calibrated with the yield of 511 keV y-ray given by NEST

6.4 Conclusions Chapter 6

This chapter introduces the data analysis and experimental results related to the calibration of
the detector in the high-energy range using the photoelectric peaks of 511 keV and 1274 keV.
The first section investigated three effects that may affect charge measurement. A simulation
study was conducted to estimate the charge loss related to the drift length and the multiplicity
of the charge clusters. The simulation result was integrated into the data analysis, parcially
correcting the z-dependence on the collected charge. Then, if the electron is emitted along the
drift direction and all charges are collected by a single pixel, an amplitude defect concerning the

recoil electron energy is deduced by combining the electron range and the ballistic deficit of



6.4 Conclusions Chapter 6 211

electronics. Then the attenuation correction was applied to eliminate the z-axis dependence. An
amplitude degradation with the number of fired pixels was observed during the data analysis
processes.

The second part discusses the event position reconstruction. Based on the corrected cluster
charges, Gaussian fitting correction was applied that could improve the interactive position
in the XY plane. In addition, the drift velocity and spatial resolution on the z-axis are also
estimated.

The last part reported the energy measurement results. A charge collection map of all 64
channels was constructed for pixel gain correction, which could improve energy resolution.
Then, we calibrated the charge distortion caused by the cluster multiplicity found in the first
part. This distortion resulted in a new z-axis dependence of collected charge. The charge yield

and resolution were discussed at the end of the section.
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OOd Compton scattering angular resolution over thC low—energy range expected fOI’ the

3-gamma imaging is required to make the XEMIS2 camera a success. We propose an

innovative Compton Geometric Angular Calibration (CGAC) method specifically for XEMIS2

self-calibration in response to this demand. This new method benefits from a high spatial

resolution of our LXeTPC and requires the Compton scattering sequence reconstruction. In

this chapter, we present the current status of our work within the context of the XEMIS1

prototype. Its basic concept and algorithm will be first given. Then, the preliminary experimental

measurement results are also reported.
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7.1 Basic concept

CGAC aims to establish a direct relationship between the number of electrons measured in
the first hit (Compton scattering vertex), @7, and the corresponding theoretical geometric
Compton angle, 0%, using the Compton kinematics equations and the NEST model. In this
section, we specify the main motivations, basic principles and potential restrictions concerning

the CGAC experiment.

711 Motivation

The fundamental principle and technical requirements of Compton imaging have been discussed
in Section 1.3. For each radiation interaction, both a high-resolution position reconstruction and
a precise energy measurement are Critically needed to determine the direction of the incident
7y-ray based on the Compton scattering kinematics. For scattering angles between 10° and 60°,
good angular resolution is expected, which means that the deposited energy of the first scattering
hit is between 40 keV and 600 keV. However, the detector performance on the low-energy
measurement and the Compton scattering sequence reconstruction in LXeTPC could not be
brought out with the previous experiments such as photoelectric peak calibration. This CGAC

work aims at providing the first actempt on this topic.

No-linear ER charge yield in LXe  The charge yield is not constant due to the recombination
process in LXe, especially in the low-energy region (see Chapter 2, Section 2.2.2). The intrinsic
uncertainties on the number of released electrons limits the ionization-based energy resolution.
Compared with high-energy calibration, this significant non-linearity response of LXe requires
consecutive measurements using sources of different energies to establish a proper charge yield

curve in this region.

Compton Coincidence Measurements A charge yield measurement method of low-energy
ERs in LXe has been proposed in Ref. [170]. The Compton coincidence technique (CCT) used
in the neriX detector is based on the combination of Compton kinematics and an external High
Purity Germanium (HPGe) detector. The experimental setup is schematized in Figure 7.1. In this
experiment, high-energy mono-energetic y-rays (661.7 keV) with a known direction irradiate in
the primary small-scale LXe detector. The second detector is arranged to detect the Compton
scattered y-rays in time coincidence for tagging valid events. The arrangement of detectors and

7y-rays source is designed to impose an identified scattering angle € in the LXe target media.
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The energy deposited in LXe (£7") can be directly inferred from the difference between

the known initial energy (E,) and the final energy (EZ,L?) measured in the second detector:
E™ = B, — B 7)

According to the Compton kinematic formula Equation 1.5 (see Chapter 1), different ranges of
electronic recoil energy can be detected in the primary detector by placing the second detector
at a different angle 0 to the incident gamma rays. In this experiment, E;rf? is provided by
HPGe detector, whose energy resolution is very good of 1.3 keV (FWHM) at 552 keV [170],
accurately measuring scattered gamma-ray energy. The significant distance (17.6 cm between
source and neriX detector and 14.6 cm between neriX and HPGe) is arranged to obrtain an

€XC€]1€ﬂt geometric ang]e resolution FOT pTGCiSG scattered ’7—1’3}7 cnergy measurement.

137CS

detector

@ LXe
NS

HPGe @
detector

Fig. 71 Schematic of the experimental setup used in neriX experiment for Compton Coincidence
measurements. Figure taken from [170].

712 Compton Geometric Angular Calibration

Principle description The basic experimental principle of CGAC technique is similar to
CCT: using monochromatic y-rays to calibrate Comprton scattering events. Since LXeTPC
itself is an excellent Compton telescope, the calibration process can be carried out in-situ of
XEMIS1/XEMIS2 without an external detector. Figure 7.2 schematizes an example of Compton
scattering event detection in the experimental setup of XEMISL. The position of the source (red
box) S is known with the mechanic measurement, its spatial barycenter coordinates noted as
S(zo, Yo, 20). M; (black star) is the interaction vertex in LXe, whose reconstructed coordinates
and measured cluster charge are denoted as M;(z;, i, 2z, Q). Considering M1 the Compton

scattering vertex, a geometric angle (0%) related to the incident gamma rays can be deduced as:

0¢ = arccos (.7) (7.2)
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Fig. 7.2 Schematic of the cxpcrimcntal setup used in XEMIS1 detector for Compton Geometric Angular
Calibration.
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where @ and ¥ are the normalized vectors of SM; and M, M, expressed as:
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- SMI d — Ml 2 (73)
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The ER energy Ef is calculated from geometric Compton angle 6% without considering the
Doppler effect by:
2 G
e E? (1 —cos 0 )

= 7.4
¢ mc® + E, (1 —cosf%) 74)

Thanks to the NEST model, the theoretical number of released electrons Q' can be estimated
from the calculated E€. Then, we apply the Compton sequence reconstruction algorithm to
identify the number of electrons measured in the first hit Q7*, which corresponds to the Compton
scattering vertex under the correct scattering sequence. Finally, Q7" can be associated with the

geometric Compton angle 0% to achieve the purpose of CGAC.

Speciﬁcations The CGAC method can be established under the fb]]owing assumptions:
« The source should be point-like or placed far from the detector in order to be considered
as a point.

° The source pOSitiOH HGCdS to be WCH kl’lOWl’l through mechanics measurement or other

calibration methods.

« The spatial and energy resolution of Compton telescope should be good enough to

reconstruct the CO]’I’IP[OH scattering events.

« The adapted algorithm for Compton scattering sequence selection and reconstruction

needs to be developed.



7.2 Method 217

7.2 Method

721 Overall algorithm

The overall algorithm diagram is presented in Figure 7.3a, consisting of five main steps.

Objects

|

S N :~_§"__9_r9_u_p__.

(b)

(a)

Fig. 7.3 Algorithm of Compton Geometric Angular Calibration in XEMISI. (a) Diagram of the principal

data treatment SthS fOI' Compton cone reconstruction. (b)A schcmatic Cxamplc ofcvcnt SC]CCtiOH and

cone reconstruction.

A. Events selection is an event cut-based analysis that aims at rejecting the potential TPC

events containing the mismatching clusters. We use the same ana]ysis processes as those
described in Chapiter 5. The fiducial volume cut is used as self=shielding. It can eliminate
the radiation interaction from other 7-rays to prevent a miss-matching of Compton
scatters. A schematic example is shown in Figure 7.3b. All reconstructed Cluster outside

fiducial volume (red dot line) are not taken into account.

. Hit reconstruction is the next data processing step after the event selection, aiming to

reconstruct the physics interactions produced in the TPC. In a TPC event object, each
Digit Cluster is affiliaced with a Hit object with its associated energy and position. Thus,
cach Hit represents a physics interaction. In this step, only the TPC events containing
two Hits are conserved for selecting multi-hit events. For a calorimeter event, the two

Hits correspond respectively to Compton scatter and photoelectric absorption.

Group reconstruction algorithm allows building Groups of Hits coming from the same
photons (see Figure 7.3b). In the case of CGAC in XEMISI, rejecting all multi-Group
events to maximize the possibility that two Hits in a TPC event are caused by consecutive

collisions of the same gamma rays. In addition, an energy cut is used to select those
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TPC events with full energy deposition of 511 keV or 1.274 MeV corresponding to the
monochromatic y-ray selection. To identify events from 1.274 MeV v-rays, an event
selection with a total deposited energy of more than 600 keV can also be used to separate

events of interest from those of 511 keV vy-rays.

D. Cone builder reconstructs Compton Cones from a pair of Hits, included in a Group, that
determines their axis A and apex 6. Their aperture is determined using Compton kinetics
(Equation 1.5, Chapter 1). A collection of Cones is set by reconstructing cones from all
possible order of two hits in the Group. In the case of CGAC, each group contains two

Hlts, corresponding to a reconstruction of two possible cones.

E. Cone selection is also named Compton scattering sequence reconstruction. The objective

is to select the most probab]e Hits sequence, thus obtain the right Compton ang]e.

72.2  Compton scattering sequence reconstruction

Uncertainty on the Compton geometric angle 0ga  The Compron geometric angle 0 is
determined through the space position of the source and reconstructed interaction vertex, whose

expression is given in Equation 7.2.
cos0¢ = @.v (7.5)

where the 0y9¢ is the uncertainty of cos 8. It can be obtained though the uncertainty

propagation formula and written as:.

2 G\ 2 2 G\ 2 2 G\ 2
2 S 0cos 2 4y dcost 2 4y dcost 52 (76)
cos9G — o1 zi O Yi 0z Zi ’
i=0 i i=0 Yi i=0 i
where 04,0, and 0., are measurement error of source position and the spatial resolution
of detector. In our case, we consider an isotropic spatial resolution of vertex measurement
Opy = Oy, = 04, = 0.3 mm (estimated through the single-cluster analysis results) and the

Ozo = Oyy = Oz,=0.5 mm are estimated.

The uncertainty of BS can be thus calculated from Equation 7.7 :

de<
d cos 8¢ Teos 0

Ocos G

V1 — cos20¢

OpG —
(7.7)
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Uncertainty of energy geometric angle o g¢  From Equation 7.2, the uncertainty on the energy

geometric angle oge is deduced as:

OpG = Ocos G

dES
d cos B¢
Eﬂzf -mc?

= * Ocos G

(me + E,(1 — cos %))

(7.8)

Covariance on the measured charge Q)" with the geometric reconstructed charge QlG We use
a covariance-based uncertainty analysis for the Compton scattering sequence reconstruction.
The variance between the measured charge Q" with the Compton geometric angle deduced

charge Q% can be expressed as the product of matrices:

X? _ QTV_lQ (79)

where o o

m _ NG = FE
Q _ Ql Qé _ Ql ’l,UZth Ql f( e ) (710)
an_QQ Q2 Qg = f(Ev_EeG)
and
. Vir Vig with Vi =00, = Ug?? + O-éic (7.11)
Var Vas Vig = Vo = cov (@i, Q) = —['(EY)f/(ES)ope

In this formula,

« f is the energy-to-charge conversion function adapted from the NEST database [171].

« ogm is the charge measurement resolution estimated by

2 2 2

9Qm = 9Qupise + 9QnpsT (7.12)
where 0, ... represents the noise contribution to the Cluster charge measurement.
TQpoise 18 estimated as V20 0ise of about 220 electrons, with the pixel noise G,pise of
about 150 electrons. And 0¢, ¢y is the dispersion of charge measurement caused by

the recombination processes. The value is estimated through the Geant4 simulation by
adapting the NEST model [171].

» 0ga is the charge resolution deduced from Compton geometric angle, computed as

oqe = |['(E%)|oge (7.13)
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« Vig is not zero since Q' and QS are correlated and dependent from Equation 7.14 :

Ef = E and Ef = E —EY (7.14)
During the data analysis, the sequence of two Hits with the minimum value of x? is considered
as the more likely true Compton sequence. The experimental results of this Compton event

selection are discussed in the next section.

7.3 Experimental results and discussions

In this section, the preliminary experimental results obtained in the context of this experiment
in XEMIST are reported. The physics data are the same of those analyzed in the previous chapter

for photoelectric peak calibration.

73.1 Events tOPOlOgy and dCtCCtOI’ acceptance

The spatial distribution of all Hits after Group reconstruction is given in Figure 7.4. Each
Group consists of two non-ordered Hits with a total energy of more than 600 keV for selecting

interactions of the third y-ray (E, =1.274 MeV for source 22Na). The event frequency of
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Fig. 7.4 Distributions of (a) Hits on z-axis (The Frisch grid is located at z = 0 (anode end) while another
extreme is close to the source (cathode end)) and (b) the distance AD between two Hits of same group.

Hits decreases with the distance from the radioactive source and the penetration depth
of the liquid xenon, resulting from the decrease in detectable solid angle acceptance and
photon attenuation (see Figure 7.4a). At the same time, a second peak at a distance of
about 6 mm from the maximum of distribution (source side) can be observed. Combined

with Figure 7.4b, the distance between two Hits of the same Group, a critical distance of Hits
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separation is about 6 mm. Besides, two straight peaks located at around 3 mm in Figure 7.4b
expose the fact that numerous events possess a small distance AD between two Hits. The
phenomenon is due to the size of the pixels (3.1 mm) and Clustering method. The two
Clusters in these events might be piled up or come from the same physical hit. In order to
effective]y distinguish the true multi-Hits events, an event cut of AD > 6 mm is used in
the subsequent analysis. Apart from the Hits separation limit associated with the detector,

the global distribution relates to the average free path of scattered y-rays depending on its energy.

The detector acceptance of XEMISI is shown in Figure 7.5. All 180° Compton angle re-
constructions is achievable. To investigate the events nature, we use Compton kinetic formula
and the NEST model to estimate the deposited charge of Compton scattering as a function of
Comprton angle, shown as a red curve. The false sequence is reported as the yellow line, where
the deposited charge of scattered gamma-ray is mistakenly considered as a scattering hit. Both
behaviors are recognized in the experimental data analysis results. In addition, the total energy
deposition of 511 keV (black line) and 1.274 Mev (withe line) is also significant in Figure 7.5b,
which means that two gamma rays detected in the active area. Hits of the same group are thus

non-sequence interactions of the different gamma-ray, registered as random events.
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Fig. 7.5 Presentation of deposited charge of the first Hit as a function of the Compton geometric angle 0¢
in the case of (a) third y-ray selection and (b) third y-ray calorimeter. Two possible sequences have been
considered in this direct Compton geometric angle reconstruction. The red curve in each figure represents
the theoretic correspondence in the case of the correct sequence, while the yeﬂow curve describes the

false sequence. The black line is the event mixed of the y-ray of 511 keV.
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Limited by the small detector size, XEMISI is not suitable as a third gamma-ray calorimeter.

There are less than one-third of calorimeter events (Figure 7.5a) compared to the total selected

(Figure 7.5b). However, since only two first-sequence hits of the third gamma ray are required

to achieve Compton cone reconstruction, full energy deposition is not required to achieve

determine the incident direction. In the subsequent analysis, we use an energy cut-off of more

than 600 keV instead of an energy calorimeter to select the third y-ray for the CGAC.

73.2 Compton scattering sequence selection

Figure 7.6 shows the CGAC results of 1.274 MeV v-rays reconstructed with two different

Compton scattering sequence selection methods.
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Fig. 7.6 Reconstructed deposited charge of first Hit Q7" as a function of the Compton geometric angle

0% for events of 1.274 MeV after Compton scattering sequence selection with (a) charge correlation

ana]ysis (b) X2 covariance uncertainty analysis.

« M1 - charge correlation analysis: The first method compares the angle resolution oy and

the charge measurement difference AQ) resulting from the two different Hit-sequences

of same Group. The results shown in Figure 7.6a are computed by se]ecting the right
Hit-sequence with AQ = |Q™ — Q| < 3 0 (g has been introduced in Equation 7.11).

If both of the two Hits (or neither of them) satisty the critical condition, the event is

rejected.

M2 - x? covariance uncertainty analysis: Figure 7.6b shows the results obtained through

the x? covariance uncertainty analysis. The x? of plotted events is less than 20 showing
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also a quite proper event selection results. However, only calorimeter events are considered
in this selection method, which favors the reconstruction of backscattering events. This
aspect will be discussed later, which is impacted by the volume acceptance of the detector.
In addition, there exists difficulty to select the true sequence in the area (around 10

degrees) where both orders are possible.

The final CGAC experimental result treated with M1 analysis is given in Figure 7.7. Each
measured charge of first HIt (Q7") can find a mean value of geometric Compton cone (%)
via Figure 7.7a. The calibration curve can be directly reused for Compton angle reconstruction
to recognize the incident direction of the 1.274 MeV gamma-ray. As we can see, a direct
reconstruction is available in the angle range of 10°-60° with RMS less than 4.5° (see Figure 7.7b),
while the uncertainty in large-angle area (grey area) increases sharply. This result corresponds to

the reconstruction range of Q7" from a few hundred electrons to 40,000 electrons.
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Fig. 7.7 CGAC experimental results with different spatial distance cutoff for events of 1.274 MeV.

The above research is carried out under different spatial distance cutoffs on AD in the
analysis process. The influence on the average curve is not apparent in the interest area. In
contrast, a larger AD presents a better angular resolution. The result is evident as discussed in
Comprton Coincidence Measurements: a considerable distance between two Hits can improve
geometric angular resolution. In addition, the size of the source and the distance from the
detector are also crucial factors affecting the geometric angular resolution. The yellow area in
the figure represents the influence of the radioactive source, showing a significant resolution

limit about 2°, which will be discussed in the next section.
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Finally, the charge yield of Compton electron recoil can be assessed by converting the
Compton angle to the relevant energy. The experimental results compared with the NEST
model are shown in Figure 7.8. A slight deviation in the small energy zone (marked with red
dotted circle) can be observed. This observation also confirms the necessity of CGAC. In theory,
the relationship between the deposited charge of the first Hit (1 and the Compton angle 6 can
be directly established through the Compton kinetic and the NEST model. However, CGAC
experiment results have also taken the influence of the detector into consideration, which could

improve the accuracy of Compton angle reconstruction.
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Fig. 7.8 Charge yield of Compton electronic recoil for events of 1.274 MeV.

7.3.3 Discussions about others contributions

Detector geometry limitation  The detector geometry affect significantly the Cone reconstruc-
tion due to the volume acceptance. In XEMIST setup, the long cylindrical geometry favors the
back-scattering events. The energy of the scattered y-ray is low enough that it is likely to lose all
the energy with a small distance. By contrast, a high-energy scattered y-ray can easily escape the
detection volume even with a small diffusion angle. This phenomenon is demonstrated through
the experimental results shown in Figure 7.9. For both 511 keV and 1.274 MeV 7y-rays, among
the correctly reconstructed Cone objects in the XEMISI setup, the second hit owns almost
always a smaller energy than the first hit. Besides, large numbers of first hits is located in the
Compton edge contributing to the backscattering events. As discussed previously, the small
distance between two Hits worsens the angle resolution, reducing the image quality during the

Compton imaging. This phenomenon explains why the angular resolution measured by chis
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Fig. 7.9 Measured charge distribution of reconstructed two Hits for events of 1.274 MeV.

method CGAC is not so good in XEMIS1. Unlike the XEMIST setup, the XEMIS2 camera is
designed to have an acceptance volume of about 70% (detailed in Chapter 2). A much better

angle resolution could be expected.

Impact of the source size Apart from the impact of the small-scale active volume, in this
experiment, another important factor is source size, whose parameters are detailed in Chaprter 5.
The uncertainty caused by the non-point-like source size is important. For the Compton
geometric calibration, this impact should be reduced by placing the source far from the detector.
A new experimental setup with an external movable source support will be installed in XEMIS1

for further studies.

74 Conclusions Chapter 7

In this chapter, we proposed the Compton Geometric Calibration (CGAC) method dedicated
to the XEMIS2 self-calibration in the low-energy range. The experiment was taken placed in
the XEMISI prototype for preliminary study. The basic principle was described in the first
place. This method benefits the advantage of LXeTPC as an excellent Compton telescope to
accomplish the in-situ calibration of Compton scattering events.

The Compton sequence reconstruction algorithm was presented in the second section.
We discussed the related variables and uncertainty computing method. A covariance-based
uncertainty analysis for the Compton scattering sequence reconstruction was also reported.

In the last part, we reported experimental and analysis results. The event topology was first
discussed. Then the data analysis studies and results of the CGAC are presented. The charge

yield related to electronic recoils and scattered y-rays were also investigated in this section.
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All results reported in this chapter are still in preliminary scudy. It gave a first demonstration
on the feasibility of the Compton Geometric Calibration in XEMIS LXeTPC. However, the
current setup could not provide the optimized resules due to the geometry limic of XEMISI
and the size of employed source. An updated experimental setup and more detail analysis are

underway for further researches.



Conclusions and Perspectives

S the heart of healthcare priorities of the 21st century, personalized medicine requires
£ X nuclear medical imaging having better sensitivity and resolution to reduce the administered

dose and shorten the exam time.

Nowadays, PET imaging provides the best reachable sensitivity and quantitative accuracy.
For what concerns personalized medicine, advances in PET imaging cameras can be divided into
three categories, as presented in Chapter 1: the total-body PET (TB-PET), the time-of-flight PET
(TOF-PET) and the depth-of-interaction PET (DOI-PET). The TB-PET imaging dramatically
reduces the exam time with the same dose as the other two modalities by increasing the field of
view. The TOF-PET aims at reducing the length of LOR with the best Coincidence Resolving
Time (CTR) resolution targeted at 10 ps. The DOI-PET tries to solve the trade-off between
the detectors’ sensitivity and spatial resolution caused by the parallax effect that existed in the
conventional PET systems. All three approaches proved the capacity to significantly improve
the camera sensitivity in terms of higher image quality and faster exam.

The rising development of the Compton camera, in recent decades, showed a promising
capacity of y-ray imaging in a wide energy band and without any need for collimators. The
Compton telescope in nuclear medicine brought novel modalities on multi-tracer imaging,
range verification in hadrontherapy, and 3-gamma imaging. Multi-tracer imaging provides
the opportunity to observe dual or multiple complex molecular and metabolic phenotypes
simu]taneous]y. Real-time range verification allows exploiting the hadrontherapy treatment
fully. Besides, based on the combination of Compton telescope and special (8+, ) coincidence
emitted isotopes, a novel 3-gamma imaging modality has actracted lots of attention as it

constitutes a substantial advancement in the field, as presented in Chapter 1.

The work in this thesis basically focuses on the ionization signal measurement in the LXeTPC
of the XEMIS system (XEMIS1 and XEMIS2). The XEMIS project is directed to personalized

medicine, based on an innovative liquid xenon Compton camera to realize low activity medical
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imaging. The LXeTPC is a suitable candidate to build a Compton telescope for nuclear medical
imaging applications. It operates primarily with ionization signals combined with the scintil-
lation light information, allowing for 3D position reconstruction, energy measurement, and
multi-hit sequence identification. Meanwhile, a pseudo-PET performance could be achieved by
applying the innovative 3-gamma imaging modality, measuring the intersection of LOR and
Compton cone with good precision to obtain a direct 3D location of the radiotracer. A detailed
description of the XEMIS2 system, an innovative Compton camera for small animal imaging
based on the LXeTPC technique, was given in Chapter 2.

XEMIS2 is developed in the SUBATECH laboratory to demonstrate the advantage of LXe as
a detection medium for 3-gamma imaging. It is a monolithic single-phase detector with a large
axial field of view, holding up to nearly 200 kg of ultra-high-purity liquid xenon. In XEMIS2,
an ultra-high purity level is expected to be achieved through the new purification-cryogenic
subsystem ReStoX equipped with a gaseous purif‘lcation system, realizing a re-circulation

closed-loop, as reported.

The first stage of XEMIS2 aims to obtain a small animal image with an ultra-low activity of
20 kBq in 20 minutes while preserving the image quality in oncology diagnosis. To continuously
readout with negligible dead-time during 20 minutes, a specific high-rate data acquisition system
was developed and tested during this thesis work. The novel acquisition chain of XEMIS2 from
the design requirements, operation principle, and electronic readout chain implementation was
discussed in Chapter 3.

In order to perform accurate charge measurements, our research team proposed an innovative
segmented electrode geometry MIMELI to optimize the induced current generation in LXeTPC.
The experimental test in XEMIS1 combined with an ultra-low-noise front-end electronic ASIC
called IDeF-X HD-LXe has shown encouraging results. In XEMIS2, to obtain the expected
image qua]ity with lower activity with respect to other techno]ogies Current]y in use, we need
to extrapolate the same/better performance from 64 pixels to more than 20,000 pixels while
achieving higher event efficiency with a manageable data flow/volume. The new signal readout
clectronics system needs to meet self-triggering, high-rate acquisition, and low electronic noise.
A signal information extraction ASIC was developed to reduce the storage data volume. A new
data acquisition system was proposed based on the above-listed requirements. The operation
principle of the new DAQ was also specified.

As the key electronic component studied in this thesis work, XTRACT is specifically crucial
for the entire ionization signal measurement chain. Instead of sampling all analog output signals
of the IDeF-X chip, the role of the XTRACT circuit is to extract and store valuable information

about amplitude, peak time, and fired channel address. Therefore, offering the possibility of
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considerably reducing the quantity of data by storing only the essential ones. In addition, com-
bined with the PU board used to read and serialize XTRACT data based on internal FIFO and
dual-port memory, this circuit can also reduce the number of connections traversing the chamber
and limit the dead time of the read link with the extracted data. Finally, the ionization signal and
the light signal data are concentrated in the XDC board, digitized by its FPGA, and then stored
on the PC side. The XEMISI facility and the implementation of the prototype acquisition chain
were also described. Furthermore, the data acquisition chain of XEMIS2 is under preparation

for installation, whose genera] architecture and electronics assembly strategy were also described.

The work of Chapter 4 was focused on the experimental calibration and optimization
of the novel DAQ prototype electronic chain in XEMIS1 under the operational condition of
XEMIS2. The overall DAQ electronics operation principle and data acquisition process were
summarized in the first part, where the self-triggering operation concerning the time and
amplitude acquisition was detailed. The critical parameters concerning the DAQ adjustment
were listed and discussed, including the threshold (TH) and hysteresis of the Leading Edge
Discriminator (LED) (that defines the signal section range), the delay time and DC of the zero-
crossing comparator (ZC) (that impacts the trigger timing position). Except for the hysteresis,
which is inherent to the technology of comparators, all others parameters are adjustable.

The calibration processes concerning the above parameters were then described. The opti-
mized delay time allows registering voltage on the signal peak position at the CDF trigger timing,
The delay time parameter is common to all 32 electronic channels of a XTRACT chip. The
standard deviation of the crossing time is less than 20 ns per XTRACT. Considering the impact
of the ZC value on the time-walk, we found a ZCO0 value for which the DAQ has a quasi-perfect
time response with negligible time-walk. The threshold DAC calibration was presented at the
end of the section. The excellent linear behaviors of offset and gain were measured.

The parameters used in the operational condition were optimized for charge measurement.
A precise small charge measurement is critically required due to the charge sharing effect
on readout pixels. The threshold under operating conditions is adjusted to a trigger rate of
approximately 1.5 kHz, corresponding to three times the noise level. However, the comparator
hysteresis conduces to a series of fake triggers for some electronic channels caused by the applied
low threshold. The characterization of this phenomenon was described. The ZC bias is a typical
method for reducing the noise trigger in the CFD discriminator. After studying the dependence
of the ZC value with the linear charge response, another ZC value, namely ZCC, was chosen to

be used during the experiment.
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In Chapter 5, we presented the development of data processing devoted to XEMIS2. The
physics data were taken from the XEMISI prototype using a * Na source under the operating
condition of XEMIS2. The event topology in TPC under experimental setup was first discussed.
Then, we presented the data treatment which contains three steps. The DAQ calibration resules
were applied to the raw data for signal correction at the first approximation during the first phase.
Then, for time precision improvement, the measured signal time was corrected according to the
clock stamping time of PU, the common voltage ramp and time memory block of XTRACT,
and the CFD time walk and jitrer.

The second step was the data ﬁltering aiming at eliminating the noise present in the raw
data and then reducing the storage volume for the following data analysis. Two sub-steps were
investigated to remove the impact of fake double-trigger resulting from the electronic noise
and hysteresis effect, and the isolated pixels with noise. Depending on the applied amplitude
threshold and isolated time window, a raw data rejection factor could vary from 20 to 50. The
data filtering process will be integrated into the XDC of XEMIS?2 for online data processing.

The last part of this chapter reported the algorithm of the event reconstruction and
selection. We presented the pixel signal clustering method and the signals matching approach.
To climinate the bias of overlapping interaction vertices, the clustering algorithm used in data
analysis is oriented to expand the cluster size to aggregate all uncertainties. A time fit method
was proposed for event selection by estimating the time measurement variance inside a cluster.
It considered the contributions of DAQ measurement and electrons range of all Digits in the

Cluster. Other cuts were also employed and listed in this document.

The data analysis and experimental results related to the calibration of the detector in
the high-energy range using the photoelectric peaks of 511 keV and 1274 keV were given in
Chapter 6. The potential sources causing the charge measurement distortion were investigated
in the first part, including the charge sharing, ballistic deficit and electron attachment effects.
A simulation study was conducted to estimate the charge loss related to the drift length and the
multiplicity of the charge clusters. The simulation result was implemented into the data analysis,
which partially corrected the z-dependence on the collected charge. Then, if the electron is
emitted a]ong the drift direction and all Charges are collected by a sing]e pixel, an amplitude
defect concerning the recoil electron energy is deduced by combining the electron range and
the ballistic deficit of electronics. Then the attenuation correction was applied to eliminate the
z-axis dependence. An amplitude degradation with the number of fired pixels was observed
during the data analysis processes.

Furthermore, a charge collection map of all 64 channels was constructed for gain correction.

An amplitude degradation of more than 1% per the increase of pixel multiplicity was measured.
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The decrease of charge measurement might be caused by the parasitic signal appearing in all the
pixels of the same IDeF-x when a relatively high charge fires the readout chip. The charge yield

and resolution were discussed at the end of chaprer.

In the last chapter (Chapter 7), a Compton geometric calibration was proposed as a
novel modality for detector self-energy calibration. Thanks to a known source position,
a geometric angle and a Compton kinetic angle were constructed at the same time ac-
cording to the interaction vertex and deposited energy. The low energy range calibration
was constructed by Combining those two picces of information. The simulation study
and preliminary experimental results were reported in this part. The results determined
the feasibility of this new calibration method in liquid xenon TPC. However, the ob-
tained resules were significantly limited by the small-scale detector geometry of XEMISI

and the non-negligible source size. A future study with a variable source position is programmed.

The preparation study work for the XEMIS2 operation has been almost accomplished in
the XEMISI prototype. Currently, the XEMIS2 camera is being built at Nantes University
Hospital, and the first operation commissioning is scheduled to be performed in March 2022.
All preparation work can finally be applied in XEMIS2 to evaluate the actual performance.
In addition, the Compton geometric calibration, which is primarily limited by the detector

geometry of XEMISI, can also be carried out in XEMIS2.
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u des dernieres décennies, 'imagerie nucléaire a apporte des ameliorations significatives

L Xsur le diagnostic en oncologie. D'autre part, le défi de la médecine personnalisée visant

a fournir aux patients des traitements plus cibles et plus efficaces a ¢galement conduit a des

avancées dans la techno]ogie des détecteurs de médecine nucléaire, permettant de réduire

les doses, d’accelérer les examens et d’augmenter la sensibilité. Sur cette base, une réduction
. . . . . !

significative de la posologie pour les patients vulnerables (par exemple, les enfants et les femmes

enceintes) est ¢galement devenue une priorite dans ce domaine.

Comme décrit au Chapitre 1, de nos jours, la tomographie par émission de positrons
(TEP) offre la meilleure sensibilice et précision quantitative possible. Plusieurs conceptions de
scanner TEP avancées ont grandement évolué afin de répondre aux exigences de la médecine
personnalisce. L'imagerie TEP corps entier reduit considerablement la durée de lexamen tout en
conservant la méme dose que les deux autres modalites en augmentant le champ de vu. La TEP
temps de vol vise a réduire la longueur de la ligne de réponse avec une tres bonne resolution de
temps en coincidence ciblée a 10 ps. La TEP mesurant la profondeur d’interaction des gamma
essaie de resoudre le compromis entre la sensibilite et la résolution spatiale des detecteurs cause
par leffet de parallaxe qui existait dans les systemes TEP conventionnels. Ces approches ont
prouve leur capacité a ameliorer considérablement les performances de la caméra en termes de
qualite¢ d’image superieure et d’examen plus rapide. Les techniques de détection sont presque

toutes basées sur des scintillateurs solides.

Le groupe Xenon au Laboratoire SUBATECH a mis au point une alternative a la technologie
standard, capable de combiner tous ses avantages avec des inconvénients acceptables a un prix
raisonnable. Elle est basée sur la combinaison d’une caméra Compton au xénon liquide et d’une
technologie innovante d’'imagerie 3-gamma. Le but est d’obtenir des images de haute qualice
avec une reduction considérable de Pactivite administree au patient par rapport aux examens

d’imagerie fonctionnelle classiques.
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La technologie de détecteur de type chambre a projection temporelle au xénon liquide
(LXeTPC) est une candidate appropri¢e pour la construction de télescopes Compton. Ses
caractéristiques, décrites au Chapitre 2, rendent la detection plus efficace et aucun effet de
parallaxe. En outre, I'application de la modalit¢ innovante d'imagerie 3-gamma, explique au
Chapitre 1, capable davoir une localisation tridimensionnelle directe des porteurs radioactifs en
mesurant 'intersection de la ligne de réponse (LOR) et du cone de Compton avec une grande
precision, ce qui permet de réaliser une “TEP pseudo temps de vol".

Pour tirer parti de cette nouvelle méthode, un projet XEXIS en trois ¢tapes a ¢t¢ mise
en route. Le premier prototype XEMISI est une LXeTPC de petite dimension destinée a la
démonstration de faisabilit¢ technique. Le systeme XEMIS2 de taille plus grande est concu
pour I'imagerie des petits animaux. L'objectif a long terme est une camera a grand champ de
vu pour les applications d'imagerie du corps entier ou de controdle en ligne en hadronthérapie.

Les travaux de cette thése portent essentiellement sur la mesure du signa] d’ionisation dans la

LXeTPC du systeme XEMIS (XEMIS1 et XEMIS2).

XEMIS2 est développé au laboratoire SUBATECH pour démontrer 'avantage du LXe
comme millieu de détection pour ]’imagerie 3-gamma. 11 sagit d’un détecteur simple phase
monolithique a large champ de vu axial capable de contenir jusqua pres de 200 kg de xénon
liquide. Dans XEMIS2, un niveau de purete ultra-¢leve devrait étre atteint grace au nouveau
sous-systeme de purification cryogenique ReStoX, qui est equipe d'un systeme de purification

de gaz, realisant une recirculation en boucle fermée, comme indiqué au Chapitre 2.

La premicre ¢tape de XEMIS2 vise a obtenir une image du petit animal avec une activite ulera-
faible de 20 kBq en 20 minutes tout en preservant la qualite de 'image en diagnostic oncologique.
Afin de lire en continu, sans temps mort, les données de XEMIS pendant 20 minutes, un systeme
spéciﬁque d’acquisition de données a haut débit a été déve]oppé et testé au cours de ce travail de
these. La nouvelle chaine d’acquisition de XEMIS2, du principe de fonctionnement et la mise en
ceuvre de la chaine de lecture ¢lectronique a ¢té discutée au Chapitre 3.

Afin deffectuer des mesures de charge precises, notre ¢quipe de recherche a propose
une geométrie d’electrode segmentée innovante MIMELI pour optimiser la génération de
courants induits dans la LXeTPC. Le test expérimental effectué avec XEMIS1 équipé d’un
ASIC ¢électronique frontal ultra-faible bruit appel¢ IDeF-X HD-LXe a montré des résultats
encourageants. Dans XEMIS2, pour obtenir la qualite d’image attendue avec une activice
moindre par rapport aux autres technologies actuellement utilisées, nous devons conserver,
voire améliorer les perfbrmances obtenues dans XEMIS1 en passant de 64 4 20000 pixels

tout en obtenant une efficacité d’événement plus ¢levée avec un flux/volume de données
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gérable. Le nouveau systeme ¢lectronique de lecture du signal doit répondre aux criteres de
auto-déclenchement, a Pacquisition a haut debit et a un faible bruit électronique. Un ASIC
dextraction d'informations de signal a ¢te developpe pour reduire le volume de donnees stockees.
Un nouveau systeme d’acquisition de données a éte propose sur la base des exigences ¢numerées

ci-dessus. Le principe de fonctionnement du nouveau DAQ a ¢galement eté preécise au Chapitre 3.

Les travaux du Chapitre 4 se sont concentres sur I'¢talonnage expérimental et Poptimisation
de la nouvelle chaine ¢lectronique prototype DAQ dans XEMISI dans les conditions opéra-
tionnelles de XEMIS2. Le principe de fonctionnement global de I'¢lectronique DAQ et le
processus d’acquisition de données ont ¢té¢ résumes dans la premiere partie, ot le systeme dauto-
declenchement concernant 'acquisition du temps et de 'amplitude a ¢te detaillée. Les parametres
critiques concernant les reglages DAQ ont ¢t¢ répertoriés et discutés, y compris le seuil (TH) et
Physteresis du discriminateur de a front montant (LED) (qui définit la plage de la section du
signal), le temps de retard et le courant continu du comparateur de passage par zéro (ZC) (qui a
un impact sur la position de synchronisation de déclenchement). A T'exception de I'hystérésis
inherente a la technologie des comparateurs, tous les autres parametres sont reglables.

Les processus d’¢talonnage concernant les parametres ci-dessus ont ensuite ¢te deécrits.
Loptimisation du temps de retard permet d’enregistrer le maximum du signal correspondant au
temps de déclenchement du CFD. Le parametre de temps de retard est commun aux 32 canaux
¢lectroniques d'une puce XTRACT. Compte tenu de 'impact de la valeur ZC sur le "time walk”,
nous avons trouve une valeur ZCO pour laquelle le DAQ a une réponse temporelle quasi parfaite
avec un "time walk" négligeable. L'é¢talonnage seuil du DAC a ¢té presenté a la fin de la section.
Les excellents comportements lincaires d'offset et de gain ont ¢té¢ mesurés.

Les parametres utilisés en condition opérationnelle ont ¢té optimisés pour la mesure
de charge. La mesure precise des petites charges est indispensable en raison de effer de
partage de charge sur les pixe]s de lecture. Le seuil dans les conditions de fonctionnement est
ajust¢ a un taux de déclenchement d’environ 1,5 kHz, correspondant a trois fois le niveau de
bruit. Cependant, 'hystérésis du comparateur conduit a une série de faux déclenchements
pour certains canaux ¢lectroniques provoques par le seuil bas applique. La caracterisation
de ce phénomene a ¢c¢ decrite. Le reglage du biais du ZC est une méthode typique pour
réduire le taux de déclenchement du bruit du au discriminateur CFD. Apres avoir ¢cudié la
dépendance de la lincarit¢ de la réponse en charge en fonction de la valeur de ZC, une autre,

une autre valeur ZC, a savoir ZCC, a finalement ¢te choisie pour étre utilisee pendant lexperience.

Dans le Chapitre 5, nous avons présenté le déve]oppement des traitements de données

consacrés a XEMIS2. Les données de physique ont ¢té extraites du prototype XEMIST en
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utilisant une source 22 Na dans les conditions de fonctionnement de XEMIS2. La topologie
des ¢vénements de la TPC dans les conditions expérimentales a d’abord été discutce. Ensuite,
nous avons presente le traitement des données qui comporte trois ¢tapes. Les resultats de
I'¢talonnage DAQ ont ¢té appliqués aux données brutes pour la correction du signal en premiere
approximation au cours de la premiére phase. Ensuite, pour améliorer la précision de mesure du
temps, le temps du signal mesuré a ¢té corrige en fonction du temps d’horodatage de PU, de
la rampe de tension commune et du bloc de mémoire de temps de XTRACT, et de la marche
temporelle et du "jiccer" CFD.

La deuxieme ¢tape ctait le filcrage des données visant a ¢liminer le bruit présent dans les
données brutes puis a réduire le volume de stockage pour 'analyse des données suivantes. Deux
sous-ctapes ont ¢te ctudices pour ¢liminer 'impact d’'une part des faux doubles declenchements
resultant du bruit electronique et de Peffer d’hysteresis, et d’autre part des pixels isoles avec
du bruit. En fonction du seuil en amplitude appliqué et de la fenétre temporelle d’isolation,
un facteur de rejet des données brutes pourrait varier de 20 a 50. Le processus de filtrage des
données sera intégré au XDC de XEMIS2 pour le traitement des données en ligne.

La derniere partie de ce chapitre a rapporte 'algorithme de reconstruction et de selection
d’¢vénements. Nous avons presente la méchode de clustering de signaux de pixels et Papproche
d’appariement de signaux. Pour ¢liminer le biais des licux d’interaction qui se chevauchent,
lalgorithme de clustering utilis¢ dans 'analyse des données est congu pour ¢tendre la taille
du cluster afin d’agreger tous les pixels pouvant s'influencer mutuellement. Une methode
d’ajustement du temps a ¢te proposée pour la selection d’événements en estimant la variance de
la mesure des temps des pixels a P'intérieur d'un cluster. Elle prend en compte les contributions
de la mesure DAQ et de la plage d’¢lectrons de tous les chiffres du cluster. En outre, d’autres

coupures d’événements ont également ¢té employées et énumérées dans ce document.

Lanalyse des données et les résultats experimentaux lies a I'étalonnage du détecteur dans le
domaine des hautes ¢nergies en utilisant les pics photoclectriques de 511 keV et 1274 keV ont
¢eé donnés au Chapitre 6. Les sources potentielles provoquant la distorsion de mesure de charge
ont ct¢ ¢tudices dans la premiere partie, y compris le partage de charge, le deficit balistique et
les effets d’attachement des ¢lectrons. Une ¢tude par simulation a ¢t¢ menée pour estimer la
perte de charge lice a la longueur de dérive et a la multiplicite des clusters de charges. Le résuleat
de la simulation a ¢t¢ mis en ceuvre dans 'analyse des données, qui a partiellement corrigé la
dependance en z de la charge collectee. Par ailleurs, si '¢lectron est ¢mis selon la direction
de dérive et que toutes les charges sont collectées par un seul pixel, un defaur d’amplitude
concernant I'¢énergie de I'¢lectron de recul est deduit en combinant la portée des ¢lectrons et

le déficit balistique de I'électronique. Ensuite, la correction d’acténuation a écé appliquée pour
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¢liminer la dépendance en z. Une dégradation de la mesure de la charge avec le nombre de pixels
touchés a ét¢ observée au cours des processus d’analyse des données.

En outre, une carte de collecte de charges de tous les 64 canaux a ¢t¢ construite pour
la correction de gain. Une dégradation d’amp]itude de p]us de 1% par augmentation de la
multiplicite des pixels a ¢t¢ mesurce. La diminution de la mesure de charge peut étre causce
par le signal parasite apparaissant dans tous les pixels du méme IDeF-x lorsqu'une charge
relativement ¢levée declenche la puce de lecture. Le rendement de charge et la résolution ont

cee discutes a la fin du chapitre 6.

Dans le dernier chapitre (Chapitre 7), un ¢talonnage géomeétrique Compton a été proposé
comme nouvelle modalite pour pour l'auto-¢ralonnage de la mesure d’énergie du détecteur.
Grace a une position de source connue, un angle gcometrique et un angle cinématique de la
diffusion Compton ont ¢té construits en méme temps en fonction du sommet d’interaction
et de I'énergie deéposce. L'¢talonnage a basse ¢nergie a ¢t¢ construit en combinant ces deux
informations. L¢tude de simulation et les résultats expérimentaux préliminaires ont ¢cé
rapportes dans cette partie.  Les résultats ont détermine la faisabilice de cette nouvelle
methode d’¢talonnage dans la TPC au xénon liquide. Cependant, les résultats obtenus ¢taient
significativement limités par la geométrie du détecteur de petite dimension XEMIST et la taille
de la source non négligeable. Une ¢tude future de cette méthode d'étalonnage avec une position

source variable est programmee.

Le travail préparatoire a la mise en service de XEMIS2 est quasiment achevé grﬁce au
prototype XEMISI. Actuellement, la caméra XEMIS2 est en cours de construction au CHU de
Nantes, et la premicre mise en service opérationnelle est prévue en mars 2022. Tous les travaux
de preparation pourront enfin éere appliques dans XEMIS2 pour évaluer les performances reelles.
De plus, I'étalonnage géométrique Compton, qui est principalement limite par la géomerrie du

détecteur de XEMISI, pourront ¢galement étre effectu¢ dans XEMIS2.






1.1

1.2
1.3
1.4
1.5
1.6

21
22
23

3.1
3.2
33
34

41

5.1

List of Tables

List of common radionuclides for imaging in nuclear medicine. Data taken

from [9=12]. . . . . 9
Scintillators already used or in development for medical imaging. . . . . . . .. 10
Overview of most common photosensors used in nuclear medicine detectors. . 11
Scintillator candidates for SPECT [19). . . . . . . . . . . . . . . . .. .. ... 14
Positron energies and ranges for the common S+ emitters used in PET [25]. . . 17

Selected physical characteristics of the exemplary 57 isotopes used for both

PET imaging and 3-gamma imaging. Data have been adapted from National

Nuclear Data Center [94]. . . . . . . . . . . . . . 33
Main properties of liquid xenon as radiation detector medium . . . . . . . . .. 39
lonization energy of the electronic layers of xenonacom . . . . . .. ... ... 41
Exploitation of liquid xenon in nuclear medicine . . . . .. ... .. ... ... 47
[DeF-X HD-LXe main properties . . . . . . ... . ... ... ... ....... 78
Main parameters used in the simulation for signals generation. . . . . . .. .. 89
CFD configuration considered in the simulation. . . . . ... ... 00 90
Main properties of the XTRACT chip.. . . . . ... ... . ... ... 95
Main characteristics of the delay time parameter. . . . . ... . ..o 120

Cut list for event selection. . . . . . . . . . . 187






1.1
1.2

1.3

1.4

1.5

1.6
1.7

1.8
1.9

1.10

1.11

1.12

1.13

List of Figures

Chemical and tridimensional structure of 2™ Te-tetrofosmin, . . . . . . . . .. 8

Schematic diagram of the interior of a photomultiplier tube. Figure taken

from [19] . . . . 11
Schematic of major components of a gamma camera used in SPECT. Figure
taken from [19]. . . . . . . 13

99mTC—HMPAO—SPECT/CT—study in three projections axial (left), sagittal
(middle) and coronal (right). Bottom panel presents CT scans. Corresponding
SPECT sections are presented in middle row and fusion images (P9I Te-HMPAO-
SPECT/CT) are placed in upper row. 9m T HMPAO-SPECT/CT shows an

accumulation of radiolabeled leucocytes in the vicinity of an implanted electrode

(arrows). Figure taken from [23]. . . . ... ..o oo o oo 15
Schematic of coincident annihilation detection method in PET. Figure taken

from [24). . . . . 16
Non—colinearity of 511-keV annihilation photons. Figure taken from [26]. . .. 17
Ilustrations of a) true, b) scatter, and ¢) random coincidence. Figure taken

from [24]. . . . . . . 18
Whole-body PET (A) vs. total-body PET (B). Figure taken from [27]. . . . . . . 19
Basic principle of time-of-flight PET. Figure taken from [30]. . . . . ... ... 21

Schematic diagram representing the parallax effect resulting from an oblique
LOR without depth of interaction information. Figure taken from [42]. . . .. 23
Parallax effect (a) in ring geometry PET system, (b) in long axial FOV PET
systems and (c) polygonal PET system, where shadows represent all accessible
LORs. Figure taken from [42]. . . .. ... oo oo 24
Schematic showing a conventional Compton camera setup and cones defined
from the measurements. Figure adapted from [56]. . . . .. .. ... 0L 26
Conceptual schematic of a Compton-PET hybrid imager consisting of thin and

thick energy—resolving detectors. Figure taken from [63]. . . . .. ... ... .. 28



242 List of Figures
114 Tllustration of the basic principle of the Compton camera for in-beam therapy
range monitoring. Figure taken from [86]. . . . . . .. ... o oo 0L 31
115 Tllustration of basic principle of 3-gamma imaging modalicy. . . . . . ... .. 32
1.16 The decay scheme of isotope %%SC. Figure taken from National Nuclear Data
Center [94]. . . . . 33
2.1 Calculated cross-sections of different modes of interaction of photons with
xenon. Data caken from [117]. . . . . . . . . . ... 41
2.2 Relative contribution of the different interaction modes of photons with xenon.
Data taken from [117]. . . . . . . . . . 41
23 Stopping power of electrons in xenon. Data taken from [118]. . . . . . . .. .. 43
24 lustration of signals generation in liquid xenon . . . . . ... ... ... .. 44
2.5 Light and charge yields as a function of drift field for 662 keV 7 rays from
BT, Figure taken from [124]. . . .. .. .. .. oo oo oL 46
2.6 (a) Arrangements of 32 PMTs. (b) Cross-sectional view of a prototype model.
(c) Cross-sectional view of liquid xenon scintillation TOF-PET scanner seen
from the front. Figures taken from [128]. . . . . .. ... ... ..o 48
2.7 Scheme of the transversal section of the ring showing the LOR of the 511 keV
Figure taken from [129]. . . . . . .. .. oo 49
2.8 Scheme of the LXe uPET camera. Figures taken from [135]. . . .. ... .. .. 50
2.9 Scheme of the Compton PET constructed by double scatter telescope. Figures
taken from [130]. . . . . . . . . 50
2.10 Conceptual operation of the LXeGRIT detector for Compton imaging. Figure
taken from [140]. . . . . . . . . 52
2.11  Scheme of XEMIS2 camera for small animal imaging with 3-gamma modality. . 53
212 Predictions based on NEST for the light and charge yields of electronic recoil
events when the primary particle interacting with liquid xenon is a gamma-ray
or a beta particle (a pure electron or a delta ray). Figure taken from [146]. . . . 56
213 Electron drift velocity in liquid (163 K) and solid (157 K) xenon as a function of
the electric field strength. Figure taken from [108]. . . . ... ... ... ... 57
2.14 Transverse (Dyp) and longitudinal (Dy) diffusion coefficients for liquid xenon
as a function of the electric field. Figure taken from [102]. . . . ... . ... .. 59
2.15  Actachment rate constant of electrons in LXe as a function of the applied electric
field for three different contaminant. Figure taken from [156]. . . . . . . . . .. 60
2.16 Design of the XEMIS2 camera (TPC is inside the cryostat), where (a) presents a

longitudinal section and (b) shows a transverse cutview. . . . . . .. ... ... 61



List of Figures 243

2.17

2.18
2.19
2.20
221

2.22
2.23

2.24
2.25
2.26
2.27
2.28

3.1

3.2
33
34
3.5

3.6

3.7
3.8
3.9
3.10
3.1
3.12
3.13
3.14

Simplified geometry of XEMIS2. Only half of the right TPC with respect to the

cathode is represented. . . . .. oo oL 62
Mechanical support for the 380 PMTs . . . . . ... .. ... ... L. 63
Hamamatsu PMTs used in XEMIS2 . . . . .. ... ... ... .. ... .... 63
Front view of the cathode with the stainless steel field shaping rings. . . . . . . 64

The segmented anode employed in XEMIS2. The small squares at the center

of the front view anode represent the pixels, whereas, in the bottom part, the

connectors of front-end electronics are ready tobond. . . . . ..o 65
The stainless-steel frame of the Frisch grid used in XEMIS2. . . . . ... .. .. 66
Overview of the XEMIS2 cryogenics facility. From left to right: XEMIS2 cryo-

stat, ReStoX and purification system. . . . . .. ..o oL 67
Scheme of ReStoX . . . . . . . ... 68
Photograph of the XEMIS2 leak test performed in the Subatech laboratory. . . 69

Evolution of temperature and ReStoX mass during pre-cooling and filling regimes. 70
Diagram of the facility in different regimes. . . . . ... ..o 000 71
General view of the XEMIS2 installed at CIMA (Nantes Hotel Dieu hospital):

front) XEMIS2 cryostat and behind) Recovery and Storage of Xenon (ReStoX). 71

Picture of the MIMELI anode prototype: (a) the entire anode, (b) the zoom

picture in which the micro-pillars and conductive tracks could be observed, (c)

Picture taken using an electron microscope. . . . ... 76
Parameters of differentgrids. . . . . . ..o o oL oo 76
Iso-potential for real electric field (left) and weighted potential (righe). . . . . . 77
Schematic of IDeF-X HD-LXe ASIC. . . . . . . . .. ... ... ... ..... 77
Picture of IDeF-X HD-LXe card (left). Output pulse waveform with a peak

time of 1.39us (vight). . . . . . ..o 79

Amplitude of the induction signals (left) and electronic transparency (right)
measured at the pixel level of the read anode for different Frish grids, and for
different induction gap heights. Wicth MIMELI, the induction gap is 130 gm high. 79

Basic concept of the event builder in XEMIS2. . . . .. .. ... ... .. ... 81
Schematic of the data acquisition mode applied in XEMIS2. . . .. .. .. .. 82
Mlustration of the XTRACT architecture. . . . . . . ... ... ... ... ... 83
[lustration of the architecture of one channel of XTRACT . . . . . ... ... 84
[llustration of the CFD operation and signal measuremenc. . . . ... ... .. 84
Architecture of the analog memory block of XTRACT. . . . . ... ... ... 86
Example of the detection and read-out process of three different signals. . . . . 87

Schematic diagram of XTRACT reading chronogram. . . . .. ... ... ... 88



244 List of Figures

3.15 CFD operation simulation on physical signal (top) without noise (bottom) with
NOISC. . . v v v v e e e e e e 89

3.16 The difference between the simulated amplitude and measured amplitude as a
function of the simulated charge (in SNR units). Ampg;ry = Amp,, - Amp, . . 91

3.17 The difference between the simulated peak time and measured CFD time as a
function of the simulated charge (in SNR units). Tyipp =T, -T5 . . . . . . .. 91

3.18 Distribution of the zero-crossing points (left) and the possible trigger areas
represented in the normalized waveform (cencral and lefe). . . . . . .. . .. .. 92

319 XTRACT simulation with LabVIEW: the memorized signal in case of a false

trigger arriving before the true one, with a ramp time of 960 ns (left) and 2.4/1s
(right). . . . . 92

320 XTRACT simulation with LabVIEW: the memorized signal in case of a false

trigger arriving after the true one, with a ramp time of 960 ns (left) and 2.44s
(right). . . . 92
3.21 Picture of the test bench set-up of the XTRACT V2 chip. . . ... ... .. .. 93
3.22 Schematic diagram of the analog test bench process. . . . ... .. .. ... .. 94
3.23 Example of time walk measurement. . . . . ..o 95
3.24 Schematic diagram of the principal function of a XPU card. . . . . . .. .. .. 96
3.25 General architecture of a half-XPUcard. . . . . . . . . ... ... .. ... ... 97
3.26 Picture of the test bench set-up of the digital acquisition chain. . . . . . .. .. 97

3.27 General architecture of the scintillation readout chain. The XSRETOT diagram
is shown on a gray background in the figure. . . . . . ..o o000 98
3.28 The XSRETOT prototype card used in the XEMIST test. . . . . . ... ... .. 98
3.29 Picture of the prototype acquisition chain on the workbench. . .. .. ... .. 99
330 General view of the XEMIST faciliey. . . .. .. .00 o000 oo 100

331 (left) 3D drawing of the PTR, heat exchanger and the connection with cryostat.
(right) Schematic of XEMIS cryogenic system (Figure taken from [165]). . . . . 101
3.32 Pictures of eryogenic devices. . . . ..o oL 101
333 Configuration of the XEMISITPC. . . .. .. ... ... .. ... ....... 102

3.34 Experimental configuration of the prototype acquisition chain integrated in
XEMISL. . . 104
3.35 Schematic diagram of the data acquisition system of XEMIS2 (one TPC).. . . . 104
3.36 Electronic components for ionization signals readout in XEMIS2. . . . . . . .. 105
3.37 Electronics assembly scheme (half-TPC) of the ionization measurement system. 106
3.38 Pictures of electronics assembly in XEMIS2. . . . . . ... .. oL 107
3.39 XEMIS Scintillation Readout for extraction of Time over Threshold (XSRETOT). 108



List of Figures 245

3.40

4.1
42
43
4.4

4.5

4.6

4.7
4.8

4.9

4.10
411
412
413

4.14
4.15
4.16
417
418
4.19
420
4.21

Experimental set-up for the test bench of the digital acquisition chain (version 2).108

Operational principle of the overall DAQ chain. . . . . . ... ... ... ... 113
[lustration of the self-trigger principle of XTRACT. . . . . ... ... ... .. 115
lustration of the leading-edge discriminator response. . . . . . . ... .. .. 116
CFD principle of the XTRACT chip with the IDeF-X pulse shape produced by

the PSpice simulacion. . . . . . ... Lo 117

CFD delay time measurement (one channel): output amplitude with the experi-
mental cross-time of all 8 delay times are superposed. The projection on the
x-axis shows the measured time distribution fitted by a Gaussian function. . . 120
Characteristics of the delay time: (left) delay time simulacion and (right) varia-
tion of crossing time with delay time. . . . . . ..o 121
Delay behavior of 64 channels of two extracts for an input voltage of 100 mv . . 121
Dispersion of time measurement of XT0 and XT1 with delay time set at delay!:
(left) superposition of measured value, (right) distribution of mean value on
CIME MEASUTEMCNIE. .« « « o o v v vt e et e e e e e e e e 122
Response of time measurement with input amplitude for different ZC. Each
point represents the average measured time for a given input voltage and a value
of ZC (DAC value [LSB]). All mean values have been obtained by performing a
Gaussian fit. . . . ... 124
Comparison of the impact of different ZC values on time measurement. . . . . 124

The noise trigger rate as a function of the ZC values showing a Gaussian behavior. 126

2CO0 distribution of the two XTRACTS at room temperature (20 °C). . . . . . 126
ZC0 values of XTO0, at room temperature (20 °C) and at operational condition

(<80 °C). . . 126
S-curve principle. . ... 128
S-curve fit for threshold calibration of a single channel. . . . . ... ... . 129
Threshold calibration results of a single channel. . . .. ... 000000 129
Offset (THO) and gain values of threshold DAC (XTO0). . ... ... ... ... 130
Distribution of THO DAC value of the two XTRACTs. . . . . ... ... ... 130
Distribution of threshold DAC gain of the two XTRACTs. . . . . ... .. .. 131

The waveform of the IDeF-X output signal measured by DAQ with trig_in mode. 133
Comparison of linear responses between the ideal CFD (trig_in at the peak
time) and the XTRACT (CFD + threshold comparator). (right) zoom in the

regionof interest. . . . ... 133



246 List of Figures
422 Threshold effect simulation. The blue line histogram (H1) corresponds to the
amplitude without threshold: it follows a Gaussian distribution represented
by the blue line (function G). The black-filled histogram (H2) is the amplitude
measured with a threshold whose distribution is no longer symmetric. The red
line is the simulated threshold effect (function T) considering the discriminator
electronic noise fluctuation. The product of those two functions, G and T,
shows a perfect fit on the histogram H2. . . . . ... ... 00000 134
4.23  Simulation result of noise count rate over threshold with and without CFD in
logarithmicscale. . .. 000 oo o 135
424 S-curve of an injection signal of 6 noise sigmas. . . . ... ... L 135
425 The amplitude distribution measured near the baseline. The blue part indicates
the amplitude lower than the set threshold. . . .. .. .00 000000000 137
4.26 Measured amplitude as a function of the time difference between the injection
pulse and the measured time. Zoom in the regions of interest. . . . . . . . . .. 138
427 Observation of fake triggers with the oscilloscope (channel #31 of X1 - pixel
#63). Signals presented in the screen are: (blue) attenuated injection signal,
(green) over threshold time Window, (red) trigger signals. Two false triggers are
following the true pulse signal. . . . .. ..o o o oo 138
428 Measurement of the attenuation factor of channel #31 of the XT1. . ... . .. 139
429 Hysteresis measurement on the attenuated signal on channel #31 of XT1. . . . . 140
430 Nonlinearity of amplicude measurement with the ZC setting. . . . . . . . . .. 141
431 Comparison of the time and amplitude measurement response between two
ZCs: ZCO0 (DAC = 18), showing the best CFD timing performance, and the
ZCC (ZC for charge measurement) (DAC =29) with which the DAQ shows the
most desirable charge measuring linearicy. . ... . ..o o 0000 142
432 The noise count rate corresponding to the ZCO (red dashed line) and ZCC
(black dashed line). . . . . . . . . .. 143
433 Diagram schematic of the experimental calibration sec-up. . . . ... . ... .. 144
434 Slow control interface dedicated to automatic ZCC determination. . . . . . . . 145
435 Comparison of ZC searching results in different measurement modes: the red
curve is measured in the one channel mode and the white curve corresponds to
the 32-channel mode. . . . . . ... ... 145
436 Slow control interface dedicated to automatic THC determination. . . . . . . . 146
437 Comparison of TH searching results in different measurement modes: the

red curve is measured in one-channel mode and the white curve is the result
obtained in 32-channel mode. . . . . . . . ... ... 146



List Of‘Figures 247

438
439
4.40
441

4.42

4.43

4.44
445

4.46

4.47
448

4.49
4.50
451

452

453

5.1

5.2
5.3
54

Slow control interface dedicated to automatic calibration process. . . . . . .. 147
Results of time and amplitude measurement with different input voltages. . . . 147
The linear response of all 64 electronic channels in XEMISL . . . . ... .. .. 148

Measured amplitude as a function of the injected charge for pixel #1 of the
anode. The first-order polynomial fit shows the perfect linear response of the
electronic device in all dynamic ranges except a slight non-linear response in
the small charge region due to the threshold. . . . . .. ... .00 000 149
Offset distribution of the amplitude-ADC (64 electronic channels). The data

displays that the ADC channel number is related to the amplitude memory of

XTRACT, which manages 16 electronic channels in common. . . . . . . .. .. 150
Amplitude ADC gain of all 64 electronic channels. A Gaussian fit characterizes

cach set of 32 channels belonging to one XTRACT. . . . . . ... .. ... ... 150
Electronic gain at the output of the whole DAQ chain. . . . . . . ... ... .. 151

Equivalent noise charge of 64 electronic channels. The distribution per ASIC is
well described by a Gaussian function. . . . .. .o o000 152
Observation of noise source of 15 kHz: distribution of the time difference
between two successive triggers measured under condition of charge injection. . 152
Relative non-linearity on amplitude measurement. . . . ... ... ... 153

The threshold value estimated by the detection efficiency as a function of the

inputvoltage. . . . . .. L 154
The distribution of estimated equivalent threshold charge. . . . . . . .. .. .. 154
Average delay time relative to the synchronized PM signal (injected). . . . . . . 155
Time walk measurement results as a function of the input charge for the 64

channels. . . . ... 156
Time jitter measurement results as a function of the input charge for the 64

channels. . . . . ... 156
Contributions detector and liquid xenon on Z position resolution. . . . . . . . 157

Wire frame representation of the XEMIS1 TPC constructed with Geant4. The

origin is located in the center of the anode. During the experiment, the TPC is

entirely immersed in about 30 L of liquid xenon holding by the cryostat. . . . . 163
Schematic diagram of the 22 N q source configuration. . . .. . ... ... ... 163
Spectrum of deposited energy per event in the active zone. . . . . . ... ... 164

Diagram of the principal data treatmentsteps. . . . . ... 165



248

List of Figures

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

The measured calibration signal of same channel (a) before and (b) after the
clock synchronization of data processing. The abscissa is the time difference
between scintillation and ionization DAQ chain for the measurement of two
synchronized signals, and the ordinate is the measured amplitude. . . . . . . .. 167
Clock slip measurement and correction results. (a) The measured PU time
as a function of the FlexRIO time during a slice of 80 ms (black line) before
and (red line) after time correction. (b) The calibration results of a series of
injected pulses with variable amplitudes (left) before and (right) after the time
correction (same measurement as Figure 5.5). 167
Dependence of ramp voltage with the trigger time interval of (a) 32 channels and
(b) channel #0 of the XTRACT XTO0. The experimental data are represented as
colorful markers, while the red lines are the linear fits of ramp and baseline curves. 168
Schematic of DAQ read out in the case of only one channel is affected. . . . . . 169
Time ramp slope values of 32 channels of XT0 measured at the detector operating
condition. . . . ... 169
The distribution of the voltage gap at the beginning of time ramp of 32 channels
of XTO at detector operating condition. The black marker is the measured
baseline (same value at the beginning and after complete falling down of the
ramp). The red marker is the intercept of ramp linear fit. Their distributions
are quite uniform for each group of 16 channels. The difference represents the
voltage gap (blue marker) of each channel. The blue band is the 95% confidence
interval of the constant fic. . . . . .. ... 170
Time ramp slope values of 64 channels of two XTRACTSs measured at room
CCMPETATUTC. . . . . . o o o ot 170
(a) Dependence of time ramp duration with the time gap between two successive
ramps in the same chip (XTO0). (b) Zoom picture of the case in which only one
trigger is detected in theramp. . . . ..o oo o oL oo 171
Characteristics of DAQ readout time (quasi-equivalent to the ramp duration in
normal condition). (a) Distribution of the discrete ramp duration. (b) Calcu-
lated At for reading out one supplementary Digic. . . . . .. ... ... .. .. 172
The ramp voltage V;,, of the first trigger Digity (a) as a function of the time
difference between the starts of two successive ramps and (b) its distribution.
The red line in (a) is the fit curve of Figure 5.15 discussed later. The peaks in (b)
are ficted by Gaussian functions whose mean values are reported in the figure. . 173
Dependence of the ramp time with the ramp Voltage obtained by physics data

analysis. . . .. 173



List of Figures 249

5.16
5.17

5.18

5.19

5.20
5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

6.1

[lustration of time measurement sequence and the contribution of time error. . 174
Time deviation of the adjacent pixel relative to the central pixel as a function
of the charge of the adjacent pixel (a) before and (b) after the time correction. 175
Relative time measurement resolution of adjacent pixe] regarding the central
pixel after time correction. . . . ... L 175
Relationship between the time difference and amplitude ratio of two consecutive
Digits when the second amplitude is smaller than the first one (pixel #9) in (a)
the entire analysis time window and (b) the region of interest. . . . . . . . . .. 176
Same plots as in Figure 5.19 for pixel #62. . . . .. ... ... 177
Relationship between the time difference and amplitude ratio of two consecutive
Digits when the second amplitude is smaller than the first one (all 64 pixels
corresponding to the real positiononanode). . . .. ... o0 178
Dependence of filter ratio with (a) applied high threshold thy;gp, (with thie,
= 20p0ise and ATjsoiatea = 2 ps), (b) applied low threshold thig,, (with thpgn
=40 n0ise aNd ATjgo1ateq = 2 p1s) and (c) isolated time window ATjpateq (With
thhigh = 40 neise and thigy, = 200ise). The first point in (b) represents the fileer
ratio using only double-trigger removing without applying a low threshold. . . 179
Digit rate per pixel (a) before and (b)&(c) after data filtering. High thresholds
of (b) 40 ,0ise and (¢) 507y,0ise are applied respectively with a time window of 2 yus. 180
Dependence of raw data rejection on the clustering time window when applying
a high threshold of 50,is¢. The trendlines of experimental results are repre-
sented by red and blue dot lines. The vertical solid lines indicate the location
of change of global trends. . . . . . .. ..o oo 180
Schematic representation of the clustering algorithm. (a) All D; inside the
sphere of Dy belong to the same Cluster. (b) Ds is also belonging to the
Cluster created from Dy since its position is inside the sphere of Dy. Both (a)
and (b) represent a single cluster under our clustering algorichm. . . . . .. .. 182
[lustration of the matching mechanism (left) and visualization of the recon-
structed event (right) with the position of Lisigs (green points) and Digit Clusters
(blue and purple points). . . . . ... 185
Multiplicity of Cluster as a function of the charge of Cluster (a) before and (b)
after the event selection. . . . . . ... ... 185
Time difference between adjacent pixel and the central pixel as a function of

the charge of the adjacent pixel (a) before and (b) after the event selection. . . 186

Events topology of single-cluster events. . . . . . .. ..o 0oL 190



250

List of Figures

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9
6.10

6.11

6.12

6.13

6.14

6.15

Fraction of single-pixel event and all types of multi-pixel events across the whole
detector with different energy cue. . . . .. oo oo 191
Average multiplicity of different energy cut events as a function of the drift
length. . . . 192
Simulation results of cluster charge loss with respect of (a) drift length (all
multiplicities) and (b) multiplicity (whole drift lengtch). .. .. ... ... ... 193
Dependence of cluster charge loss on the drift length with (a) single-pixel,
(b)double-pixel and (¢) triple-pixel events. . . . . . . ..o 0L 194
Defect of amplitude with respect to the induced current duracion. . . . . . .. 194
Evolution of (a) Electron range and (b) ballistic deficit with the energy of recoil
clectron (considering the recoil electron is emitted along the drift direction and
onlyone pixelis fired). . . . ... oo 195
(a) lonization charge yield as a function of the energy of recoil electron (NEST
data). (b) Evolution of ballistic deficit with the collected charge. . . . . .. .. 196
An example of peak fit for events energies of (a) 511 keV and (b) 1274 keV. . . . 197
Scatter plot of the measured cluster charge (without any correction) as a func-
tion of the electron drift time for 511 keV events with (a-¢) different multiplici-
ties. The red points represent the collected charge obtained by Gaussian fit per
slice in the interval of interest, and the solid red line represents the exponential
fit of the collected charge. The comparison of all fit results is presented in the
figure (B). . . o 198
Comparison of the measured cluster charge as a function of the electron drift
time for 511 keV events (a) before and (b) after the cluster charge correction. . . 199
Scatter plot of the measured cluster charge (after cluster charge and attenuation
corrections) as a function of the electron drift time for 511 keV events with
different mulciplicities (Same interpretation as Figure 6.10). . . . . . . . . . .. 200
Dependence on the measured cluster charge on the electron drift time for
1274 keV events with different multiplicities (a) without any correction (b) after
cluster charge correction and (c) after attenuation correction. . . . . . . .. .. 201
XY position reconstructed by determine the center of gravity. (a) Distribution
of cluster in XY plane (b) projection along the x-axis. The point of intersection
isat the centerof the pixel. . . . . ..o oo oo 202
XY position reconstructed after the Gaussian correction. (a) Distribution of

cluster in XY plane (b) projection along the x-axis. . . . .. .. ... ... ... 203



List of Figures 251

6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

6.26

6.27

7.1

7.2

7.3
7.4

Beginning and end of the TPC for single-cluster 511 keV events.The solid red
lines are the Error function fit to the drift time distribution at both edges of
the chamber. . . . . . ... 204
Beginning and end of the TPC for single-cluster 1274 keV events. The solid red
lines are the Error function fit to the drift time distribution at both edges of
the chamber. . . . . . . . . 204
Collected charge spectrum of single cluster events. . . . .. ... ..o 205

Charge collection map on the XY plane using the events of (left) 511 keV and

(right) 1274 keV. . . . . o oL 205
Peak of 511 keV measured with events of different multiplicities. . . . . . . .. 206
Peak of 1274 keV measured with events of different mulciplicities. . . . . . . . . 206
Energy degradation as a function of the multiplicity for events of (a) 511 keV

and (b) 1274 keV. . . . . 207
Energy resolution as a function of the multiplicity for events of (a) 511 keV and

(b) 1274 keV. . . . . 208

Energy resolution as a function of the multiplicity for events of (a) 511 keV and
(b) 1274 keV after the multiplicity-dependent-amplicude correction. . . . . . . 208
Evolution of (top) Ionization yield and (bottom) energy resolution of 511 keV
as a function of the drift length. The red solid line represents the value obtained
from the whole events integrated over all z-values, and the red band is the 0.95
confience zone (after the multiplicity-dependent-amplitude correction). . . . . 209
Evolution of (top) Ionization yield and (bottom) energy resolution of 1274 keV
as a function of the drift length. The red solid line represents the value obtained
from the entire events integrated overall z-values, and the red band is the 0.95
confidence zone (after the multiplicity-dependenc-amplitude correction). . . . 209
Charge yield measured with this work comparing with NEST. The curves show
the results after calibrated with the yield of 511 keV vy-ray given by NEST . . . 210

Schematic of the experimenta] setup used in neriX experiment for Compron
Coincidence measurements. Figure taken from [170]. . . . ... ... ... .. 215
Schematic of the experimental setup used in XEMISI detector for Compton
Geometric Angular Calibration. . . . ... .. ... oo 0oL 216
Algorithm of Compton Geometric Angular Calibration in XEMIS1. . . . . . . 217
Distributions of (a) Hits on z-axis (The Frisch grid is located at z = 0 (anode
end) while another extreme is close to the source (cathode end)) and (b) the

distance AD between two Hits of same group. . . . .. .. ..o 220



252

List of Figures

7.5

7.6

7.7

7.8
7.9

Presentation of deposited charge of the first Hit as a function of the Compton
geomertric angle 0 in the case of (a) third y-ray selection and (b) third y-ray
calorimeter. Two possible sequences have been considered in this direct Comp-
ton geometric angle reconstruction. The red curve in each ﬁgure represents the
theoretic correspondence in the case of the correct sequence, while the yellow
curve describes the false sequence. The black line is the event mixed of the y-ray
of 511keV. . . . . 221
Reconstructed deposited charge of first Hit Q7" as a function of the Compton
geometric angle 0% for events of 1.274 MeV after Comprton scattering sequence
selection with (a) charge correlation analysis (b) x? covariance uncertainty analysis. 222
CGAC experimental results with different spatial distance cutoff for events of
1274 MeV. . . 223
Charge yield of Compton electronic recoil for events of 1.274 MeV. . . . . . . . 224

Measured charge distribution of reconstructed two Hits for events of 1.274 MeV. 225



List of Abbreviations

Roman Symbols

3D Three-Dimensional

ADC Analog-to-Digital Converter
APD Avalanche Photodiode

ASIC Application-Specific Integrated Circui
ccr Compton coincidence technique
CFD Constant Fraction Discriminator
cs Chip Select

CSA Charge Sensitive preAmplifier
cT Computed Tomography

CTR Coincidence Time Resolution
DAC Digital-to-Analog Converters
DAQ Data Acquisition System

DC Direct Current

DFT Discrete Fourier Transform
DOI Depth-Of-Interaction

ENC Equivalent Noise Charge

FOV Field Of View



254 List of Abbreviations
FWHM Full Width at Half Maximum

2C Inter-Integrated Circuit

IDeF — X Imaging Detector Front-end for X rays

LED Leading Edge Discrimination

LET Linear Energy Transfer

LOR Line Of Response

LSB Least Significant Bit

LVDS Low Voltage Differential Signaling

LXe Liquid Xenon

LXeTPC Liquid Xenon Time Projection Chamber

MCP Micro-Channel-Plate

MIMELI MIcro-MEsh for dense Liquid lonization chamber
MLEM Maximum-Likelihood Expectation-Maximization
MM Micro-Meshe

MPPC Multi-Pixel Photon Counter

MRI Magnetic Resonance Imaging

MUX Multiplexer

MW Metallic Woven

PET Positron Emission Tomography

PMOS P-channel Metal-Oxide—-Semiconductor

PMT Photomultiplier Tube

PTR Pulse Tube Refrigerator

pPzZC Pole-Zero Cancellation

QF

Quantum Efficiency



List of Abbreviations 255

ReStoX Recovery and Storage of Xenon

SiPM Silicon Photomultiplier

SNR Signal Over Noise Ratio

SPECT Single Photon Emission Computed Tomography

T2AC Time-To-Amplitude Converter

TB Total-Body

THD Threshold Discriminator

TOF Time-Of-Flight

TOT Time-Over-Threshold

TPC Time Projection Chamber

UHV Ulera High Vacuum

Ul User Interface

XDC XEMIS Data Concentrator

XPU XEMIS Processing Unit

XSRETOT XEMIS Scintillation Readout for Extraction of Time Over Threshold
XTRACT Xenon TPC Readout for extrAction of Charge and Time
Ao Zero-Crossing

ZCD Zero-Crossing Discrimination






[1]

2]

3]

[4]

(5]
[6]

(7]

(8]

9]

[10]

(1]

[12]

[13]

References

R. E. Mould, A century of X-rays and radioactivity in medicine: with emphasis on photographic
records of the early years. CRC Press, 1993.

G. De Hevesy, “Radioelements as tracers in physics and chemistry,” Chem News, vol. 108, p.
166, 1913,

E. O. Lawrence and M. S. Livingston, “The production of high speed light ions without
the use of high voltages,” Physical Review, vol. 40, no. 1, p. 19, 1932.

B. Cassen, L. Curtis, C. Reed, and R. Libby, “Instrumentation for i-131 use in medical
studies,” Nucleonics, vol. 9, no. 2, pp. 46-50, 1951.

H. O. Anger, “Scintillation camera with multichannel collimators,” 1964.

W. H. Sweet, “The uses of nuclear disintegration in the diagnosis and treatment of brain
tumor,” New England Journal of Medicine, vol. 245, no. 23, pp. 875-878, 1951.

M. E. Phelps, E. ]. Hoffman, N. A. Mullani, and M. M. Ter-Pogossian, “Application of
annihilation coincidence detection to transaxial reconstruction tomography,” Journal of

Nuclear Medicine, vol. 16, no. 3, pp. 210-224, 1975.

D. E. Kuhl, R. Q. Edwards, A. R. Ricci, R. J. Yacob, T. ]. Mich, and A. Alavi, “The mark iv
system for radionuclide computed tomography of the brain,” Radiology, vol. 121, no. 2, pp.
405-413, 1976.

D. Volterrani, P. A. Erba, I. Carrio, H. W. Strauss, and G. Mariani, Nuclear Medicine Textbook:
Methodology and Clinical Applications. ~ Springer, 2019.

G. Augusto and H. Christoph, Imaging in Nuclear Medicine. ~ Springer-Verlag Berlin
Heidelberg, 2013.

E. Vicente Torrico, “Caracterizacion, mejora y disefio de escaneres pet preclinicos,” Ph.D.
dissertation, Universidad Complutense de Madrid, 2013.

K. P. Willowson, “Production of radionuclides for clinical nuclear medicine,” European

Journal of Physics, vol. 40, no. 4, p. 043001, 2019.

P. Lecoq, “Development of new scintillators for medical applications,” Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment, vol. 809, pp. 130-139, 2016.



258

References

[14]

[15]

[16]

[17]

[18]

[19]
20]
[21]

22]

(23]

[24]

[25]

[26]

M. Lowdon, P. G. Martin, M. Hubbard, M. Taggart, D. T. Connor, Y. Verbelen, P. Sellin,
and T. B. Scott, “Evaluation of scintillator detection materials for application within
airborne environmental radiation monitoring,” Sensors, vol. 19, no. 18, p. 3828, 2019.

C. W. van Eijk, “Inorganic scintillators in medical imaging.” Physics in medicine and biology,

vol. 47 8, pp. R85-106, 2002.

C. L. Melcher and L. Eriksson, “Scintillators for pet and spect,” in Physics of PET and SPECT
Imaging. CRC Press, 2017, pp. 65-84.

P. Sibezynski, |. Iwanowska-Hanke, M. Moszynski, L. Swiderski, M. Szawlowski, M. Grodz-
icka, T. Szczgsniak, K. Kamada, and A. Yoshikawa, “Characterization of gagg: Ce scintilla-
tors with various al-to-ga ratio,” Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 772, pp. 112-117, 2015,

W. Drozdowski, M. E. Witkowski, P. Solarz, P. Gluchowski, M. Glowacki, and K. Brylew,
“Scintillation properties of gd3al2ga3012: Ce (gagg: Ce): a comparison between monocrys-
talline and nanoceramic samples,” Oprical Materials, vol. 79, pp. 227-231, 2018.

M. Dahlbom, Physics of PET and SPECT Imaging. CRC Press, 2017.
A. Wright, The photomultiplier handbook. ~ Oxford University Press, 2017.

H. O. Anger, “Scintillation camera,” Review of scientific instruments, vol. 29, no. 1, pp. 27-33,
1958.

F. A. Mettler and M. J. Guiberteau, Essentials of Nuclear Medicine and Molecular Imaging
E-Book.  Elsevier Health Sciences, 2018.

K. Holeman, W. Szot, P. Rubis, A. Lesniak-Sobelga, M. H]awaty, S. Wisniowska-Smiatek,
B. Matecka, A. Zabek, K. Boczar, A. Stepien et al., “99mtc-hmpao-labeled leukocyte spect/ct
and transthoracic echocardiography diagnostic value in infective endocarditis,” The inter-

national journal of cardiovascular imaging, vol. 35, no. 4, pp. 749-758, 2019.

N. Kh, C. Yeong, and A. Perkins, Problems and Solutions in Medical Physics: Nuclear Medicine
Physics, 04 2019.

L. Jodal, C. Le Loirec, and C. Champion, “Positron range in pet imaging: an alternative
approach for assessing and correcting the blurring,” Physics in Medicine & Biology, vol. 57,
no. 12, p. 3931, 2012.

G. B. Saha, Basics of PET imaging: physics, chemistry, and regulations. ~ Springer, 2014.

[27] J. D’Addabbo, M. Wardak, and P. K. Nguyen, “Recent advances in imaging inflammation

28]

post—myocardial infarction using positron emission tomography,” Current Cardiovascular

Imaging Reports, vol. 12, no. 10, pp. 1-10, 2019.

S. Cherry, J. Karp, W. Moses, J. Qi, ]. Bec, E. Berg, W. Choong, J. Huber, S. Krishnamoorthy,
Q. Peng et al., “Explorer: An ultra-sensitive total-body pet scanner for biomedical research,”

in Proceedings of the IEEE Medical Imaging Conference, 2013.



References 259

291

[30]

31]

(32]

33]

(34]

[35]

[36]

371

38]

(39]

[40]

R. D. Badawi, H. Shi, P. Hu, S. Chen, T. Xu, P. M. Price, Y. Ding, B. A. Spencer, L. Nardo,
W. Liu et al., “First human imaging studies with the explorer tota]—body pet scanner,”
Journal of Nuclear Medicine, vol. 60, no. 3, pp. 299-303, 2019.

R. G. Wells and R. A. deKemp, “Does time-of-flight improve image quality in the heare?”
2019.

G. Brownell, C. Burnham, S. Wilensky, S. Aronow, H. Kazemi, and D. Strieder, “New
developments in positron scintigraphy and the application of cyclotron-produced positron
emitters,” in Medical Radioisotope Scintigraphy. VI Proceedings of a Symposium on Medical
Radioisotope Scintigraphy, 1969.

M. Conti, B. Bendriem, M. Casey, M. Chen, F. Kehren, C. Michel, and V. Panin, “First
experimental results of time-of-flight reconstruction on an Iso pet scanner,” Physics in

Medicine & Biology, vol. 50, no. 19, p. 4507, 2005.

S. Surti, A. Kuhn, M. E. Werner, A. E. Perkins, J. Kolthammer, and J. S. Karp, “Performance
of philips gemini tf pet/ct scanner with special consideration for its time-of-flight imaging
capabilities,” Journal of Nuclear Medicine, vol. 48, no. 3, pp. 471-480, 2007.

V. Bettinardi, L. Presotto, E. Rapisarda, M. Picchio, L. Gianolli, and M. Gilardi, “Physical
performance of the new hybrid pet/ct discovery-690,” Medical physics, vol. 38, no. 10, pp.
5394-5411, 2011.

B. Jakoby, Y. Bercier, M. Conti, M. Casey, B. Bendriem, and D. Townsend, “Physical and
clinical performance of the met time-of-flight pet/ct scanner,” Physics in Medicine & Biology,
vol. 56, no. &, p. 2375, 2011.

N. C. Nguyen, J. L. Vercher-Conejero, A. Sattar, M. A. Miller, P. ]. Maniawski, D. W.
Jordan, R. F. Muzic, K-H. Su, J. K. O’Donnell, and P. F. Faulhaber, “Image quality and
diagnostic performance of a digital pet prototype in patients with oncologic discases:
initial experience and comparison with analog pet,” Journal of Nuclear Medicine, vol. 56,

no. 9, pp. 1378-1385, 2015,

D. F. Hsu, E. Ilan, W. T. Peterson, J. Uribe, M. Lubberink, and C. S. Levin, “Studies of a
next-generation silicon-photomultiplier—based time-of-flight pet/ct system,” Journal of
Nuclear Medicine, vol. 58, no. 9, pp. 1511-1518, 2017.

I. Rausch, A. Ruiz, I. Valverde-Pascual, ]. Cal-Gonzilez, T. Beyer, and L. Carrio, “Perfor-
mance evaluation of the vereos pet/ct system according to the nema nu2-2012 standard,”
Journal of Nuclear Medicine, vol. 60, no. 4, pp. 561-567, 2019.

P. Lecoq, “Pushing the limits in time-of-flight pet imaging,” IEEE Transactions on Radiation
and Plasma Medical Sciences, vol. 1, no. 6, pp. 473-485, 2017.

C. Canot, M. Alokhina, P. Abbon, J. Bard, D. Breton, E. Delagnes, J. Maalmi, G. Tauzin,
D. Yvon, and V. Sharyy, “Fast and efficient detection of 511 kev photons using cherenkov
light in pbf2 crystal, coupled to a mep-pmt and sampic digitization module,” Journal of
Instrumentation, vol. 14, no. 12, p. P12001, 2019.



260

References

[41]

[42]

[43]

[44]

[45]

[46]

[47]

48]

[49]

(501

[51]

[52]

R. Ota, K. Nakajima, T. Hasegawa, I. Ogawa, and Y. Tamagawa, “Timing-performance
evaluation of cherenkov-based radiation detectors,” Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol.

923, pp. 1-4, 2019,

I. Mohammadi, I. Castro, P. Correia, A. Silva, and |. Veloso, “Minimization of parallax error
in positron emission tomography using depth of interaction capable detectors: methods

and apparatus,” Biomedical Physics & Engineering Express, vol. 5, no. 6, p. 062001, 2019.

J. S. Karp and M. E. Daube-Witherspoon, “Depth-of-interaction determination in nai
(t]) and bgo scintillation crystals using a temperature gradient,” Nuclear Instruments and

Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 260, no. 2-3, pp. 509-517, 1987.

R. Wiener, S. Surti, and J. Karp, “Doi determination by rise time discrimination in single-
ended readout for tof pet imaging,” IEEE transactions on nuclear science, vol. 60, no. 3, pp.

1478-1486, 2013.

S. Seifert and D. R. Schaart, “Improving the time resolution of tof-pet detectors by double-
sided readout,” IEEE Transactions on Nuclear Science, vol. 62, no. 1, pp. 311, 2014.

M. Pizzichemi, A. Polesel, G. Stringhini, S. Gundacker, P. Lecogq, S. Tavernier, M. Paganoni,
and E. Auffray, “On light sharing tof-pet modules with depth of interaction and 157 ps

fwhm coincidence time resolution,” Physics in Medicine & Biology, vol. 64, no. 15, p. 155008,
2019.

V. Schoenfelder, H. Aarts, K. Bennett, H. d. Boer, J. Clear, W. Collmar, A. Connors,
A. Deerenberg, R. Dichl, A. v. Dordrecht et al., “Instrument description and performance
of the imaging gamma-ray telescope comptel aboard the compton gamma-ray observatory,”

Astrophysical Journal Supplement Series, vol. 86, p. 657, 1993.
A. Takada, K. Hattori, H. Kubo, K. Miuchi, T. Nagayoshi, H. Nishimura, Y. Okada, R. Orito,

H. Sekiya, A. Tada et al., “Development of an advanced compton camera with gaseous tpc
and scintillator,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, vol. 546, no. 1-2, pp. 258-262, 2005.

L. Mihailescu, K. Vetter, M. Burks, E. Hull, and W. Craig, “Speir: a ge compton camera,”
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, vol. 570, no. 1, pp. 89-100, 2007.

E. Aprile, A. Curioni, K. Giboni, M. Kobayashi, U. Oberlack, and S. Zhang, “Compton
imaging of mev gamma-rays with the liquid xenon gamma-ray imaging telescope (Ixegrit),”
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, vol. 593, no. 3, pp. 414-425, 2008.

Y. Nakamura, K. Shimazoe, H. Takahashi, S. Yoshimura, Y. Seto, S. Kato, M. Takahashi,
and T. Momose, “Development of a novel handheld intra-operative laparoscopic compton
camera for 18f-fluoro-2-deoxy-2-d-glucose-guided surgery,” Physics in Medicine & Biology,
vol. 61, no. 15, p. 5837, 2016.

D. Vernekohl, M. Ahmad, G. Chinn, and L. Xing, “Feasibility study of compton cameras

for x-ray fluorescence computed tomography with humans,” Physics in Medicine & Biology,
vol. 61, no. 24, p. 8521, 2016.



References 261

(53]

[54]

[55]

[56]

[57]

58]

[59]

[60]

[61]

[62]

[63]

[64]

M. Fontana, D. Dauvergne, J. M. Létang, J-L. Ley, and E. Testa, “Compton camera study
for high efficiency spect and benchmark with anger system,” Physics in Medicine & Biology,
vol. 62, no. 23, p. 8794, 2017.

E. Mufioz, J. Barrio, ]. Bernabéu, A. Etxebeste, C. Lacasta, G. Llosa, A. Ros, . Roser, and
J. E. Oliver, “Study and comparison of different sensitivity models for a two-plane compton

camera,” Physics in Medicine & Biology, vol. 63, no. 13, p. 135004, 2018.

R. Todd, J. Nightingale, and D. Everett, “A proposed 7 camera,” Nature, vol. 251, no. 5471,
pp- 132-134, 1974.

S. M. Kim, H. Seo, |. H. Park, C. H. Kim, C. S. Lee, S--]. Lee, D. S. Lee, and . S. Lee,
“Resolution recovery reconstruction for a compton camera,” Physics in Medicine & Biology,

vol. 58, no. 9, p. 2823, 2013,

K. Lehtio, V. Oikonen, S. Nyman, T. Grénroos, A. Roivainen, O. Eskola, and H. Minn,
“Quantifying tumour hypoxia with fluorine-18 fluoroerythronitroimidazole ([18 f] fetnim)
and pet using the tumour to plasma ratio,” European journal of nuclear medicine and molecular

imaging, vol. 30, no. 1, pp. 101-108, 2003.

J. T. O’Brien, M. J. Firbank, C. Davison, N. Barnett, C. Bamford, C. Donaldson, K. Olsen,
K. Herholz, D. Williams, and J. Lloyd, “18f-fdg pet and perfusion spect in the diagnosis

of alzheimer and lewy body dementias,” Journal of Nuclear Medicine, vol. 55, no. 12, pp.
1959-1965, 2014.

R. Nandhagopal, L. Kuramoto, M. Schulzer, E. Mak, J. Cragg, C. S. Lee, J. McKenzie, S. Mc-
Cormick, A. Samii, A. Troiano et al., “Longitudinal progression of sporadic parkinson’s
disease: a multi-tracer positron emission tomography study,” Brain, vol. 132, no. 11, pp.
29702979, 2009.

M. Schéll, S. F. Carter, E. Westman, E. Rodriguez-Vieitez, O. Almkvist, S. Thordardottir,
A. Wall, C. Graff, B. Lingstrém, and A. Nordberg, “Early astrocytosis in autosomal domi-
nant alzheimer’s disease measured in vivo by multi-tracer positron emission tomography,”

Scientific reports, vol. 5, p. 16404, 2015.

Y. Kanayama, T. Tsuji, S. Enomoto, and R. Amano, “Multitracer screening: brain delivery
of trace elements by eight different administration methods,” Biometals, vol. 18, no. 6, pp.

553-565, 2005,

T. Nakano, M. Sakai, K. Torikai, Y. Suzuki, S.-e. Noda, M. Yamaguchi, S. Takeda, Y. Nagao,
M. Kikuchi, H. Odaka et al., “Imaging of 99m tc-dmsa and 18 f-fdg in humans using a
si/edte compton camera,” Physics in Medicine & Biology, 2019.

K. Shimazoe, M. Yoshino, Y. Ohshima, M. Uenomachi, K. Oogane, T. Orita, H. Takahashi,
K. Kamada, A. Yoshikawa, and M. Takahashi, “Development of simultancous pet and
compton imaging using gagg-sipm based pixel detectors,” Nuclear Instruments and Methods

in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,
vol. 954, p. 161499, 2020.

R. R. Wilson, “Radiological use of fast protons,” Radiology, vol. 47, no. 5, pp. 487-491,
1946.



262

References

[65]

[66]

[67]

[68]

[69]

701

[71]

[72]

73]

[74]

[75]

[76]

771

W. H. Bragg and R. Kleeman, “Xxxix. on the « particles of radium, and their loss of
range in passing through various atoms and molecules,” The London, Edinburgh, and Dublin

Philosophical Magazine and Journal of Science, vol. 10, no. 57, pp. 318-340, 1905.

T. Elsisser, W. K. Weyrather, T. Friedrich, M. Durante, G. lancu, M. Krimer, G. Krag],
S. Brons, M. Winter, K.-]. Weber et al., “Quantification of the relative biological effective-
ness for ion beam radiotherapy: direct experimental comparison of proton and carbon
ion beams and a novel approach for treatment planning,” International Journal of Radiation

Oncology™ Biology* Physics, vol. 78, no. 4, pp. 1177-1183, 2010.

C. P. Karger and P. Peschke, “Rbe and related modeling in carbon-ion therapy,” Physics in
Medicine & Biology, vol. 63, no. 1, p. 01TR02, 2017.

K. Parodi, “On-and off-line monitoring of ion beam treatment,” Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 809, pp. 113-119, 2016.

A.-C. Knopf and A. Lomax, “In vivo proton range verification: a review,” Physics in Medicine

& Biology, vol. 58, no. 15, p. R131, 2013.

C.-H. Min, C. H. Kim, M.-Y. Youn, and J.-W. Kim, “Prompt gamma measurements for

locating the dose falloff region in the proton therapy,” Applied physics letters, vol. 89, no. 18,
p- 183517, 2006.

K. Parodi, W. Enghardt, and T. Haberer, “In-beam pet measurements of 3+ radioactivity
induced by proton beams,” Physics in Medicine & Biology, vol. 47, no. 1, p. 21, 2001.

Y. Iseki, T. Kanai, M. Kanazawa, A. Kitagawa, H. Mizuno, T. Tomitani, M. Suda, and
E. Urakabe, “Range verification system using positron emitting beams for heavy-ion

radiotherapy,” Physics in Medicine & Biology, vol. 49, no. 14, p. 3179, 2004.

T. Nishio, T. Ogino, K. Nomura, and H. Uchida, “Dose-volume delivery guided proton
therapy using beam on-line pet system,” Medical physics, vol. 33, no. 11, pp. 4190-4197,
2000.

W. Enghardt, K. Parodi, P. Crespo, F. Fiedler, J. Pawelke, and F. Poenisch, “Dose quantifica-
tion from in-beam positron emission tomography,” Radiotherapy and Oncology, vol. 73, pp.

$96-598, 2004
M. G. Bisogni, A. Attili, G. Battistoni, N. Belcari, P. Cerello, S. Coli, A. Del Guerra,

A. Ferrari, V. Ferrero, E. Fiorina et al., “Inside in-beam positron emission tomography

system for particle range monitoring in hadrontherapy,” Journal of medical imaging, vol. 4,
no. 1, p. 011005, 2016.

M. Frandes, A. Zoglauer, V. Maxim, and R. Prost, “A tracking compton-scattering imaging
system for hadron therapy monitoring,” IEEE Transactions on Nuclear Science, vol. 57, no. 1,
pp- 144-150, 2010.

C. Robert, G. Dedes, G. Battistoni, T. Bshlen, I. Buvat, F. Cerutti, M. Chin, A. Ferrari,
P. Gueth, C. Kurz et al., “Distributions of secondary particles in proton and carbon-ion

therapy: a comparison between gate/geant4 and fluka monte carlo codes,” Physics in

Medicine & Biology, vol. 58, no. 9, p. 2879, 2013.



References 263

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

87]

88]

891

J. Krimmer, D. Dauvergne, J. Létang, and E. Testa, “Prompt-gamma monitoring in hadron-
therapy: A review,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, vol. 878, pp. 58-73, 2018.

P. Ortega, L. Torres-Espallardo, F. Cerutti, A. Ferrari, J. Gillam, C. Lacasta, G. Llosa,
J. Oliver, P. Sala, P. Solevi et al., “Noise evaluation of compton camera imaging for proton
therapy,” Physics in Medicine & Biology, vol. 60, no. 5, p. 1845, 2015.

S. Peterson, D. Robertson, and J. Polf, “Optimizing a three-stage compton camera for
measuring prompt gamma rays emitted during proton radiotherapy,” Physics in Medicine &

Biology, vol. 55, no. 22, p. 6841, 2010.
S. Kurosawa, H. Kubo, K. Ueno, S. Kabuki, S. Iwaki, M. Takahashi, K. Taniue, N. Higashi,

K. Miuchi, T. Tanimori et al., “Prompt gamma dctcctron for range Vcrrfrcatron in proton

therapy,” Current Applied Physics, vol. 12, no. 2, pp. 364-368, 2012.

T. Kormoll, F. Fiedler, S. Schéne, J. Wiistemann, K. Zuber, and W. Enghardt, “A compton
imager for in-vivo dosimetry of proton beams—a design study,” Nuclear Instruments and

Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 626, pp. 114-119, 2011.

J. C. Polf, S. Avery, D. S. Mackin, and S. Beddar, “Imaging of prompt gamma rays emitted
during dehvery of clinical proton beams with a compton camera: feasibility scudies for
range verification,” Physics in Medicine & Biology, vol. 60, no. 18, p. 7085, 2015,

G. Llosa, M. Trovato, J. Barrio, A. Etxebeste, E. Mufioz, C. Lacasta, J. F. Oliver, M. Rafecas,
C. Solaz, and P. Solevi, “First images of a three-layer compton telescope prototype for
treatment monitoring in hadron therapy,” Frontiers in oncology, vol. 6, p. 14, 2016.

M. Fontana, ].-L. Ley, D. Dauvergne, N. Freud, J. Krimmer, J. M. Létang, V. Maxim, M.-H.
Richard, I. Rinaldi, and E. Testa, “Monitoring ion beam therapy with a compton camera:

simulation studies of the clinical feasibility,” IEEE Transactions on Radiation and Plasma
Medical Sciences, vol. 4, no. 2, pp. 218-232, 2019.

J. Krimmer, ].-L. Ley, C. Abellan, J.-P. Cachemiche, L. Caponetto, X. Chen, M. Dahoumane,
D. Dauvergne, N. Freud, B. Joly et al. Deve]opment of a compton camera for med1ca]
applications based on srhcon strip and scintillation detectors,” Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment, vol. 787, pp. 98-101, 2015.

P. Solevi, E. Mufioz, C. Solaz, M. Trovato, P. Dendooven, J. E. Gillam, C. Lacasta, J. F.
Oliver, M. Rafecas, I. Torres-Espallardo et al.,, “Performance of macaco compton telescope
for ion-beam therapy monitoring: first test with proton beams,” Physics in Medicine &
Biology, vol. 61, no. 14, p. 5149, 2016.

S. Shiba, R. K. Parajuli, M. Sakai, T. Oike, T. Ohno, and T. Nakano, “Use of a si/cdte
compton camera for in vivo real-time monitoring of annihilation gamma rays generated

by carbon ion beam irradiation,” Frontiers in Oncology, vol. 10, p. 635, 2020.

Z. Liang, “Preliminary study of triple photon coincidence imaging technique,” in Applica-

tions of Digital Image Processing XI, vol. 974.  International Society for Optics and Photonics,
1988, pp- 283-291.



264

References

[90]

[o1]

[92]

93]

[94]
[95]

[96]

[97]

98]

[99]

Z. Liang and R. Jaszczak, “Comparisons of multiple photon coincidence imaging tech-

niques,” IEEE transactions on nuclear science, vol. 37, no. 3, pp. 1282-1292, 1990.

J. D. Kurfess and B. F. Phlips, “Coincident compton nuclear medical imager,” in 2001 IEEE

Nuclear Science Symposium Conference Record (Cat. No. 01CH37310), vol. 2. IEEE, 2001, pp.
1166-1170.

C. Grignon, J. Barbet, M. Bardies, T. Carlier, J. Chatal, O. Couturier, J.-P. Cussonneau,
A. Faivre, L. Ferrer, S. Girault et al., “Nuclear medical imaging using 3+ v coincidences
from 44sc radio-nuclide with liquid xenon as detection medium,” Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment, vol. 571, no. 1-2, pp. 142-145, 2007.

M. Sitarz, J.-P. Cussonneau, T. Matulewicz, and F. Haddad, “Radionuclide candidates for

B+ 7y coincidence pet: An overview,” Applied Radiation and Isotopes, vol. 155, p. 108898,
2020.

“National nuclear data center,” 2020, www.nndc.bnl.gov/ (Accessed: 2 July 2020).

c.a. Sztark, H., “Lifetime measurement of the first excited state in 22ne,” Journal de Physique,

vol. 33, no. 10, pp. 841-845, 1972.

S. Gorodetzky and A. Knipper, “Sur la méthode des coincidences differees. vie moyenne

du premier niveau excite du 10b,” Journal de Physique et le Radium, vol. 19, no. 1, pp. 83-85,
1985.

C. Lang, D. Habs, K. Parodi, and P. Thirolf, “Sub-millimeter nuclear medical imaging
with high sensitivity in positron emission tomography using 8+ 7 coincidences,” Journal of

Instrumentation, vol. 9, no. 01, p. P01008, 2014.

M. Kolstein and M. Chmeissani, “Using triple gamma coincidences with a pixelated
semiconductor compton-pet scanner: a simulation study,” Journal of Instrumentation, vol. 11,

no. 01, p. C01039, 2016.

P. Moskal, D. Kisielewska, C. Curceanu, E. Czerwinski, K. Dulski, A. Gajos, M. Gorgol,
B. Hiesmayr, B. Jasinska, K. Kacprzak et al., “Feasibility study of the positronium imaging
with the j-pet tomograph,” Physics in Medicine & Biology, vol. 64, no. 5, p. 055017, 2019.

[100] H. Tashima, E. Yoshida, H. Wakizaka, M. Takahashi, K. Nagatsu, A. Tsuji, K. Kamada,

[101]

K. Parodi, and T. Yamaya, “First89zr mouse demonstration of whole gamma imaging (wgi),”

Journal of Nuclear Medicine, vol. 60, no. supplement 1, pp. 196-196, 2019.

H. Tashima, E. Yoshida, T. Nishina, H. Wakizaka, M. Takahashi, K. Nagatsu, A. Tsuj,
K. Kamada, K. Parodi, M. Suga et al.,, “Whole gamma imaging: comparison of full-ring and
limited-angle compton imaging,” Journal of Nuclear Medicine, vol. 61, no. supplement 1, pp.

147-147, 2020.

[102] E. Aprile and T. Doke, “Liquid xenon detectors for particle physics and astrophysics,”

Reviews of Modern Physics, vol. 82, no. 3, p. 2053, 2010.

[103] H. Zaklad, S. E. Derenzo, R. A. Muller, G. Smadja, R. G. Smits, and L. W. Alvarez, “A

liquid xenon radioisotope camera,” IEEE Transactions on Nuclear Science, vol. 19, no. 3, pp.

206-213, 1972.



References 265

[104] W. M. Haynes, D. R. Lide, and T. ]. Bruno, CRC handbook of chemistry and physics. CRC
y 1y pny
press, 2016.

[105] K. Hagiwara, K. Nakamura, K. Hikasa, M. Tanabashi, M. Aguilar-Benitez, C. Amsler,
R. Barnett, O. Dahl, D. Groom, R. Miquel et al., “Review of particle physics,” Physical
Review. D, Particles Fields, vol. 66, no. 1, pp. 010 001-010 001, 2002.

[106] E. Aprile, A. E. Bolotnikov, A. I. Bolozdynya, and T. Doke, Noble gas detectors.  John Wiley
& Sons, 2006.

[107] T. Takahashi, S. Konno, T. Hamada, M. Miyajima, S. Kubota, A. Nakamoto, A. Hitachi,
E. Shibamura, and T. Doke, “Average energy expended per ion pair in liquid xenon,” Physical
Review A, vol. 12, no. 5, p. 1771, 1975.

[108] L. Miller, S. Howe, and W. Spear, “Charge transport in solid and liquid ar, kr, and xe,”
Physical Review, vol. 166, no. 3, p. 871, 1968.

[109] K. Yoshino, U. Sowada, and W. Schmidt, “Effect of molecular solutes on the electron drift
velocity in liquid ar, kr, and xe,” Physical review A, vol. 14, no. 1, p. 438, 1976.

[110] T. Doke, “Recent developments of liquid xenon detectors,” Nuclear Instruments and Methods
in Physics Research, vol. 196, no. 1, pp. 87-96, 1982.

[111] T. Doke and K. Masuda, “Present status of liquid rare gas scintillation detectors and their
new application to gamma-ray calorimeters,” Nuclear Instruments and Methods in Physics

Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 420,
no. 1-2, pp. 62-80, 1999.

[112] L. Barkov, A. Grebenuk, N. Ryskulov, P. Y. Stepanov, and S. Zverev, “Measurement of
the refractive index of liquid xenon for intrinsic scintillation light,” Nuclear Instruments

and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 379, no. 3, pp. 482-483, 1996.

[113] V. Solovov, V. Chepel, M. Lopes, A. Hitachi, R. F. Marques, and A. Policarpo, “Measurement
of the refractive index and attenuation length of liquid xenon for its scintillation light,”
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, vol. 516, no. 2-3, pp. 462-474, 2004.

[114] E. Aprile, K.-L. Giboni, M. Monzani, G. Plante, M. Yamashita, R. Gaitskell, S. Fiorucci,
P. Sorensen, L. DeViveiros, A. Bernstein et al., “Xenon,” Nuclear Physics B-Proceedings
Supplements, vol. 173, pp. 113-116, 2007.

[115] D. Akimov, M. Danilov, A. Dolgolenko, O. Zeldovich, G. Bower, M. Breidenbach, R. Conley,
C. Hall, A. Odian, C. Prescott et al., “Exo: an advanced enriched xenon double-beta decay
observatory,” Nuclear Physics B-Proceedings Supplements, vol. 138, no. 1-3, pp. 224-226, 2005.

[116] X. Cao, X. Chen, Y. Chen, X. Cui, D. Fang, C. Fu, K. L. Giboni, H. Gong, G. Guo, M. He
et al., “Pandax: a liquid xenon dark matter experiment at cjpl,” Science China Physics,

Mechanics & Astronomy, vol. 57, no. 8, pp. 1476-1494, 2014.

[117] “Xcom: Photon cross sections database,” 2020, https://www.nist.gov/pml/xcom-photon-
cross-sections-database/ (Accessed: 2 July 2020).



266 References

[118] “Estar Stopping power and range tables for electrons,” 2020,
heeps://physics.nist.gov/PhysRefData/Star/Text/ESTAR heml  (Accessed: 2 July
2020).

[119] P. Cerenkov, “Visible radiation produced by electrons moving in a medium with velocities

exceeding that of light,” Physical Review, vol. 52, no. 4, p. 378, 1937.

[120] R. L. Platzman, “Total ionization in gases by high energy particles: an appraisal of our
understanding,” The International Journal of Applied Radiation and Isotopes, vol. 10, 1961.

[121] S. Kubota, M. Hishida, M. Suzuki, ].-Z. Ruan et al., “Dynamical behavior of free electrons in
the recombination process in liquid argon, krypton, and xenon,” Physical Review B, vol. 20,
no. 8, p. 3486, 1979.

[122] A. Hitachi, “Properties of liquid xenon scintillation for dark matter searches,” Astroparticle
Physics, vol. 24, no. 3, pp. 247-256, 2005.

[123] A. Incicchicti, P. Belli, and M. Scafi, “Liquid xenon as a detector medium,” Nuclear In-
struments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and

Associated Equipment, vol. 289, no. 1-2, pp. 236-242, 1990.

[124] E. Aprile, K. Giboni, P. Majewski, K. Ni, and M. Yamashita, “Observation of anticorrelation
between scintillation and ionization for mev gamma rays in liquid xenon,” Physical Review

B, vol. 76, no. 1, p. 014115, 2007.
[125] L. Alvarez, “Liquid xenon filled wire chambers for medical imaging applications,” 1973.

[126] V. Chepel, M. Lopes, V. Solovov, R. F. Marques, and A. Policarpo, “Development of liquid
xenon detectors for medical imaging,” in Technique And Application Of Xenon Detectors.

World Scientific, 2002, pp. 28-40.

[127] M.-L. Gallin-Martel, Y. Grondin, N. Gac, Y. Carcagno, L. Gallin-Martel, D. Grondin,
M. Marton, J.-F. Muraz, O. Rossetto, and F. Vezzu, “Experimental results and first 22na
source image reconstruction by two prototype modules in coincidence of a ]iquid Xenon
positron emission tomograph for small animal imaging,” Nuclear Instruments and Methods

in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,
vol. 682, pp. 66-74, 2012.

[128] T. Doke, J. Kikuchi, and F. Nishikido, “Time-of-flight positron emission tomography using
liquid xenon scintillation,” Nuclear Instruments and Methods in Physics Research Section A:

Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 569, no. 3, pp. 863-871,
2006.

[129] C. Romo-Luque, P. Collaboration et al, “Petalo: Time-of-flight pet with liquid xenon,”
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,

Detectors and Associated Equipment, vol. 958, p. 162397, 2020.

[130] K. Giboni, E. Aprile, T. Doke, S. Suzuki, L. Fernandes, J. Lopes, and ]. dos Santos, “Compton
positron emission tomography with a liquid Xenon time projection chamber,” Journal of

Instrumentation, vol. 2, no. 10, p. P10001, 2007.



References 267

[131] L. G. Manzano, |. Abaline, S. Acounis, N. Beaupere, J. Beney, J. Bert, S. Bouvier, P. Briend,
J. Butterworth, T. Carlier et al., “Xemis2: A liquid xenon detector for small animal med-
ical imaging,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, vol. 912, pp. 329-332, 2018.

[132] A. Miceli, A. Andreyev, D. Bryman, J. Glister, L. Kurchaninov, A. Muennich, F. Retiere,
and V. Sossi, “A liquid xenon detector for pet applications: simulated performance,” in

Medical Imaging 2012: Physics of Medical Imaging, vol. 8313.  International Society for Optics
and Photonics, 2012, p. 83130V.

[133] L. Lavoie, “Liquid xenon scintillators for imaging of positron emitters,” Medical Physics,
vol. 3, no. 5, pp. 283-293, 1976.

[134] F. Nishikido, T. Doke, J. Kikuchi, T. Mori, H. Murayama, T. Ooshita, and H. Takahashi,
“Performance of prototype liquid xenon scintillation detector system for time-of-flight
type positron emission tomography with improved photomultipliers,” Japanese journal of

applied physics, vol. 44, no. 7R, p. 5193, 2005.

[135] M.-L. Gallin-Martel, L. Gallin-Martel, Y. Grondin, O. Rossetto, |. Collot, D. Grondin,
S. Jan, P. Martin, F. Mayet, P. Petit et al., “A liquid xenon positron emission tomograph for
small animal imaging: First experimental results of a prototype cell,” Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 599, no. 2-3, pp. 275-283, 2009.

[136] P. Amaudruz, D. Bryman, L. Kurchaninov, P. Lu, C. Marshall, ]. Martin, A. Muennich,
F. Retiere, and A. Sher, “Simultancous reconstruction of scintillation light and ionization
charge produced by 511 kev photons in liquid xenon: Potential application to pet,” Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, vol. 607, no. 3, pp. 668676, 2009.

[137] C. Rubbia, “The liquid-argon time projection chamber: a new concept for neutrino

detectors,” Tech. Rep., 1977.

[138] E. Gatti, G. Padovini, L. Quartapelle, N. Greenlaw, and V. Radeka, “Considerations for the
design of a time projection liquid argon ionization chamber,” IEEE Transactions on Nuclear
Science, vol. 26, no. 2, pp. 2910-2932, 1979.

[139] E. Aprile, V. Egorov, F. Xu, E. L. Chupp, P. P. Dunphy, T. Doke, J. Kikuchi, G. ]. Fishman,
G. N. Pendleton, K. Masuda et al., “Liquid xenon gamma-ray imaging telescope (Ixegrit)
for medium energy astrophysics,” in Gamma-Ray and Cosmic-Ray Detectors, Techniques, and
Missions, vol. 2806.  International Society for Optics and Photonics, 1996, pp. 337-348.

[140] E. Aprile, A. Curioni, K.-L. Giboni, U. Oberlack, and S. Ventura, “An upgraded data
acquisition system for the balloon-borne liquid xenon gamma ray imaging telescope
Ixegrit,” in 2000 IEEE Nuclear Science Symposium. Conference Record (Cat. No. 00CH37149),
vol. 2. IEEE, 2000, pp. 12-185,

[141] L. Onsanger, “Initial Recombination of Tons,” Phys. Rev., vol. 54, 1938.

[142] G. Jaff¢, “Zur Theorie der Ionisation in Kolonnen,” Ann. Phys., vol. 42, 1913.



268 References

[143] J. Thomas and D. Imel, “Recombination of electron-ion pairs in liquid argon and liquid

xenon,” Phys. Rev. A, vol. 36, no. 2, pp. 614-616, 1987.

[144] J. Thomas, D. Imel, and B. Biller, “Statistics of charge collection in liquid argon and liquid
xenon,” Phys.Rev. A, vol. 38, no. 11, pp. 5793-5801, 1988.

[145] M. Szydagis, N. Barry, K. Kazkaz, ]. Mock, D. Stolp, M. Sweany, M. Tripathi, S. Uvarov,
N. Walsh, and M. Woods, “Nest: a comprehensive model for scintillation yield in liquid
xenon,” Journal of Instrumentation, vol. 6, no. 10, p. P10002, 2011.

[146] M. Szydagis, A. Fyhrie, D. Thorngren, and M. Tripathi, “Enhancement of nest capabilities
for simulating low-energy recoils in liquid xenon,” Journal of Instrumentation, vol. 8, no. 10,

p- C10003, 2013.

[147] L. S. Miller, S. Howe, and W. E. Spear, “Charge Transport in Solid and Liquid Ar, Kr, and
Xe,” Physical Review, vol. 166, no. 3, 1967.

[148] W. Shockley, “Currents to Conductors Induced by a Moving Point Charge,” Journal of
Applied Physics, vol. 9, no. 10, pp. 635-636, 1938.

[149] V. Atrazhev et al., “Electron Transport Coefhicients in Liquid Xenon,” IEEE International
conference of dielectric liquids, pp. 329-332, 2005.

[150] J. Lekner, Phys. Rev., vol. 158, no. 130-137, 1967.
[151] M. H. Cohen and J. Lekner, Phys. Rev., vol. 158, pp. 130-137, 1967.

[152] L. G. Manzano, “Optimization of a single-phase liquid xenon compton camera for 3~y
medical imaging,” Ph.D. dissertation, Ecole des Mines de Nantes, 2016.

[153] Y. Koshio, S. Moriyama, M. Nakahata, and Y. Suzuki, Technique And Application Of Xenon
Detectors, Proceedings Of The International Workshop.  World Scientific, 2003.

[154] O. Hilt and W. F. Schmidt, “Positive hole mobility in liquid xenon,” Chemical physics, vol.
183, no. 1, pp. 147-153, 1994.

[155] G. Bakale, U. Sowada, and W. F. Schmidt, “Rate constant for Electron Attachment to O2,
N20 and SF6 in LXe at 165K, J. Chem. Phys., vol. 80, pp. 25562559, 1976.

[156] G.Bakale, U. Sowada, and W. F. Schmidt, “Effect of an electric field on electron attachment
to sulfur hexafluoride, nitrous oxide, and molecular oxygen in liquid argon and xenon,”

The Journal of Physical Chemistry, vol. 80, no. 23, pp. 2556-2559, 1976.

[157] Model MonoTorr PS3-MT3-R-1, SAES Pure Gas, Inc., p.A. Viale Italia 77 20020 Lainate
(Milan) Italy.

[158] L. Virone, S. Acounis, N. Beaupere, J.-L. Beney, J. Bert, S. Bouvier, P. Briend, J. Butterworth,
T. Carlier, M. Chérel et al., “Gravity assisted recovery of liquid xenon at large mass flow
rates,” Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,

Detectors and Associated Equipment, vol. 893, pp. 10-14, 2018.



References 269

[159] L. G. Manzano, S. Bassetto, N. Beaupere, P. Briend, T. Carlier, M. Cherel, J.-P. Cusson-
neau, J. Donnard, M. Gorski, R. Hamanishi et al., “Xemis: A liquid xenon detector for
medical imaging,” Nuclear Instcruments and Methods in Physics Research Section A: Accelerators,

Spectrometers, Detectors and Associated Equipment, vol. 787, pp. 89-93, 2015.

[160] O. Gevin, O. Lemaire, F. Lugiez, A. Michalowska, P. Baron, O. Limousin, and E. Delagnes,
“Imaging x-ray detector front-end with high dynamic range: Idef-x hd,” Nuclear Insoruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 695, pp. 415-419, 2012.

[161] G. De Geronimo and P. O’connor, “A cmos fully compensated continuous reset system,”
in 1999 IEEE Nuclear Science Symposium. Conference Record. 1999 Nuclear Science Symposium
and Medical Imaging Conference (Cat. No. 99CH37019), vol. 2. IEEE, 1999, pp. 584-588.

[162] H. Spieler, Semiconductor detector systems.  Oxford university press, 2005, vol. 12.

[163] D. M. Binkley, “Performance of non-delay-line constant-fraction discriminacor timing
circuits,” IEEE transactions on nuclear science, vol. 41, no. 4, pp. 1169-1175, 1994.

[164] K. Iniewski, Electronics for radiation detection. CRC Press, 2018.

[165] W.-T. Chen, D. Chbib, J.-P. Cussonneau, J. Donnard, S. Duval, O. Lemaire, M. L. Calloch,
P. L. Ray, A.-F. Mohamad-Hadji, E. Morteau et al., “Improvement of xenon purification
system using a combination of a pulse tube refrigerator and a coaxial heat exchanger,”

arXiv preprint arXiv:1205.3874, 2012.

[166] O. Lemaire, W.-T. Chen, ].-P. Cussonneau, E. Delagnes, J. Donnard, S. Duval, O. Gevin,
A. M. Hadi, E. Morteau, T. Oger et al., “Development of a readout electronic for the
measurement of ionization in liquid xenon compton telescope containing micro-patterns,”
in 2012 IEEE Nuclear Science Symposium and Medical Imaging Conference Record (NSS/MIC).
IEEE, 2012, pp. 858-861.

[167] R. Zheng and G. Wu, “Constant fraction discriminator in pulsed time-of-flight laser
rangefinding,” Frontiers of Optoelectronics, vol. 5, no. 2, pp. 182-186, 2012.

[168] R. Brun and F. Rademakers, “Root—an object oriented data analysis framework,” Nuclear
) ] Yy )
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors

and Associated Equipment, vol. 389, no. 1-2, pp. 81-86, 1997.

[169] S. Bugby, K. Koch-Mchrin, M. Veale, M. Wilson, and |. Lees, “Energy-loss correction in
charge sharing events for improved performance of pixellated compound semiconductors,”
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, vol. 940, pp. 142-151, 2019.

[170] L. Goetzke, E. Aprile, M. Anthony, G. Plante, and M. Weber, “Measurement of light and
charge yield of low-energy electronic recoils in liquid xenon,” Physical Review D, vol. 96,

no. 10, p. 103007, 2017.

[171] “Noble Element Simulation Technique calculator,”
htep://nest.physics.ucdavis.edu/download/calculator.









UNIVERSITE fMATIERE
BRETAGNE \MOLECULES

d_nd

IMT Atlantique

LOIRE fET MATERTAUX

Bretagne-Pays de la Loire
Ecole Mines-Télécom

Etudes et optimisation de la mesure du signal d'ionisation dans la caméra Compton au xénon liquide

XEMIS2 pour imagerie 3-gamma
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Résumé : Un projet innovant d'imagerie médicale au
xénon, appelé XEMIS2, tente pour la premiere fois de
réaliser I'imagerie 3-gamma sur des petits animaux
avec une tres faible activité injectée. Le principe de
cette nouvelle modalité est de détecter simultanément
trois gammas en s'appuyant sur un télescope
Compton au xénon liquide simple phase et un
émetteur spécifique (B+, y), le scandium-44. Des
simulations Monte Carlo ont démontré le potentiel de
cette nouvelle imagerie pour réduire l'activité des
radiopharmaceutiques administrée tout en conservant
la qualité de l'image produite. La précision des
mesures de position et d'énergie des reculs
électroniques dans le xénon liquide joue un réle

crucial dans l'identification des séquences Compton
et la reconstruction des cones. Ce travail de these
est axé sur les performances de XEMIS2 dans le
domaine d'énergie de diffusion de Compton. Dans
un souci de lecture continue du signal d’ionisation
avec un niveau de bruit trés faible et un temps mort
négligeable, un nouveau systeme de mesure a
déclenchement automatique a été développé. Le
prototype d'acquisition de données a été installé et
gualifié dans la caméra de petite dimension XEMIS1.
En outre, une étude préliminaire d’'une nouvelle
approche de [I'étalonnage angulaire grace a la
diffusion Compton dans XEMIS2 est proposée.

Studies and Optimization of lonization Signal Measurement for the 3-gamma Imaging XEMIS2 Liquid

Xenon Compton Camera

Keywords:

Abstract: An innovative xenon medical imaging
project called XEMIS2 attempts for the first time to
realize low radio-activity small animal 3-gamma
imaging. The principle of this novel modality is to
detect simultaneously three gammas relying on a
single-phase liquid xenon Compton telescope and a
specific (B+, y) emitter scandium-44. Predicted by a
full Monte Carlo simulation, it has shown a potential
alternative to reduce the administered radio—
pharmaceutical activities while maintaining image
qualities. The accurate position and energy
measurements of electronic recoils in liquid xenon

3-gamma imaging, Compton telescope, electronic recaoil, ionization measurement, liquid xenon

play a crucial role in Compton sequence
identification and cone reconstruction. This thesis
work is focused on the capability of XEMIS2 in the
Compton scattering energy domain. For the sake of
continuous read-out with ultra-low noise and
negligible dead-time, a novel developed self-trigger
ionization  measurement system has been
accomplished. The data acquisition prototype has
been implemented and qualified in the XEMIS1
experimental facilities. Besides, a preliminary study
of a new approach to Compton scattering angular
calibration in XEMIS2 is proposed.
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