are presented for each ion beam experiment. Finally, the obtained measurements are compared with results derived from SOI microdosimeters tested in similar or identical conditions.

Introduction

Over the course of the last 50 years, radiobiological research has shown that charged particle (ion) beams used in the hadron therapy represent one of the most suitable radiation beams available for the treatment of radio-resistant and deep-seated tumors [START_REF] Kraft | Tumor therapy with heavy charged particles[END_REF][START_REF]on Radiation Units and Measurements[END_REF]. The combination of lower linear energy transfer (LET) and lower absorbed dose in the entrance region of such ion beams, have the advantage of mainly causing repairable damage to the biological healthy tissue surrounding the tumor. Whereas the combination of high absorbed dose and high LET at the end of the ion beam range, known as the Bragg peak (BP), provides a very effective damage and thus killing of the tumor cells. This unique property is referred to as the relative biological effectiveness (RBE) of ion beams [START_REF] Kraft | Tumor therapy with heavy charged particles[END_REF]. Additionally, only minimal lateral scattering of the ion beam, results in a millimeter precision of delivering doses to the target volume, while sparing the healthy tissue surrounding the target volume. Despite the reduction of radiation to healthy tissue, hadron therapy involves significant challenges when compared to the conventional radiotherapy with photons [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF] Kraft | Tumor therapy with heavy charged particles[END_REF]. These challenges include:

• High spatial resolution measurement equipment with micro-sensitive volumes (µSV) of <1 mm thickness for accurate measurements due to the sharp energy deposition gradient at the BP.

• Characterization of a complex radiation field due to nuclear interactions of the charged particles with the target matter resulting in secondary particles.

• Prediction of the varying and increasing RBE along the Bragg curve, requiring a RBEweighted dose delivery treatment plan.

In the clinical routine in proton therapy a constant RBE of 1.1 is mainly considered, irrespective of dose delivery fractions, total delivery time, tissue type or radiation quality of the therapeutic ion beams [START_REF]on Radiation Units and Measurements[END_REF]. This constant RBE value is justified mainly by the, generally, much lower RBE values, where the uncertainties of the RBE prediction are similar to the increase of the RBE itself [START_REF]on Radiation Units and Measurements[END_REF]. Despite this justification the risks of radiation induced secondary cancers is becoming an increasing concern. It is therefore particularly important to assess and characterize the doses delivered during the hadron therapy as precise as possible and to minimize their uncertainties.

For radiotherapy with heavy ions (e.g. carbon or silicon), where the RBE increase is much higher, a strategy is followed which involves the development of biologically optimized treatment planning, that considers a varying RBE along the Bragg curve and uses the RBE-weighted dose.

Worldwide, there are two clinically most employed radiobiological models for the prediction of the RBE in hadron therapy. The Local Effect Model (LEM), which is a theoretical model based on the ion track structure [START_REF] Scholz | Track structure and the calculation of biological effects of heavy charged particles[END_REF] and the Microdosimetric Kinetic Model (MKM) [START_REF] Kase | Microdosimetric measurements and estimation of human cell survival for heavy-ion beams[END_REF] based on physically measured microdosimetric quantities. The fundamental quantity determined in microdosimetric measurements is the distribution of energy deposited by a single ion passing through a specified volume typically few µm 3 . These microdosimetric quantities together with the simultaneously measured information about the absorbed dose for the verification of the range of the ion beams and the positioning of the sensor within the irradiation field are necessary for a reliable characterizing of the biological effects of used radiation [START_REF] Rosenfeld | Novel detectors for silicon based microdosimetry, their concepts and applications[END_REF]. This type of access to experimentally measured quantities is essential but there is a lack of such measurement system, which would enable a practical and economical tool to characterize these quantities simultaneously and which could fulfil all severe requirements for radiation quality assurance in the hadron therapy.

At the present moment measurements of microdosimetric quantities can be performed with a microdosimetric tissue equivalent proportional counter (TEPC) [START_REF] Conte | Microdosimetry at the catana 62 mev proton beam with a sealed miniaturized tepc[END_REF] or semiconductor microdosimeters such a silicon on insulator (SOI) [START_REF] Rosenfeld | Novel detectors for silicon based microdosimetry, their concepts and applications[END_REF] detectors. The silicon detector approaches are more compact than the TEPC and are able to measure microdosimetric quantities even in high therapeutic dose rates. In comparison to the TEPC and SOI detectors, diamond presents many advantages for producing microdosimetric devices. A frequently raised issue is the question of tissue equivalence in the case of silicon material (Z = 14), leading to more complex correction factors when compared to the diamond material (Z = 6) [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF]. Further advantages such as the radiation hardness and physical properties such as a large-band gap, temperature stability, fast drift velocity and low noise, make diamond to an interesting potential material for such applications. At present, significant developments in diamond-based microdosimeters with different approaches have been made at the Tor Vergata University [START_REF] Verona | Spectroscopic properties and radiation damage investigation of a diamond based schottky diode for ion-beam therapy microdosimetry[END_REF][START_REF] Verona | Toward the use of single crystal diamond based detector for ion-beam therapy microdosimetry[END_REF] in Italy and at the Centre for Medical Radiation Physics (CMRP) of University of Wollongong [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF][START_REF] Davis | A 3d lateral electrode structure for diamond based microdosimetry[END_REF] in Australia. However, none of them has fully succeeded to obtain a functional device appropriate for microdosimetric quantity measurements in clinical beam conditions.

For more than 10 years, CEA Saclay has been developing diamond dosimeters for radiotherapy applications. The starting point of the research was the development of dosimeters for complex photon irradiation beams and continued with dosimeters designed for high dose-rate proton beams [START_REF] Moignier | Optimized design of a diamond detector specifically dedicated to the dose distribution measurements in clinical proton pencil beams[END_REF][START_REF] Moignier | Development of a synthetic single crystal diamond dosimeter for dose measurement of clinical proton beams[END_REF]. In the past three years based on scCVD diamond membranes, new prototypes of microdosimeters have been developed at the CEA Diamond Sensors Laboratory (LCD) in the framework of this PhD thesis, which is the core of the DIAµDOS and DIADEM projects (see Fig. 1). The objective of this presented PhD thesis was to develop and verify novel types of solid-state tissue-equivalent diamond-based microdosimetric systems for a state-of-the-art tool for obtaining microdosimetric measurements with high spatial resolution under clinical conditions in hadron therapy. The structure of this thesis is as follows:

• Chapter 1: Presents a literature review introducing to the cancer treatment method with charged particles (ions). This includes a brief overview of the development history and the current status of the hadron therapy. Following this, the physical, radiobiological and technical aspects of ion beams employed in the hadron therapy are presented.

• Chapter 2: Gives an insight into the quality assurance in hadron therapy. A briefly information about the guidelines and sources of uncertainties in the treatment delivery, as well as methods of dosimetry in hadron therapy are provided in this chapter. A detail description of the microdosimetric measurements and the alternative state-of-the-art detectors for experimental microdosimetry are presented.

• Chapter 3: Introduces the principles of charged particles detection using Chemical Vapor Deposition (CVD) diamond detectors. A description of the physical properties of the diamond, the different types of diamond material and the CVD diamond growth process are presented. Furthermore, the operation of the single-crystal (sc) CVD diamond as an ionization chamber is explained.

• Chapter 4: Describes the design and microfabrication process of three successively developed generations of scCVD diamond microdosimeters within this PhD thesis at the cleanroom facilities at LCD and SPEC of CEA Saclay. An overview of the various microfabrication techniques such as plasma etching, thin films deposition and photolithography are briefly described. Following this, the three generations of scCVD microdosimeters, including the p + , Guard Ring (GR) and 3D prototypes are presented and discussed.

• Chapter 5: Presents the scCVD diamond sensor's integration with appropriate sensor carriers and the available readout systems. Furthermore, the preliminary alpha spectroscopy test in laboratory conditions used at the same time for the energy calibration of the detector prototypes are described. The energy deposition spectra measured with all three generations of the scCVD diamond microdosimeters during these tests are presented and discussed.

• Chapter 6: Presents the Ion Beam Induced Charge (IBIC) characterization of all three generations of the diamond microdosimeters within well-controlled ion microbeam conditions at the AIFIRA, CENBG facility in France and the ANSTO facility in Australia. A brief introduction to the principles of the IBIC technique and a short overview of both ion beam facilities is provided. The results in terms of spatial definition of the µSVs, energy deposition spectra quality, together with the CCE vs. applied bias performance are presented and discussed for each diamond sensor prototype. An insight into radiation tolerance of the p + and GR microdosimeters is presented as well.

• Chapter 7: Presents the experimental characterizations and Geant4 simulations of the p + and GR diamond microdosimeters in mixed radiation fields of clinical proton and heavy ion beams at the IC-CPO center in France and the HIMAC facility in Japan, respectively.

A brief overview of both hadron therapy facilities is given and a short introduction to the Geant4 toolkit is provided, including information on the simulation parameters used in this PhD project. Following this, the experimental setup, together with the simulation geometries, measured and simulated energy deposition, as well as microdosimetric spectra This chapter introduces to the cancer treatment method with charged particles, known as hadron therapy. In the first part of this chapter a brief development history and the current status of hadron therapy are presented. The following section describes in details the physics fundamentals, essential for the understanding of the charged particles interaction with tissue.

The radiobiological section provides an in-depth view into modeling of the biological effects of ion beams in biological cells. Finally, in the last part of this chapter the acceleration techniques of the charged particles and the beam shaping methods are presented, as well as their potential sources of uncertainty pointed out.

General Overview

In the 21 st century, death due to cancer is still a major issue on a global scale. According to the World Health Organization an estimated 9.6 million deaths occurred due to cancer worldwide in 2018 [START_REF]For more information about the world health organization (who) see[END_REF]. The most common treatment methods of cancer are; invasive surgery, chemotherapy, radiotherapy, or combinations of these. Each year approximately 30% of cancer patients worldwide are treated using external radiotherapy and most of them are based on irradiating tumors with photons. However, hadron therapy using accelerated protons or heavy ions, like carbon ions, is an innovative and very promising mode of radiotherapy for cancer treatment [START_REF] Kraft | Tumor therapy with heavy charged particles[END_REF].

The idea of using charged particles like protons for therapeutic applications was first proposed by the American physicist Robert R. Wilson in 1946 [194]. He quickly recognized their potential advantage, announcing that "it will be easy to produce well collimated narrow beams of fast protons, and [...] precision exposure of well defined small volumes within the body will soon be feasible" [START_REF] Wilson | Radiological use of fast protons[END_REF]. This statement led in the following years, to increased investigations of proton beams and related radiobiological effects at the Lawrence Berkeley Laboratory (LBL) in the USA. By 1954, the first patients were primary treated with protons and later with helium ions [START_REF] Schardt | Heavy-ion tumor therapy: Physical and radiobiological benefits[END_REF]. With the inauguration of the Bevalac facility at Berkeley in 1975, heavier ions treatments, primarily with helium and neon and later also with carbon, nitrogen, oxygen, silicon and argon ions, were performed until 1992 [START_REF] Castro | Treatment of cancer with heavy charged particles[END_REF][START_REF] Linstadt | Neon ion radiotherapy: results of the phase i/ii clinical trial[END_REF]. However, due to fatal complications observed after neon and argon irradiation, this wide range of ion treatments was immediately stopped and only the use of carbon ions was allowed, based on a sufficient compromise between the treatment of radio-resistant tumors and sparring of the healthy tissue [START_REF] Castro | Experience in charged particle irradiation of tumors of the skull base: 1977-1992[END_REF]. In 1994 particle therapy with

Heavy Ion Medical Accelerator in Chiba (HIMAC) was launched at the National Institute of Radiological Sciences (NIRS) in Japan. Following, in 1997 first treatment with active beam scanning techniques were developed and used at Helmholtz Centre for Heavy Ion Research (GSI) in Germany. However, up till now with over 20 years of experience and treating more than 8 000 patients with carbon ions, the majority of clinical experience in this field comes from the NIRS in Japan [START_REF] Kamada | Carbon ion radiotherapy in japan: an assessment of 20 years of clinical experience[END_REF].

According to the Particle Therapy Co-Operative Group (PTCOG), today there are 95 particle therapy facilities in operation around the world, accounting 83 proton and 12 carbon therapy centers. Between 1954 and 2019 over 220 000 patients have been treated with ions, primarily with protons (86%) and carbon ions (13%), as presented in Fig. 1.1 [START_REF]For more information about particle therapy co-operation group (ptcog) see[END_REF].

Figure 1.1:

Increasing number of patients treated with protons and carbon ions worldwide for radiotherapy since 1954. Data taken from [START_REF]For more information about particle therapy co-operation group (ptcog) see[END_REF].

The increasing number of patients treated with charged particles can be associated to the change from treatments performed in researched-based laboratories to dedicated hospital-based particle therapy centers. Since 1991, alone 20 000 patients have been treated with particle therapy in two French particle centers, namely, the Institut Curie -Centre de Protonth érapie d'Orsay (IC-CPO) [START_REF]For more information about the institute curie proton therapy center in orsay (ic-cpo) see[END_REF] near Paris and the Centre Antoine Lacassagne-Nice (LAC) [START_REF]For more information about the centre antoine lacassagne-nice (lac) see[END_REF] in South of France. The particles used for the radiotherapy in both facilities are exclusively protons.

Two key properties related to the physics and radiobiology of ion beams, respectively, make hadron therapy a superior and more advantageous method for cancer treatment than the conventional radiotherapy with photons (X-rays). The first important property is the inverse depth-dose distribution and minimal dispersion of ion beams. Charged particles have an inverse depth-dose distribution compared to photons with the maximum dose deposition at the end of their range, called Bragg peak (BP). Additionally, they penetrate tissue with minimal lateral dispersion and thus show a better dose conformation compared with photon beams. The second important feature is the clustered ionization tracks of ions. Especially heavy ions exhibit clustered ionization patterns when passing through a cell volume. This results in a more complex damage within the cells and so-called enhanced radiobiological effectiveness (RBE) of ion beams compared to photons. In the following subsections both these particularities of the ion beams are presented in more detail.

Physical Aspects of Ion Beams 1.2.1 Absorbed Dose

The most important physical quantity in radiotherapy is the definition of absorbed dose in tissue, commonly called "physical dose" [START_REF]on Radiation Units and Measurements[END_REF]. The absorbed dose is an all-inclusive quantity that applies to all types of ionizing radiation and any absorbing medium. It is defined in terms of the mean energy (dE) deposited by the ionizing radiation in a mass element (dm) and is given in equation 1.1. The SI unit of the absorbed dose is Gray (Gy), with 1 Gy = 1 J/kg [START_REF] Hall | Radiobiology for the Radiologist[END_REF].

D = dE dm (1.1)
The way in which megavoltage photons (X-rays) deposit dose in tissue is characterized by a small amount of energy deposition at the surface followed by its increasing in a build up region of the irradiated medium volume, and then an exponential decrease of the deposited energy as a function of depth. In Fig. 1.2, the dotted black line represents a 6 MV LINAC X-ray curve, which is the most common beam currently used in the photon radiotherapy [START_REF] Paganetti | Proton therapy physics[END_REF]. As previously mentioned, the main physical advantage of ions over photons is their more confined dose deposition, as they deposit their maximum energy at the end of their range in the BP. Examples of mono-energetic protons (in dashed blue) and carbon ions (in red) depth-dose profiles, are also presented in Fig. 1.2.

Figure 1.2:

Comparison of the depth-dose profiles of X-rays and mono-energetic protons and carbon ions. Reproduced from [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF].

Alternatively, the absorbed dose can also be expressed as a product of the particle fluence ( dN dA ) and the stopping power ( dE dx ) of a charged particle in an absorber material of a given density ρ, as presented in equation 1.2.

D = dN dA × dE dx ρ (1.2)
The particle fluence of a beam can be measured and the densities of different materials are well known, consequently in order to calculate the absorbed dose the stopping power of charged particles must be determined. The mainly physical processes involved in the slowing down of particles in the matter are the in-elastic and elastic Coulomb scattering as well as the non-elastic nuclear reactions. All these processes and their influence on the dose deposition distribution are explained in detail in the following sections, covering the electromagnetic and nuclear interaction fundamentals of charged particles.

Electromagnetic Interactions Stopping Power

The inverse-dose shape of the BP is mainly due to electromagnetic interactions, which occur continuously as charged particles traverse a medium volume. The average amount of energy (dE) that an ion loses to a medium per unit of path length (dx) is called the stopping power (S)

and is shown in equation 1.3 [START_REF] Hall | Radiobiology for the Radiologist[END_REF].

-dE dx = S e + S n + S r (1.

3)

The stopping power consists of three terms, including the electronic (collision) stopping power (S e ), the nuclear stopping power (S n ) and the radiative stopping power (S r ) [START_REF] Thomas | ICRU report 85: fundamental quantities and units for ionizing radiation[END_REF]. The nuclear stopping power is related to the elastic Coulomb scattering and describes the elastic energy loss between the projectile and target nuclei. The radiative stopping power describes the emission of bremsstrahlung radiation [START_REF] Zink | Skript: Einf ührung in die Strahlentherapie und Therapie mit offenen Nukliden[END_REF]. However, at therapeutic energies in the hadron therapy, the energy lost by ions to a medium volume is predominated by the in-elastic Coulomb scattering of projectile ions with the target electrons, as shown in Fig. 1.3. This in-elastic scattering is described by the electronic stopping power term (solid lines). While the nuclear stopping power (dashed line) is only significant below 10 -1 MeV/u and becomes the major term at approximately 10 -3 MeV/u for carbon ions [START_REF] Schardt | Heavy-ion tumor therapy: Physical and radiobiological benefits[END_REF]. The radiative stopping power can be neglected entirely for therapeutic energies.

Figure 1.3: Electronic and nuclear stopping power of carbon ions and protons in water. Reproduced from [START_REF] Schardt | Heavy-ion tumor therapy: Physical and radiobiological benefits[END_REF].

The energy loss as a function of the ion and target characteristics is given by the Bethe-Bloch formula and is described in equation 1.4. Using this equation, the range of ions in a given medium in units of keV/µm, can be calculated.

dE dx = 4πe 4 Z 2 ef f Z t m e v 2 ln 2m e v 2 I -ln(1 -β 2 ) -β 2 - C Z t - δ 2 (1.4) 
With v and Z ef f the velocity and the charge of the primary particle respectively (Z ef f is equal to its atomic charge at high velocities), m e the electron mass, e the electron charge, Z t the atomic number of the target, I the mean ionization energy, β = v/c where c is the light velocity, C the shell correction factor and δ a density effect correction [START_REF] Fano | Penetration of protons, alpha particles, and mesons[END_REF].

The Bethe-Bloch formula expresses, that the energy transfer through the Coulomb interactions increases with the charge of the projectile, as described by Z 2 ef f . Furthermore, for high-Z target materials, also, the energy loss increases (Z t ). Consequently, charged particles traversing a high-Z target medium have a shorter range, for example, in lead than in water or air. Finally, the typical inverse-dose shape of the incident projectiles can be explained by the relation of their stopping power to the inverse square of their velocity (1/v 2 ) [START_REF]on Radiation Units and Measurements[END_REF][START_REF]on Radiation Units and Measurements[END_REF].

Linear Energy Transfer

A term which is used interchangeably with stopping power, is the linear energy transfer (LET).

The LET for charged particles of a given type and energy, stopping in a medium volume is given by the previously described quotient of dE dx where dE is the mean energy lost by the charged particles via electronic interactions in a unit path length (keV/µm). However, this term is excluding the energy carried away by electrons (δ-electrons) created with kinetic energies greater than δ [START_REF] Thomas | ICRU report 85: fundamental quantities and units for ionizing radiation[END_REF]. The LET δ in equation 1.5, is referred to as the "restricted" LET. For example, LET 100 eV describes the energy, which a charged particle loses to a medium, excluding any generated electrons with an energy ≥ 100 eV. If no energy cut off is imposed, the unrestricted LET equals the electronic stopping power, which is identical to the stopping power [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF].

LET δ = dE dx δ (1.5)

Range Straggling

According to the previously presented Bethe-Bloch equation 1.4, the energy loss of a single charged particle plotted as a function of depth in a target material, should result in a sharp peak near its stopping range [START_REF] Franchini | Study of the track reconstruction in the foot experiment for hadrontherapy[END_REF]. However, due to the stochastic character of in-elastic collisions dominating the energy loss process, fluctuations in the energy lost to the target medium occur.

These statistical fluctuations lead to straggling of the ions range, which becomes even more prominent for higher energy beams with increasing range in the target medium. The fluctuations are dependent on the number of ionizations and excitations, which are proportional to Z 2 /v 2 (Z charge of the projectile and v its velocity), and the amount of energy transferred in each of these collisions. Finally, the fluctuations of the energy loss in the large number of collisions result in a broadening of the BP for a beam consisting of many particles [START_REF] Franchini | Study of the track reconstruction in the foot experiment for hadrontherapy[END_REF][START_REF] Paganetti | Proton therapy physics[END_REF]. On the other hand, increased ionization for higher atomic number ions (e.g. carbon ions), reduces the overall variation of energy lost per length and so the straggling. In Fig. 1.4, Bragg curves of proton and carbon ion beams with the same range in water are shown. It can be observed, that protons (lighter ions) have an increased broadening at the BP compared with carbon ions [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF] Schardt | Heavy-ion tumor therapy: Physical and radiobiological benefits[END_REF].

Figure 1.4:

Depth-dose curves for protons and carbon ions in water, illustrating the effect of range straggling. Reproduced from [START_REF] Schardt | Heavy-ion tumor therapy: Physical and radiobiological benefits[END_REF].

Lateral Beam Spread

Elastic collisions of the projectile with the target nuclei, can also result in its small deflections via

Coulomb interactions [START_REF] Peucelle | Spatial fractionation of the dose in charged particle therapy[END_REF]. Consequently, the statistical repetition of these interactions leads to creation of multiple Coulomb scattering [START_REF] Paganetti | Proton therapy physics[END_REF]. As exemplified for a proton beam in Fig. 1.5, this multiple scattering process results in a lateral spread of the beam with the slowing down of the particles as approaching the end of their range. This multiple diffusion can be analytically described by Moli ère's theory [START_REF] Moliere | Theorie der streuung schneller geladener teilchen ii mehrfach-und vielfachstreuung[END_REF]. In case of protons and heavier ions, which are representative for small scattering angles, the angular distribution, which a projectile has scattered at depth (d) in a target medium, can be approximated by a

Gaussian function as shown in equation 1. 6.

σ θ = 14.1 M eV pv Z p d L rad
1 + 1 9 log 10 d L rad (1.6) With p and v the projectile momentum and speed, respectively. Z p the projectile charge and L rad the radiation length of the target material, which describes how charged particles and photons interact with matter based upon the target's density and charge [START_REF] Tavernier | Experimental techniques in nuclear and particle physics[END_REF].

The multiple scattering of ion beams varies approximately with the inverse square-root of the mass of the projectile particles [START_REF]ICRU-1560: Dose reporting in ion beam therapy[END_REF]. This means that for larger projectiles such as carbon ions, with a 12 times larger mass than protons, the multiple scattering results in much less lateral beam spread. Thus, the use of heavy ions in clinical treatments near organs at risk would allow potentially a more conformal treatment plan. When comparing beams with the same range in water, the angular spread of protons is approximately three times higher than the one of carbon ions [START_REF] Schardt | Heavy-ion tumor therapy: Physical and radiobiological benefits[END_REF]. In Fig. 1.6, a comparison of the multiple Coulomb scattering effect is presented as lateral dose profile of a proton, helium and carbon ion beams, recorded 10 mm before the BP [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF]. 

Nuclear Interactions Fragmentation

The collisions of two nuclei also plays an important role in hadron therapy physics. As explained in the previous section, in-elastic collisions between the projectile particles and target electrons are very frequent, while the probability of non-elastic nuclear reactions is much lower. However, it leads to significant effects at large medium penetration depths [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF]. The most frequent nuclear reactions are peripheral collisions in which the projectile particles can lose one or several nucleons. Such a nucleus-nucleus collision is schematically described as illustrated in Fig. 1.7, by means of the abrasion-ablation model [START_REF] Gaimard | A reexamination of the abrasion-ablation model for the description of the nuclear fragmentation reaction[END_REF].

Figure 1.7: Schematic view of a nucleus-nucleus collision according to the abrasion-ablation model [START_REF] Gaimard | A reexamination of the abrasion-ablation model for the description of the nuclear fragmentation reaction[END_REF]. Reproduced from [START_REF] Cussol | Nuclear physics and hadrontherapy[END_REF].

When the nucleus from the projectile hits with the nucleus of the target medium, they "abrade" and form a hot reaction zone (called the fireball from the abrasion-ablation model). In the following step, named the "ablation", the remaining excited projectile and excited target fragments decay through consecutive light particle emissions ("evaporation" process) or by a simultaneous break-up ("fragmentation" process) [START_REF] Franchini | Study of the track reconstruction in the foot experiment for hadrontherapy[END_REF]. The projectile-and target-fragment are formed. The projectile-fragment continues to travel on a path close to the original trajectory with a similar velocity (v pf ≈ v p ), while the target-fragment remains almost stationary, receiving only a small amount of kinetic energy. Both, the projectile and target fragments may also de-excite [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF].

Essentially, this process has two main effects on the dose deposition profile. First, the projectile disappears since the collision changes its nature. Consequently, this projectile does not deposit its energy up to the BP. Secondly, this nucleus collision produces new particles, so-called fragments. These lower-Z fragments' velocity is close to the velocity of the projectile and consequently these fragments have a longer ranges than the primary ions. Due to the A/Z 2 scaling of the range for particles with the same velocity, these fragments will deposit their energy at penetration depths beyond the projectile BP. Therefore, the depth-dose profiles of heavy ion beams show a characteristic fragment-induced tail beyond the BP, as indicated in Fig. 1.8 by a gray arrow [START_REF] Cussol | Nuclear physics and hadrontherapy[END_REF][START_REF] Franchini | Study of the track reconstruction in the foot experiment for hadrontherapy[END_REF][START_REF] Gunzert-Marx | Secondary beam fragments produced by 200 mev u-1 12c ions in water and their dose contributions in carbon ion radiotherapy[END_REF].

Nuclear fragmentation is especially a very important process to be considered in carbon ion therapy, as the fragments dose transports energy from the treatment target volume and deposits it beyond the BP, thus delivering higher doses to healthy tissue. This effect is increasing the chance of inducing secondary cancer [START_REF] Newhauser | Assessing the risk of second malignancies after modern radiotherapy[END_REF]. Fig. 1.8 shows that the contribution from the primary carbon ion beam is slightly decreasing with the medium depth because of the continuous fragmentation up until the start of the BP. The secondary fragments extend beyond the range of the primary carbon ions and create the tail after the BP [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF].

Figure 1.8:

The depth-dose distribution of 290 MeV/u 12 C ion beam including the primary and secondary components of the radiation field. Reproduced from [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF].

Radiobiological Aspects of Ion Beams

After the exposure of biological tissue to ionizing radiation, biological effects such as damage to the DNA or proteins inside the cells proceed. First the cell atoms and molecules absorb the energy from the irradiation and secondly, a chemical process, in form of a direct or indirect reaction causes molecular changes leading to cell damage. A part of these damages can be repaired through biological processes of healthy cells. If the DNA damage cannot be repaired, the cell can die (apoptosis) or becomes unable to duplicate. Damaged healthy cells can also survive and reproduce with a mutated DNA, which can become a trigger to cell mutations or tumors [START_REF] Franchini | Study of the track reconstruction in the foot experiment for hadrontherapy[END_REF][START_REF] Furusawa | Heavy-ion radiobiology[END_REF][START_REF] Hall | Radiobiology for the Radiologist[END_REF].

In the following section, the processes related to main biological effects occurring after irradiation with photon and ions, and the following cell surviving probabilities, are briefly introduced. Subsequently, different models, developed to describe the cell survival after irradiation with ion beams are presented. In the last part of this section, a detail description of the Microdosimetric Kinetic Model (MKM) is given, as it is the model used for the prediction of RBE based on experimental measured data.

Low and High LET Radiation

For different radiation types and energies, the same level of absorbed dose can correspond to completely different spatial energy deposition within a targeted volume and thereby lead to different biological effect. As presented in Fig. 1.9, the radiation induced DNA damage can result from either direct or indirect mechanism. Photons (X-rays) shown in Fig. 1.10, are considered as low LET radiation. They deposit their energy within a medium volume (cell) by exciting or liberating the tissue's electrons. These electrons are mainly scattering at large angles in the irradiated tissue. Following, the liberated electrons can damage the DNA directly or interact with other components in the tissue, such as e.g. water molecules, and produce so-called free radicals, as schematically illustrated in Fig. 1.9. These highly reactive molecules are then able to diffuse and thus damage the DNA even in a greater distance. Consequently, the resulting energy deposition pattern from this low LET radiation is characterized by a random deposition of low energies spread all over a relatively large volume. Based on this it is often referred to as "sparsely" ionizing radiation with smaller damage effects in the cells. An image of a cell irradiated with X-rays is exemplified in the center of Fig. 1. 10 [116, 168].

Figure 1.10: Dose delivery and energy distribution images of low LET irradiation with photons, and a schematic illustration explaining the effects inside a cell. Reproduced from [START_REF] Anjum | Radiation effects on polymers for biological use[END_REF].

Charged particles (protons or carbon ions) are considered as high LET radiation. The damage to the DNA occurs primarily through direct interaction with the DNA. The ionization is clustered in the core and in close proximity to the particle trajectory as δ-electrons, as schematically illustrated in Fig. 1.11. For this reason charged particles are often referred to as "densely" ionizing radiation, with higher DNA damage effect and higher cell death probability [START_REF] Hall | Radiobiology for the Radiologist[END_REF][START_REF] Scholz | Track structure and the calculation of biological effects of heavy charged particles[END_REF]. the more double-strand breaks (DSB) are possible in the DNA. These DSB cause a permanent damage to the DNA and increase the probability of cell death, which results in a higher biological effectiveness for such high LET particles compared with low LET photons. [START_REF] Hall | Radiobiology for the Radiologist[END_REF][START_REF] Scholz | Track structure and the calculation of biological effects of heavy charged particles[END_REF].

Relative Biological Effectiveness

Different strategies have been developed to translate the knowledge about the energy deposition pattern at different levels of detail into a prediction of the radiobiological effectiveness of ion beams [START_REF]on Radiation Units and Measurements[END_REF]. In order to relate the dose delivered in ion therapy to biological effects of different types of irradiation, the concept of Relative Biological Effectiveness (RBE) was introduced and is defined in equation 1.7 [START_REF] Hall | Radiobiology for the Radiologist[END_REF][START_REF]on Radiation Units and Measurements[END_REF].

RBE = D X-ray D ion iso-effect (1.7)
The RBE is the ratio of a reference X-ray dose (typically 250 kV X-rays) to the ion dose, which is needed to achieve the same biological endpoint effect (iso-effect). For example, the RBE 10 is indicated in Fig. 1.12 in green and defines the RBE at 10% cell survival level as equivalent endpoint effect. The cell survival curves are derived from experimental cell irradiations and present the relationship between cell survival and delivered dose [START_REF] Anjum | Radiation effects on polymers for biological use[END_REF][START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF] Hall | Radiobiology for the Radiologist[END_REF]. For more information on cell survival curves see [START_REF] Mcmahon | The linear quadratic model: usage, interpretation and challenges[END_REF].

Figure 1.12: Definition of the Relative Biological Effectiveness (RBE) and RBE 10 at 10% cell survival from experimentally derived cell survival curves. Reproduced from [START_REF] Anjum | Radiation effects on polymers for biological use[END_REF].

Due to a lower dose needed to achieve the same biological endpoint in hadron therapy, instead of using the standard quantity of absorbed dose, D, (see section 1.2.1), the RBE-weighted dose, D RBE , presented in equation 1.8 (colloquially known as biological dose) is calculated and used to prescribe an effective dose for the treatment plan [START_REF] Anjum | Radiation effects on polymers for biological use[END_REF][START_REF]on Radiation Units and Measurements[END_REF].

D RBE = RBE × D (1.8)
The RBE-weighted dose for an ion type is equal to the absorbed dose from photons that would produce the same therapeutic effect when given under identical circumstances and is also expressed in units of Gray (Gy). As mentioned in the previous section, the influence of radiation type on cell damage is mainly due to different particles track structures with different ionization densities, as exemplified in Fig. 1.13 [START_REF]on Radiation Units and Measurements[END_REF]. The blue and red lines represent the tracks of positively charged particles and electrons, respectively. Each yellow dot stands for an ionization.

This simulated image demonstrates how drastically the density of different ion beams varies and how this density corresponds to the likelihood of a DNA DSB in human cells, ranging from 10 to 100 µm in size [START_REF] Anjum | Radiation effects on polymers for biological use[END_REF][START_REF] Hall | Radiobiology for the Radiologist[END_REF]. cells [START_REF] Furusawa | Heavy-ion radiobiology[END_REF]. Reproduced from [START_REF] Anjum | Radiation effects on polymers for biological use[END_REF].

The calculation of RBE-weighted dose makes it necessary to use the biological models with currently large uncertainties in their input parameters. However, in order to create an effective treatment plan it is essential that enough dose is delivered to the target volume so that a sufficient amount of tumor cells are killed. But at the same time, it is important that excessive dose is not delivered, thus reducing the chance of inducing secondary cancer in healthy tissue [START_REF]on Radiation Units and Measurements[END_REF].

Today, various approaches and models exist to estimate the cell survival and the RBE values. The most commonly used models for the estimation of the cell survival is the Linear Quadratic Model (LQM) and for the calculation of the RBE, the Local Effect Model (LEM) and the Microdosimetric Kinetic Model (MKM), which are presented in the following subsections.

Radiobiological Approaches

Linear Quadratic Model

The Linear Quadratic Model (LQM) is the fundamental model used for describing the cell survival probability and is defined in equation 1.9.

S = e -αD-βD 2 (1.9)

The survival (S) represents the proportion of surviving cells after irradiation with dose (D). At S equals 1, all cells survived after the irradiation with a certain dose D as depicted in the following Fig. 1.15 [START_REF] Anjum | Radiation effects on polymers for biological use[END_REF][START_REF] Hall | Radiobiology for the Radiologist[END_REF]. The LQM assumes that there are two components for killing a cell by radiation. The first one is proportional to the dose (D) and the second one to the square of the dose (D 2 ). The dose at which the linear and quadratic components are equal is the ratio of α/β. The linear quadratic curve (dashed black line) bends continuously but it is a good fit to experimental data for the first few decades of cell survival. The α and β terms are constants, which depend on the cell type.

The α term describes the first part of the survival curve, lower LET radiation is characterized with a shoulder at the start of the curve [START_REF] Anjum | Radiation effects on polymers for biological use[END_REF][START_REF] Hall | Radiobiology for the Radiologist[END_REF]. The β term instead describes the second part of the curve, governed by damage from double hits [START_REF] Kase | Microdosimetric measurements and estimation of human cell survival for heavy-ion beams[END_REF]. The values of the α and β are obtained from time consuming cell survival experiments [START_REF] Kase | Microdosimetric measurements and estimation of human cell survival for heavy-ion beams[END_REF].

Local Effect Model

The Local Effect Model (LEM) was formulated at GSI Darmstadt in Germany by Scholz and Kraft [START_REF] Scholz | Track structure and the calculation of biological effects of heavy charged particles[END_REF] for treatment planning of 12 C ion beams to estimate their RBE. Currently, this model is used to optimize the treatment planning at the HIT (Heidelberg) and CNAO (Pavia) ion beam therapy facilities. The LEM makes use of the specific track structure features shown in Fig. 1.16.

The fundamental assumption of the LEM is that the local biological effect is determined by the local absorbed dose, d(x, y, z), but is independent of the particular radiation type leading to a given local absorbed dose. The term "local absorbed dose" represents the expectation value of the energy deposition ∆E in a small volume ∆V around a given point within the track [START_REF] Anjum | Radiation effects on polymers for biological use[END_REF].

Thus, equal local absorbed doses correspond to equal local biological effects, and differences in radiation quality can be fully attributed to the different spatial distribution of absorbed dose between photons (X-rays) and particles, respectively. However, LEM calculates the RBE by using α and β values of cell survival form X-ray irradiation experiments [START_REF]on Radiation Units and Measurements[END_REF][START_REF] Scholz | Track structure and the calculation of biological effects of heavy charged particles[END_REF].

Figure 1.16:

Local absorbed dose distribution according to the amorphous track structure representation used in all LEM versions for carbon ions [START_REF]on Radiation Units and Measurements[END_REF][START_REF] Scholz | Track structure and the calculation of biological effects of heavy charged particles[END_REF].

LEM is purely a theoretical model based on track structure simulation for ions and secondary particles of different energies, including their parameterization, which depends on the radial distance of the tracks. This approach of RBE calculation can only be verified with radiobiological experiments and will not be used in this work. While the Microdosimetric Kinetic Model (MKM) approach, presented in detail in the following section, is based on experimental measurements of microdosimetric spectra for the RBE estimation [START_REF] Anjum | Radiation effects on polymers for biological use[END_REF][START_REF]on Radiation Units and Measurements[END_REF].

Microdosimetric Kinetic Model

The Microdosimetric Kinetic Model (MKM) was first formulated by Hawkins in 1994 [START_REF] Hawkins | A statistical theory of cell killing by radiation of varying linear energy transfer[END_REF] to calculate survival of cells irradiation with different ions, based on their LET characteristics. The MKM considers that cell nuclei are made up of sub-nuclear spherical volumes called "domains".

The size of these domains is cell specific. If a particle track traverses a cell, due to the stochastic nature of energy deposition, there will be a distribution in the amount of energy deposited in the domain volumes. It is then assumed that the probability that a domain survives (S) after this dose (D) follows the same form as for low LET radiation according to the LQM [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF]on Radiation Units and Measurements[END_REF]. Where α and β are cell specific constants like for LQM in equation 1.9. The average number of lethal hits in a nucleus is then described by equation 1.10.

-ln(S)

= (α 0 + β z 1D )D + βD 2 (1.10)
Where D is the absorbed dose, z 1D is the dose-mean specific energy deposited during a single event, α 0 is the slope of the survival curve as LET approaches 0 and β is the quadratic parameter in the LQM and is independent of radiation type and given by the X-ray cell survival curve for a specific cell type. This MKM was extended by Kase [START_REF] Kase | Microdosimetric measurements and estimation of human cell survival for heavy-ion beams[END_REF] for the model to be used in high LET radiation, by accounting for the overkilling effect. That form of the MKM is referred to as the modified MKM. Thereby, the formula in equation 1.11 is used to relate the dose-mean specific energy to the dose-mean lineal energy (y D ) with the assumption that y D is independent of domain size. With ρ, r d and l are the density, radius and mean chord length of the domain, respectively [START_REF] Debrot | Applications of silicon dosimeters and monte carlo simulations for physical and biological dose quality assurance in particle therapy[END_REF][START_REF] Kase | Microdosimetric calculation of relative biological effectiveness for design of therapeutic proton beams[END_REF].

z 1D = l m y D = y D ρπr 2 d (1.11)
To take into account overkilling effect also called saturation effect, y 0 was introduced, as shown in equation 1.12 [START_REF] Kase | Microdosimetric measurements and estimation of human cell survival for heavy-ion beams[END_REF], where R n is the radius of the nucleus and r d of the domain.

y 0 = ρπr 2 d R 2 n β(r 2 d + R 2 n ) (1.12)
The saturation-corrected dose-mean lineal energy (y ) is then defined in equation 1.13. It is similar to y D but incorporates the overkilling effect at high LETs, as previously described in section 1.3.2.

y = y 2 0 (1 -e -(y/y0) 2 ) f (y)dy yf (y)dy (1.13)
By fitting cell survival data for HSG, exposed to several ions with varying LET, Kase [START_REF] Kase | Microdosimetric measurements and estimation of human cell survival for heavy-ion beams[END_REF] discovered, that values for y 0 equal to 150 keV/µm match the survival data most accurately. Additionally, the cell specific parameters for HSG cells were found to have values of: r d = 0.42 µm (the radius of the domain), ρ = 1 g/cm 3 (density of cell's domain), α 0 = 0.13 Gy -1 and β = 0.05 Gy -2 . By this, the RBE for 10% cell survival (RBE 10 ) is calculated using equation 1.14 and 1.15. With D 10,X-ray , the dose required for 10% survival in 200 keV X-rays, which is 5 Gy for HSG [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF] Kase | Microdosimetric measurements and estimation of human cell survival for heavy-ion beams[END_REF].

RBE 10 = 2βD 10,X-ray α 2 -4 β ln(0.1) -α (1.14) with α = α 0 + y β ρπr 2 d (1.15)
The proton beams have shown a significant dose dependence on the RBE when compared to heavy ion beam therapy [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF] Jones | Estimation of optimum dose per fraction for high let radiations: implications for proton radiotherapy[END_REF]. This dose dependency is relevant since proton therapy plans are generally delivered in single fractions using standard of 2 Gy [START_REF] Marshall | Investigating the implications of a variable rbe on proton dose fractionation across a clinical pencil beam scanned spread-out bragg peak[END_REF]. Consequently, for the calculation of the RBE in proton beams the RBE D accounting the dose variability [START_REF] Kase | Microdosimetric calculation of relative biological effectiveness for design of therapeutic proton beams[END_REF] is defined as presented in equation 1.16 [START_REF] Tran | Characterization of proton pencil beam scanning and passive beam using a high spatial resolution solid-state microdosimeter[END_REF].

RBE D = D X -ray D p = α 2 x -4β x (α p D p + β p D 2 p ) -α x 2β x D p (1.16)
With α p a linear function of y , D p and D x protons and reference X-ray radiation doses necessary for the same cell survival, S, respectively. X-rays of 200 kVp are used as a reference for the HSG cells for which the α x = 0.164 Gy -1 and β p = β x = 0.05 Gy -2 [START_REF] Kase | Microdosimetric calculation of relative biological effectiveness for design of therapeutic proton beams[END_REF][START_REF] Tran | Characterization of proton pencil beam scanning and passive beam using a high spatial resolution solid-state microdosimeter[END_REF].

Technical Aspects of Ion Beams

Particle Acceleration

The acceleration of protons or heavier ions, like carbon, requires efficient systems to propel these to high speeds and energies, as well as to contain them in well-defined beams. Particle accelerators are available either in the form of a straight line (linear accelerators), where the particles travel from one end to the other, or a ring (circular accelerator), where a particle travels repeatedly round a loop [7]. The most common accelerators used in hadron therapy, are circular accelerators, including, cyclotrons and synchrotrons. Both systems may be employed in proton therapy facilities, while synchrotrons are especially required to accelerate heavier ions to clinically relevant energies [START_REF] Peucelle | Spatial fractionation of the dose in charged particle therapy[END_REF][START_REF] Zink | Skript: Einf ührung in die Strahlentherapie und Therapie mit offenen Nukliden[END_REF].

Cyclotron

A cyclotron accelerates a charged particle beam using a high radio frequency (RF) alternating voltage ranging from 30 to 100 kV. The voltage is applied between usually two or four hollow metal electrodes, so-called "DEEs", inside a vacuum chamber [START_REF] Paganetti | Proton therapy physics[END_REF][START_REF] Zink | Skript: Einf ührung in die Strahlentherapie und Therapie mit offenen Nukliden[END_REF]. In Fig. 1.17 a), a schematic view of a cyclotron with two DEEs is depicted, while in Fig. 1.17 b), a photograph of a modern 4 DEEs cyclotron is presented. The DEEs are placed side by side with a gap between them allowing the particles to move. The particles are injected into the center of this gap using an ion source located in the center of the cyclotron. The DEEs are located between the poles of a large magnet, which applies a static magnetic field, perpendicular to the electrode plane [START_REF] Singh | Basic Physics[END_REF]. The magnetic field causes the ions trajectory to bend in a circle due to the Lorentz force perpendicular to their direction of motion. As mentioned previously, a RF alternating voltage of several volts is applied between the DEEs. Each time the ions cross the gap to the other DEE, the polarity of the RF voltage is reversed and creates an oscillating electric field in the gap between the DEEs that accelerates the particles. With increasing speed, the particles move in larger circles at each rotation, following a spiral path. Once the desired energy is reached, the ion beam arrives at the rim of the DEE. An extraction system then guides the accelerated particles out of the cyclotron into a beam transport system and towards the treatment rooms.

Cyclotrons can deliver continuous proton beams with fixed energies around 230 to 250 MeV. An energy selection system, located at the cyclotron exit, can be used to degrade the beam to lower energies down to 30 MeV [START_REF] Paganetti | Proton therapy physics[END_REF][START_REF] Zink | Skript: Einf ührung in die Strahlentherapie und Therapie mit offenen Nukliden[END_REF].

Synchrotron

In Fig. 1.18 a), a simplified drawing of a synchrotron is depicted. The charged particles in this system are initially accelerated with a linear accelerator e.g. LINAC as the first acceleration system. Following they are injected in the storage ring and accelerated by the RF cavities.

Bending magnets, called dipoles, allow to maintain the particles in a circular path, while focusing 

Beam Delivery Techniques

Two delivery techniques are widely used in hadron therapy, namely, the passive scattering and active scanning. Nowadays, both beam delivery techniques are used in proton and heavy ion facilities, although the active mode is becoming increasingly widespread [START_REF] Peucelle | Spatial fractionation of the dose in charged particle therapy[END_REF][START_REF] Zink | Skript: Einf ührung in die Strahlentherapie und Therapie mit offenen Nukliden[END_REF].

Passive Beam Scattering

The accelerated ion beams are guided through an optical transport system typically, consisting of several dipole and quadrupole magnets and collimators in a vacuum tube to the treatment room [START_REF] Peucelle | Spatial fractionation of the dose in charged particle therapy[END_REF]. An ion beam exiting the accelerator with specific energy (mono-energetic beam), is a narrow beam of 2 to 4 mm in cross-section. At this stage, this beam must be spread-out in lateral and longitudinal directions to cover a desired target volume (tumor). It is necessary to superimpose multiple, so-called pristine BPs (dotted lines in Fig. 1.19) to spread them properly over the tumor volume. In Fig. 1.20, the main components of the Double Scattering (DS) delivery system are presented.

As the name implies, the ion beam is spread-out by two series of scatters also referred to as the diffusion system, consisting of one or several scatter foils. These foils are made of a thin high-Z material that increases the scattering of the charged particles, thus laterally spreading the beam. The first scatter mainly widens the Gaussian-shaped beam laterally, while the second one further broadens the beam and flattens its intensity profile [START_REF]on Radiation Units and Measurements[END_REF][START_REF] Peucelle | Spatial fractionation of the dose in charged particle therapy[END_REF].

Several methods can be used to modulate the penetration of the beam and create the SOBP.

The range modulation wheel is made of several blades of low-Z material, typically Lexan or carbon and are rotated during the beam delivery. The low-Z material causes slowing down of the beam with minimum increase in scattering [START_REF] Paganetti | Proton therapy physics[END_REF]. However, this process requires an extremely precise synchronization of the beam current and wheel angle, as the modulation wheel is rotating at a high speed. The potential errors associated with this approach do not exist for an alternative system using a ridge filter [START_REF]on Radiation Units and Measurements[END_REF].

Figure 1.20: Illustration of the beam shaping method in a double scattering DS system. Reproduced from [START_REF] Bouilhol | Incertitudes et mouvement dans le traitement des tumeurs pulmonaires: De la radioth érapie à l'hadronth érapie[END_REF][START_REF]on Radiation Units and Measurements[END_REF].

The ridge filter is a planar scattering device, which exhibits rows of ridges, leading to varying thickness transverse to the ridges. When a broadened mono-energetic ion beam penetrates these ridges, particles lose energy depending on the position in the field, leading to a shift of BPs in depth. Due to lateral scattering and the divergence of the ion beam, beams with different residual ranges are mixed laterally and form a SOBP, which is uniform over the irradiation field [START_REF]on Radiation Units and Measurements[END_REF][START_REF] Peucelle | Spatial fractionation of the dose in charged particle therapy[END_REF].

The following the range shifter degrades additionally the beam energy, thus shifting the distal part of the SOBP to the desired depth within the target volume. The range shifter consists typically of several slabs of variable thicknesses and materials, usually lead or Lexan inserted in the beam line [START_REF] Paganetti | Proton therapy physics[END_REF].

Finally, an individualized collimator and range compensator for each patient are produced and used to shape the beam to the target volume, both in lateral and depth directions. The collimator is often made of brass, with a sufficient thickness to stop the impinging particles. The compensator is made of a low-Z material and is used to account for tissue homogeneities and the curvature of the patient's surface.

Because of the number of devices involved and potential errors resulting from these components in a scattered ion beam therapy system, several QA procedures must be performed. As for example, any displacement of the beam center from the center of the first scatter may degrade beam flatness and symmetry. Another example is the incorrect synchronization between the beam timing and the rotating range modulator wheel, which may affect the characteristics of the SOBP [START_REF]on Radiation Units and Measurements[END_REF][START_REF] Peucelle | Spatial fractionation of the dose in charged particle therapy[END_REF].

Active Beam Scanning

The charged particles can also be deflected using magnets to form narrow mono-energetic "pencil" beams during the treatment. This technique is called pencil beam scanning (PBS). These pencil beams can be raster scanned along the target volume (tumor) in both horizontal and vertical directions using two magnetic dipoles [START_REF]on Radiation Units and Measurements[END_REF][START_REF] Peucelle | Spatial fractionation of the dose in charged particle therapy[END_REF], as presented in Fig. 1.21. This active scanning technique is divided into two main categories, namely, the spot scanning and continuous scanning method. The spot scanning involves irradiating one specific location in a volume, turning off the beam, moving to the next location, turning on the beam, and then irradiating that location. In the continuous scanning mode, the beam stays on, while the spot moves. Here the dose at any given location is determined by the beam current and its speed [START_REF]on Radiation Units and Measurements[END_REF][START_REF]on Radiation Units and Measurements[END_REF].

For each of these scanning modes, the actual dose delivered is monitored by a control system, which verifies the delivered dose, charge and the time the beam spends in each position of the field. It is important to note that in the clinical PBS the dose rates are 50 to 100 times higher than during the passive scattering delivery. Thus, in a continuous scanning system, the speed of the scanning magnets is an important source of error. An advantage of this active scanning system design is the minimized scattered radiation from the primary beam, as much less material lies in the beam's path compared to the DS beam design. Also, in the case of a PBS, the concept of the SOBP is less relevant, as the PBS delivery method offers both distal and proximal dose conformity. Clinical PBS fields have usually a varying SOBP width across the target volume and allow to vary the particle dose across any given irradiation field [START_REF]on Radiation Units and Measurements[END_REF][START_REF] Peucelle | Spatial fractionation of the dose in charged particle therapy[END_REF]. In this chapter, the most relevant Quality Assurance (QA) aspects for the radiobiological characterization of clinical ion beams are reviewed. Firstly, the present QA guidelines for hadron therapy are presented. In the following section, an inside into dosimetry is given, by presenting the nowadays available system used for the ion beam range verification in clinical conditions.

These measurements are necessary for a reliable characterization of the biological effects of ion beams. In the second part of this chapter, the focus lies on the microdosimetry, which is the experimental approach of measuring microdosimetric spectra and is used to calculate the RBE in compliance with the MKM model introduced in the previous chapter in section 1.3.4. Finally, the state-of-the-art experimental microdosimeters are presented and discussed.

Guidelines and Uncertainties in Treatment Delivery

Due to the increased use of hadron therapy in the last years, the optimization of its beam delivery system and patient treatment planning QA is needed. Until recently, there were no fully established standard protocols for QA in hadron therapy. This lack of standardized reporting, was likely due to smaller number of ion beam therapy centers compared with photon radiotherapy, as well as a great variation in the technology and beam delivery methods employed in different facilities worldwide [START_REF] Debrot | Applications of silicon dosimeters and monte carlo simulations for physical and biological dose quality assurance in particle therapy[END_REF][START_REF]on Radiation Units and Measurements[END_REF].

Recently, as a results of a long collaboration between the International Atomic Energy Agency (IAEA) and the International Commission on Radiation Units and Measurements (ICRU), the ICRU Report 93 [START_REF]on Radiation Units and Measurements[END_REF] was published, with the purpose to standardize the reporting of hadron therapy. Chapter 9 of ICRU 93 presents a detailed summary of the QA aspects in ion beam radiotherapy and lists tables of QA test procedures (checks), as well as their frequencies as recommendations. These guidelines are roughly consistent with other reports published, such as the relevant benchmark reports [START_REF] Arjomandy | Aapm task group 224: Comprehensive proton therapy machine quality assurance[END_REF][START_REF] Arjomandy | Aapm task group 224: Comprehensive proton therapy machine quality assurance[END_REF][START_REF] Paganetti | Report of the aapm tg-256 on the relative biological effectiveness of proton beams in radiation therapy[END_REF] of the American Association of Physicists in Medicine (AAPM) task groups [1,[START_REF] Dieterich | Practical Radiation Oncology Physics E-Book: A Companion to Gunderson & Tepper's Clinical Radiation Oncology[END_REF].

These QA guidelines and protocols are created to ensure that radiotherapy equipment is performing within specifications and according to the commissioning standards, aiming an accurate and safe treatment delivery to the patients. Three main key categories of QA can be distinguished, namely the patient-specific QA aspects, those related to machine specifics (such as dosimetry) [START_REF] Arjomandy | Aapm task group 224: Comprehensive proton therapy machine quality assurance[END_REF][START_REF]on Radiation Units and Measurements[END_REF] and treatment planning system QA (such as radiobiological parameter) [START_REF]on Radiation Units and Measurements[END_REF][START_REF] Paganetti | Report of the aapm tg-256 on the relative biological effectiveness of proton beams in radiation therapy[END_REF]. Furthermore, it is also important to note, that today for heavy ion therapy (referring to ions larger than protons) a variable RBE is used and for proton therapy a constant value of 1.1 for RBE in clinical treatments is applied [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF]. The justification for the constant RBE value is explained by the generally much lower RBE values, which uncertainties are similar to the increase of the RBE itself [START_REF]on Radiation Units and Measurements[END_REF]. However, the risks of radiation induced secondary cancers is becoming an increasing concern. Therefore, it is very important to characterize the doses delivered during the hadron therapy as precise as possible and to minimize their uncertainties. Another aspect which leads to a larger impact of such uncertainties, is the lower number of fractions delivered in hadron therapy when compared with photon therapy. Consequently, to reduce these uncertainties involved in ion beam therapy the optimization of the RBE calculation method must be of a high priority [START_REF]on Radiation Units and Measurements[END_REF].

A fast and simple routine approach for clinical QA in hadron therapy, combining dosimetry and microdosimetry methods could be a possible solution.

Insight into Dosimetry

To determine the absorbed dose in a reference point and thus calibrate the ion beam before any treatment, dosimetry is performed and dominates the regular QA checks in hadron therapy.

The depth-dose profile measurements (Bragg curve measurements) are the main component of these dosimetry checks and provide important information about the variation of the dose with depth in water along the ion beam central axis. The ICRU [START_REF]on Radiation Units and Measurements[END_REF] and AAPM [START_REF] Arjomandy | Aapm task group 224: Comprehensive proton therapy machine quality assurance[END_REF] guidelines suggest a tolerance of ± 1 mm in the distal range for proton therapy and similar tolerances were reported in the literature for carbon ion therapy [START_REF] Debrot | Applications of silicon dosimeters and monte carlo simulations for physical and biological dose quality assurance in particle therapy[END_REF][START_REF] Mirandola | Dosimetric commissioning and quality assurance of scanned ion beams at the italian national center for oncological hadrontherapy[END_REF]. Thereby, QA detector systems used for ion beam range measurements, require very high (< mm) spatial resolution [START_REF] Debrot | Applications of silicon dosimeters and monte carlo simulations for physical and biological dose quality assurance in particle therapy[END_REF].

The annual QA dosimetry is often carried out in a water phantom using calibrated ionization chambers. There are several commercially available and hadron therapy specific detectors. In Fig. 2.2, the Peak Finder System used together with the Bragg Peak Chamber, both from PTW Freiburg are exemplified [START_REF]For more information about particle therapy ptw tools see[END_REF][START_REF]For more information about implementation of range measurement equipment in light ion beam therapy facility at the medaustron see[END_REF].

Figure 2.2:

Peak Finder System used together with the Bragg Peak Chamber from PTW Freiburg for depth-dose profile measurements in hadron therapy. Reproduced from [START_REF]For more information about particle therapy ptw tools see[END_REF][START_REF]For more information about implementation of range measurement equipment in light ion beam therapy facility at the medaustron see[END_REF].

This waterproof system allows the ionization chamber to detect in 10 µm steps in order to measure the exact location of the Bragg peak. However, while this type of devices allows a high spatial resolution and absolute depth-dose measurements, the measurement setup and the acquisition time of such are relatively long, thereby inconvenient for daily range verification measurements in hadron therapy centers [START_REF] Debrot | Applications of silicon dosimeters and monte carlo simulations for physical and biological dose quality assurance in particle therapy[END_REF].

In order to allow more time efficient measurements, commercial Multi Layer Ionization Chambers, such as the Zebra (for DSB) and Giraffe (for PBS), both from IBA dosimetry have been developed.

In Fig. 2.3, the Zebra system with a stack of 180 independent plane parallel ionization chambers for the measurements of both BP and SOBP, is presented. With both devices an accuracy of 0.5 mm has been reported [START_REF]For more information about about giraffe & zebra commissioning and machines see[END_REF][START_REF] Dhanesar | Quality assurance of proton beams using a multilayer ionization chamber system[END_REF][START_REF] Dhanesar | Quality assurance of proton beams using a multilayer ionization chamber system[END_REF].

Figure 2.3:

Multi Layer Ionization Chamber System, called Zebra, from IBA for the BP and SOBP measurements in hadron therapy. Reproduced from [START_REF]For more information about about giraffe & zebra commissioning and machines see[END_REF].

Another more time efficient system for the verification of ion beam ranges, is so-called PinPoint ionization chamber. This small cylindrical ionization chamber with a sensitive volume ranging from only 0.015 cm 3 to 0.03 cm 3 and 2 mm to 2.9 mm in diameter, is used in compliance with a 3D water tank phantom, as exemplified in Fig. 2.4.

Figure 2.4:

A PinPoint ionization chamber from PTW used in combination with a 3D water tank phantom. Reproduced from [START_REF]For more information about the pinpoint ionization chambers from ptw see[END_REF].

Besides the PinPoint also parallel plate ionization chambers are often used for the depth-dose measurements. Furthermore, a number of in-house devices and systems has been developed, such as Multi Layer Faraday Cup-based detectors [START_REF] Lambert | Daily qa in proton therapy using a single commercially available detector[END_REF] or even Gafchromic EBT2 films [START_REF] Hara | Application of radiochromic film for quality assurance in the heavy-ion beam scanning irradiation system at himac[END_REF],

aiming the reduction of the time needed for routine range verification measurements. However, on the other side these systems decrease the accuracy of their measurements and increase the uncertainties in treatment delivery [START_REF] Debrot | Applications of silicon dosimeters and monte carlo simulations for physical and biological dose quality assurance in particle therapy[END_REF].

The radiobiological effects are directly related to the absorbed dose during irradiation, yet the absorbed dose alone is not sufficient to give an estimate of the complete biological effects caused within a given tissue (patient). These effects are also strongly dependent on the type and quality of the irradiation [START_REF]on Radiation Units and Measurements[END_REF].

Microdosimetry

Microdosimetry is a method to quantify radiation of mixed ion beams by measuring the energy deposition from a single ion passing through a specified volume of typically a few µm 3 , representing the dimensions of biological cells [START_REF]on Radiation Units and Measurements[END_REF][START_REF] Zaider | Microdosimetry and its Applications[END_REF]. The energy transmitted to such micro-sensitive volumes (µSVs) is the stochastic quantity known as the lineal energy (y) defined in equation 2.1 [START_REF] Menzel | International commission on radiation units and measurements[END_REF]. Where ε is the deposited energy in a µSV divided by the mean chord length ( l ) in this volume. The lineal energy is not to be confused with a similar quantity, called specific energy (z) which has been described in the previous chapter in section 1.3.4 and is equivalent to the non-stochastic quantity of absorbed dose.

y = ε l (2.1)
For isotropic radiation sources the l is defined as the average length of randomly oriented chords in a volume, which is exposed to an uniform isotropic field of infinite straight lines [START_REF] Tran | Advanced semiconductor silicon detector for dosimetry and microdosimetry in radiation protection and hadron therapy[END_REF].

However, in case of strong directionality of clinical ion beams the use of l is inappropriate [START_REF] Tran | The relative biological effectiveness for carbon, nitrogen, and oxygen ion beams using passive and scanning techniques evaluated with fully 3d silicon microdosimeters[END_REF].

Therefore, the l P ath considering the mean path of the charged particles when traversing the µSV is usually determined by using Monte Carlo simulations. Additionally, in [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF] it was found that by simply using the thickness of the µSV a good approximation to the simulated l P ath values was achieved. This approximation was adopted for the microdosimetric measurements presented in this work.

The distribution of energy deposited in µSVs is measured experimentally using an appropriate microdosimeter associated to a readout system. In Fig. 2.5, an example of an experimentally measured energy deposition spectrum at the distal part of the BP (see inset) is presented. From this energy deposition spectrum, in the following step the lineal energy frequency distribution (f (y)) is calculated. Therefore, the measured energy deposition (x-axis) is divided by the l P ath equal to the thickness of the µSVs. This probability distribution function is then used to define microdosimetry quantities, such as the frequency-mean (ȳ F ) and dose-mean (ȳ D ) lineal energies.

The frequency mean-and dose-mean lineal energies are given by the first moment and the ratio of the second and first moments of f (y), as given in equation 2.2 and equation 2.4, respectively [START_REF] Menzel | International commission on radiation units and measurements[END_REF]. Unlike f (y) in equation 2.2, which represents the proportion of events with a certain lineal energy, d(y) in equation 2.3 represents the proportion of the dose in the µSVs related to a particular lineal energy [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF] Debrot | Applications of silicon dosimeters and monte carlo simulations for physical and biological dose quality assurance in particle therapy[END_REF]. This dose distribution relationship simply reflects the fact that higher lineal energies deposit higher doses. In the final step, due to the stochastic nature and large fluctuations of the deposited energy, the range of lineal energies measured in µSVs usually extends over many orders of magnitude.

ȳF = yf (y) dy (2.2)
d(y) = y f (y) ȳF (2.3 
Consequently, microdosimetric spectra are commonly presented on semi-log plots with a log

x-axis, as well as logarithmic spaced bins [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF] Menzel | International commission on radiation units and measurements[END_REF]. By using logarithmic spacing the visual effect of noise is reduced providing sufficient smoothing of the data. For the conversion of linear to logarithmic bins on the y-axes, the f (y) transforms into y f (y) and d(y) into y d(y), as described in equation 2.5 [START_REF] Menzel | International commission on radiation units and measurements[END_REF]. The plots in Fig. 

Experimental Microdosimetry -State of the Art

Today, several devices such as the tissue equivalent proportional counter (TEPC) or siliconbased semiconductor microdosimeter like SOI, are used for experimental measurements of microdosimetric spectra in clinical beams and are still being further developed. Both types of the microdosimeters are well studied and summarized in the following subsections. Furthermore, the significant developments in diamond-based microdosimetry in the recent years are presented. Nevertheless, to the best of the author's knowledge, none of these systems is completely adapted to solve the problem and fulfil all severe requirements for radiation QA in hadron therapy.

Tissue Equivalent Proportional Counter

The very first device capable of measuring spectra of pulse-heights from each individual event on a microscopic scale was a low-pressure TEPC called "Rossi", which was developed in the early 1950s [START_REF] Rossi | A device for the measurement of dose as a function of specific ionization[END_REF]. Various microdosimetric measurements of ion beams were performed since then with this kind of devices. The Rossi TEPC consists of a TE plastic sphere in a grounded aluminum shell. The sphere SV is filled with a TE gas to simulate interactions of radiation with human tissue. Across this volume a metal anode is situated and a bias applied between the shell and the collection anode. In a typical TEPC of 2.5 cm a SV equivalent to 1 µm diameter, using propane gas at 17 Torr, can be achieved. However, this relatively large size of the sensor results in a poor spatial resolution [START_REF] Conte | Mini-tepc microdosimetric study of carbon ion therapeutic beams at cnao[END_REF][START_REF] De Nardo | Microdosimetric investigation at the therapeutic proton beam facility of catana[END_REF].

Alternatively, a mini-TEPC was developed by INFN laboratories in Italy. Here, cylindrical SV of only 0.57 mm 3 with 0.9 mm in diameter and height, were introduced. In Fig. Furthermore, the TEPC records a pulse-high spectrum proportional to the energy deposited in a SV, the spectrum is then correlated to the lineal energy distribution. Thus, it should be noticed that single ionization events dominate the distribution of low LET radiation in nanometric sites. To reduce the simulated site and to detect single electron, a high gas gain is necessary. In mini-TEPC both counter diameter and gas pressure should be as small as possible.

Therefore, the limitations of the TEPC method with respect to microdosimetry include the high voltage and the gas supplying system, both of which are needed for operating the device.

Additionally, pulse pile-up problems, wall effects, as well as a low spatial resolution of the TEPC due to its relatively large size of the SV compared to other solid-state microdosimeters (µm-size) are further limitations.

Silicon-based Microdosimeter

In stead of a single SV, the SOI detectors consist of arrays of micron sized silicon SVs to mimic an array of biological cells. Five generations of such SOI microdosimeters have been developed over the past 20 years at the CMRP in Australia [START_REF] Bradley | The development of a novel silicon microdosimeter for high let radiation therapy[END_REF][START_REF] Rosenfeld | Novel detectors for silicon based microdosimetry, their concepts and applications[END_REF][START_REF] Tran | Advanced semiconductor silicon detector for dosimetry and microdosimetry in radiation protection and hadron therapy[END_REF][START_REF] Tran | Thin silicon microdosimeter utilizing 3-d mems fabrication technology: Charge collection study and its application in mixed radiation fields[END_REF]. The recently developed and tested generations of the 3D SOI microdosimeters, called the "bridge" and "mushroom" are briefly presented in the following subsections.

Bridge Microdosimeter

The 4 th generation of SOI microdosimeter is the free standing 3D Bridge microdosimeter on a layer of SiO 2 . The Bridge microdosimeter is based on an array of 4248 SVs with dimensions of 30 µm × 30 µm × 10 µm, fabricated on a n-SOI active layer of 10 µm thickness, and a supporting wafer, as illustrated in Fig. 2.10 b). The surface of the device is passivated with SiO 2 and phosphorussilicate-glass (PSG). Each SV was fabricated using ion implantation to produce the square p-n junction structure. The even and odd rows of SVs are read out independently to avoid events in neighboring SVs being read as a single event in the case of obliquely charged particle tracks [START_REF] Rosenfeld | Novel detectors for silicon based microdosimetry, their concepts and applications[END_REF].

Compared to previous generations of SOI microdosimeters, low energy events no longer exist in microdosimetric spectra measured with the 3D Bridge microdosimeter, because the silicon surrounding the SVs was mostly removed by the etching process. Thus, the well defined 3D

SVs have a uniform signal collection efficiency. The SOI microdosimeters, in contrast to the TEPCs, provide high spatial resolution (thickness), especially necessary towards the end of the BP, where the particles' LET varies significantly over a short distance. Furthermore, the Bridge microdosimeter are small and compact devices that usually operated at low bias of 5 to 10 V.

The response of the Bridge microdosimeter in proton and heavy ion beam has been previously investigated and published in [START_REF] Tran | Characterization of proton pencil beam scanning and passive beam using a high spatial resolution solid-state microdosimeter[END_REF][START_REF] Tran | The relative biological effectiveness for carbon, nitrogen, and oxygen ion beams using passive and scanning techniques evaluated with fully 3d silicon microdosimeters[END_REF]. Nevertheless, this Bridge SOI microdosimeter is an intermediate step towards a fully 3D Si-based microdosimeter with free standing 3D SV.

Mushroom Microdosimeter

The most recent generation of SOI devices is called true 3D Mushroom microdosimeter. This microdosimeter uses a 3D technology to create an array of 2500 full 3D cylindrical SVs with diameter of 30 µm or 18 µm and height of 9.1 µm, defined on p-type SOI wafer and a 2 µm SiO 2 -layer in between, as presented in the SEM images in Fig. 2.11 a). Similar to the Bridge microdosimeter, the silicon surrounding the cylindrical volumes was etched away. The fabrication has been performed in frames of the 3D Mimic collaboration of CMRP with SINTEF MiNaLab in Norway [43,[START_REF] Tran | Thin silicon microdosimeter utilizing 3-d mems fabrication technology: Charge collection study and its application in mixed radiation fields[END_REF]. The 3D Mushroom design consists of cylindrical SVs with a core column of air and n + doping in the inner walls of the SV center. Each SV is surrounded with a trench of air and with p + doping on the outer wall, designed to physically eliminate the possibility of charge generated outside the SV from being collected. However, as the n + column and the p + trench of the SV are empty no electrical contacts can be made. Therefore, the trench cannot be a closed cylinder. In order to electrically connect the SVs in an array, two half-moon trenches were made leaving some silicon to allow passage for the metal contacting the inner n + electrode (Si bridge), as illustrated in Fig. 2.11 b). Alternatively, the n + and p + trenches of the 3D Mushroom microdosimeter can be filled out with polymide [START_REF] Tran | Thin silicon microdosimeter utilizing 3-d mems fabrication technology: Charge collection study and its application in mixed radiation fields[END_REF][START_REF] Tran | The relative biological effectiveness for carbon, nitrogen, and oxygen ion beams using passive and scanning techniques evaluated with fully 3d silicon microdosimeters[END_REF][START_REF] Tran | In-field and out-of-file application in 12c ion therapy using fully 3d silicon microdosimeters[END_REF]. The use of the 3D SOI Mushroom microdosimeters for lineal energy measurements also offers high spatial resolution and can additionally be fabricated at low costs. Using this new generation of silicon-based microdosimeter, comparable and improved results have been observed when compared to those from the TEPC. Furthermore, better spatial resolution and high dose rate measurements capability was also obtained for silicon-based detectors [START_REF] Tran | Thin silicon microdosimeter utilizing 3-d mems fabrication technology: Charge collection study and its application in mixed radiation fields[END_REF][START_REF] Tran | The relative biological effectiveness for carbon, nitrogen, and oxygen ion beams using passive and scanning techniques evaluated with fully 3d silicon microdosimeters[END_REF][START_REF] Tran | In-field and out-of-file application in 12c ion therapy using fully 3d silicon microdosimeters[END_REF].

Diamond-based Microdosimeter

A frequently raised issue is the question of tissue equivalence in the case of silicon material. Due to its atomic number Z = 14, a more complex correction factors are required when compared to diamond material Z = 6. Additionally, it's advantages such as better radiation hardness and other physical properties (see next chapter 3), make diamond to an interesting potential material for producing microdosimetric devices for clinical hadron therapy or general radioprotection use.

In the last years, significant developments in diamond-based microdosimetry have been made

with various fabrication and operational approaches. Prototypes of diamond-based microdosimeters have been studied at the University of Tor Vergata [START_REF] Verona | Toward the use of single crystal diamond based detector for ion-beam therapy microdosimetry[END_REF] in Italy and at the CMRP of University of Wollongong [START_REF] Davis | Characterization of a novel diamond-based microdosimeter prototype for radioprotection applications in space environments[END_REF][START_REF] Davis | A 3d lateral electrode structure for diamond based microdosimetry[END_REF][START_REF] Davis | Evolution of diamond based microdosimetry[END_REF] in Australia. A brief overview of the current diamond-based microdosimeter developments is presented in the following subsections. These devices present different operational and fabrication approaches to those developed and presented within this PhD work.

Diamond-based Microdosimeter (DBM)

This microdosimeter approach, including a multi-layered structure obtained by a two-step diamond growing technique was developed at the University of Tor Vergata and is referred to as "diamond-based microdosimeter" or simply DBM. This fabrication process consists of following steps, presented in Fig. Reproduced from [START_REF] Verona | Toward the use of single crystal diamond based detector for ion-beam therapy microdosimetry[END_REF].

Summed up, a highly boron-doped (p + ) diamond layer is grown on thick HPHT diamond substrate followed by thin intrinsic diamond layer and metal contact on the top, as it is schematically illustrated in Fig. 2.13 a). According to the authors a Schottky contact is formed between metal and intrinsic layer allowing zero bias voltage operation of this device. The metal electrode deposited on top side of the device, defines the dimensions of the SV and can be easily patterned. However, each of these created SVs must be connected to a RO electronic chain. This requires further processing to connect each single SV (or an arrays of SVs). Thus, connecting inactive (in terms of signal generation) metal tracks need to be created interconnecting the SVs. This solution is not presented and creates a challenging task.

Furthermore, this diamond-based microdosimeter consists only of single one "macro" SV of 300 × 300 µm 2 , as presented in the optical microscope image in Fig. 2.13 b). Using micro-bonding a thin wire from the top side electrode to a printed circuit board and RO electronics is made [START_REF] Verona | Toward the use of single crystal diamond based detector for ion-beam therapy microdosimetry[END_REF].

In the case of multiple SVs this solution is not applicable and further optimizations are needed.

3D Lateral Electrode Structure (3D-LES)

This diamond microdosimeter prototype presented in a study from 2017 at CMRP Wollongong is featuring a lateral electric field structure, created by using a combination of selective laser ablation and active brazing alloys [START_REF] Davis | A 3d lateral electrode structure for diamond based microdosimetry[END_REF]. The so-called 3D Lateral Electrode Structure (3D-LES), shown in Fig. 2.14 a), consists of a pair of 80 ×60 × 30 µm 3 electrical contacts (A and B) deposited onto an intrinsic single crystal diamond from Element Six [19,[START_REF] Davis | A 3d lateral electrode structure for diamond based microdosimetry[END_REF]. Nevertheless, the SV within the intrinsic diamond layer are not fully isolated 3D volumes but are defined by the electric field induced by two metal electrodes in 10 µm distance from each other (D). Additionally, isolation trenches (T) were created using further laser ablation, to surround the contact electrodes, thereby reducing charge collection from outlying regions [START_REF] Davis | A 3d lateral electrode structure for diamond based microdosimetry[END_REF].

Nevertheless, no proof-of-principles measurements of this presented 3D-LES microdosimeter have been performed yet. In the published work [START_REF] Davis | A 3d lateral electrode structure for diamond based microdosimetry[END_REF], authors have primary studied the electric field created, while biasing the 3D electrodes using numerical simulations (TCAD), as presented in Fig. 2.14 b). Reproduced from [START_REF] Davis | A 3d lateral electrode structure for diamond based microdosimetry[END_REF].

Bi/tri-layered Diamond Structures Microdosimeter (3D-LES-2)

This microdosimeter study reported in [START_REF] Davis | Evolution of diamond based microdosimetry[END_REF] presents the next evolution of the diamond-based microdosimeters at CMRP Wollongong, namely the bi/tri-layered diamond structures microdosimeter 3D-LES-2. Its design is based on a multi-layered structure as previously developed for the DBM by the University of Rome Tor Vergata [START_REF] Verona | Toward the use of single crystal diamond based detector for ion-beam therapy microdosimetry[END_REF]. The 3D cylindrical SV structures were created by laser ablation and active brazing alloys (ABA) situated within a thin membrane of a high-quality diamond material. Patterned laser ablation was used here to create an array of circles to form the outer electrode structure and to connect rows of outer electrode in parallel.

A final round of laser ablation was used to create hollow cylinders at the center of each of the previously mentioned circles, followed by silver ABA application for replacing the ablated diamond material and creating electrical contacts [START_REF] Davis | Evolution of diamond based microdosimetry[END_REF], as illustrated in Fig. Currently, the minimum size of the inner electrode is restricted to a diameter of 50 µm to allow for direct wire bonding. In the case of the bi-layered device, the depth of laser ablation was performed so that both the inner and outer electrode penetrated the high-quality diamond until reaching the lower-quality HPHT diamond substrate [START_REF] Davis | Evolution of diamond based microdosimetry[END_REF]. Although, the detector operational approach is possible and has been previously described in [START_REF] Verona | Toward the use of single crystal diamond based detector for ion-beam therapy microdosimetry[END_REF], the microfabrication approach is overly complicated, as shown in other studied approaches for laser induced graphitization of diamond [START_REF] Forcolin | Development and simulation of 3D diamond detectors[END_REF][START_REF] Murphy | An Investigation of Processing Techniques and Characterisation Methods for 3D Diamond Detectors[END_REF]. Additionally, it is to note that the authors have not yet managed to fabricate a functioning device based on this design, which again demonstrates the difficulty of fabrication.

To the best of the author's knowledge, all these mentioned research groups have yet to fully succeed in obtaining a functional diamond-based device appropriate for microdosimetric quantity assurance in therapeutic ion beams. In the following chapter 4 to chapter 7, the very promising diamond-based microdosimeters, which have been developed, fabricated and investigated within this PhD thesis, are presented. This chapter introduces the principles of charged particles detection using diamond-based detectors. In the first part of this chapter, a brief description on different synthetic diamond types and an information about the physical properties of the diamond material are given. An overview of the main nowadays available synthetic diamond materials and their most promising applications as radiation detectors is provided. Following this, the focus is put on the essential understanding of the charged particles detection using a diamond-based detector, including the most important electronic properties of diamond and the signal formation, acquisition and processing. In this part, the charge carrier creation, its velocity, mobility and lifetime, as well as, the charge collection distance and efficiency as the figures of merit for diamond particle detectors are shortly described. Then essential components for the electronic readout chain such as preamplifier, linear shaping amplifier and a multichannel analyzer are briefly presented.

Physical Properties of Diamond

The outstanding physical properties of diamond material can be associated with its structure, which consists of covalent sp 3 -type bonds between an atom and its four nearest neighbors (in orange) formed into a cubic lattice, as schematically illustrated in Fig. 3.1. The cubic unit cell of a diamond has a side length of 0.357 nm and contains the equivalent of eight C atoms [START_REF] Pomorski | Electronic properties of single crystal cvd diamond and its suitability for particle detection in hadron physics experiments[END_REF].

Therefore, its atomic number density is 1.76×10 23 cm 3 , which is the highest atomic density of a matter/material on earth. The theoretical mass density of 3.52 g/cm 3 for diamond, results from multiplying this atomic density by the average atomic mass of the C atom. Another important feature of the carbon atoms, in their diamond lattice, is the strength of their bonds with an energy of 3.62 eV/bond. This unique tightly packed, strongly bonded, dense and rigid structure of the diamond is the reason for the high energy of 50 eV [START_REF] Wu | Molecular-dynamics study of single-atom radiation damage in diamond[END_REF] necessary to displace an atom from its position in the diamond lattice when irradiated with ionizing particles [START_REF]For more information about the element six diamonds see[END_REF][START_REF] Pomorski | Electronic properties of single crystal cvd diamond and its suitability for particle detection in hadron physics experiments[END_REF]. In Tab. 3.1, few other outstanding features of diamond material are listed. According to the Moh's scale, diamond with a value of 10, is the hardest known mineral. The major industrial use of diamond is as a cutting or drilling tool. The thermal conductivity of 33 W•cm -1 K -1 for diamond at 25 • C is also greater than of any other known material [START_REF] Pan | Diamond: electronic properties and applications[END_REF]. It is an interesting and rare natural property since diamond is a nonconductor of electricity and generally solids that are nonconductors of electricity are not good heat conductors [START_REF] Bickford | Diamond: Some interesting physical properties[END_REF]. Therefore, diamond heatsinks can be used, for example in microprocessors, where a huge amount of thermal power has to be dissipated in a very small volume [109]. As an optically transparent material, diamond has a quite high refractive index of 2.7 at 220 nm. This property, together with a special cutting, such as for example the well-known brilliant type, is the reason for a number of total reflections and diffraction of white light passing through the diamond and leads to the typical sparkling of the gemstone [109].

Quantity Value Application

Hardness (Moh's Scale) 10 Cutters and Drillers Thermal Conductivity [W•cm -1 K -1 ] 33 Heat Sink Refractive Index n (at λ = 220 nm) 2.7 Gemstone Table 3.1: Three further outstanding properties of a diamond. Content reproduced from [START_REF] Bickford | Diamond: Some interesting physical properties[END_REF].

Synthetic Diamond Types

HPHT Diamond: Most of the synthetic diamonds for industrial applications are made using the High Pressure, High Temperature technique and are thus referred to as HPHT diamonds. The HPHT technique aims to mimic the thermodynamic conditions deep below the Earth's surface that form the diamond naturally, but with the addition of a molten metal solvent, or catalyst, to reduce the large kinetic barrier and act as transport medium for dissolved carbon [START_REF]For more information about the element six diamonds see[END_REF]. Typically, the HPHT diamond material grown this way shows a yellowish color, as a consequence of the nitrogen incorporation into the diamond lattice from the atmosphere and growth materials [START_REF]For more information about the element six diamonds see[END_REF], as presented in Fig. 3.2. The presence of impurities arising from the HPHT process, despite the perfect structural quality, make HPHT diamonds problematic when used as electronic material due to short life time of charge carriers and variable dielectric strengths. However, high purity large area IIa Type HPHT diamonds have been recently synthesized by New Diamond

Technology [START_REF] Tallaire | Thick cvd diamond films grown on high-quality type iia hpht diamond substrates from new diamond technology[END_REF] and some of the HPHT crystals have demonstrated useful characteristics for particle detection, as reported in [START_REF]For more information about the electronic properties of iia hpht diamond samples for new diamond technology see[END_REF]. Furthermore, high structural quality HPHT diamonds are frequently used as seed substrates for homoepitaxial CVD diamond growth [START_REF] Muehle | Substrate crystal recovery for homoepitaxial diamond synthesis[END_REF]. CVD Diamond: For the growth of Chemical Vapor Deposition, known as CVD diamonds, the relatively small difference in stability between the sp 2 and sp 3 -type bonds of carbon is used [START_REF]For more information about the element six diamonds see[END_REF][START_REF] Pierson | Handbook of carbon, graphite, diamonds and fullerenes: processing, properties and applications[END_REF]. With the presence of atomic hydrogen and appropriate surface temperatures above 600 • C, the formation of the CVD diamonds depends essentially on having a faster nucleation and growth rate than graphite [START_REF]For more information about the element six diamonds see[END_REF]. By using thermal dissociation of hydrogen, and a gaseous source of carbon in plasma, with a gas temperature over 2 000 • C the right growth conditions are created [START_REF]For more information about the element six diamonds see[END_REF][START_REF] Balmer | Chemical vapour deposition synthetic diamond: materials, technology and applications[END_REF]. The plasma may be heated by different approached, such as for example, using microwaves, radio frequency, lasers, directly current, hot filament, or chemical reactions. A substrate with refractory characteristics, a stable carbide formation and a low thermal expansion coefficient is required for the nucleation and growth of continuous diamond. A schematic illustration of a CVD diamond high vacuum chamber reactor is presented in Fig. 3.3, more details about an experimental CVD reactor can be found in chapter 4. The grain boundaries produced during the CVD diamond material synthesis affect both the intrinsic properties of materials and their ultimate electronic properties for detector applications.

As previously mentioned, suppressing the graphite nucleation is an effective approach for CVD growth and the reduction of the density of grain boundaries, however the low growth rate and long time with the single-seeded substrates decreased the growth efficiency for such diamonds.

Therefore, multi-seed approach of simultaneous growth of well-aligned substrates, can reduce the total growth time, which is suitable for large-area growth of scCVD diamonds with high efficiency [START_REF] Zhang | Controlled growth of single-crystal graphene films[END_REF], as presented in Fig. 3.5. In the recent years this CVD based diamond growth approach, has led to formation of new startups producing laboratory grown synthetic diamonds for the gemstone (jewelry) industry, e.g., Diam Concept in France [18], and for the more general technology sector, e.g., DiamFab in

France [START_REF]For more information about the startup diamfab see[END_REF] and NeoCoat in Switzerland [53]. Furthermore, on the international level, companies like Diamond Foundry [START_REF]For more information about the diamond foundry see[END_REF] in the USA or the leading De Beers Group owned Element Six company [19] and Lightbox Jewelry [START_REF]For more information about de beers group -lightbox jewelry see[END_REF], and other companies in China, have created important synthetic CVD diamond growth facilities.

General Classification of Diamond

Naturally grown diamonds, as well as the synthetically grown diamonds could contain impurities, which can cause structural and electronic properties related defects. These defects have to be considered when selecting appropriate diamond materials for use as radiation detectors.

First, natural diamonds have been classified by their type and the amount of impurities present [START_REF]For more information about the element six diamonds see[END_REF]. It should be noted that, developments in synthetic growth processes have enabled the production of consistently engineered synthetic diamond, as previously described, first in the 50s using HPHT and later in the 80s using CVD technique, to produce the exceptional covalent crystal diamond materials [START_REF]For more information about the element six diamonds see[END_REF][START_REF] Angus | Diamond synthesis by chemical vapor deposition: The early years[END_REF]. In its sense, the classification, as presented in Fig. 3.6 is also relevant to the synthetic diamonds. The Type I diamonds contain a large concentration of nitrogen impurities with typically 100 to 3 000 ppm (parts per million), while Type II diamonds are relatively free of nitrogen. Following this, the diamonds can be further categorized into Type Ia or Type Ib and Type IIa or Type IIb. The Ib diamonds contain up to 0.1% nitrogen impurities and are the most common type of natural diamond. In Type Ib a smaller nitrogen concentration is present in a dispersed substitutional form. Due to the high concentration of nitrogen, these types are not applicable as material for radiation detectors. The low <1 ppm nitrogen concentration of the Type IIa diamonds, deposited in the CVD process (rare in the nature) are nowadays the best material choice for detectors.

Furthermore, also very nitrogen pure Type IIb "p-type" diamonds, created by natural or synthetic boron with semiconducting properties are available and be used for the diamond-based detectors [START_REF]For more information about the element six diamonds see[END_REF][START_REF]For more information about the startup diamfab see[END_REF]109]. IIa, based on their different nitrogen levels. However, within this here presented classification, there are now multiple polycrystalline and single crystal grades of CVD diamond material.

The grades have been developed with specific properties, which this simplified classification system does not include. The different diamond grades are briefly explained together with their applications as detector material, in the next section of this chapter.

Important Electronic Properties of Diamond for Detector Application

In Tab. 3.2, the most significant electronic properties of the diamond material for detector application are summarized. With a band-gap of E=5.5 eV, diamond is considered as an insulator.

Due to the negligible intrinsic carrier densities at room temperature in pure intrinsic diamond materials, it can operate as a solid-state ionization chamber with electrodes in parallel-plate geometry. According to the high carrier mobility in diamond, the charge collection is very fast, with reported 1 ns duration for 100 µm detector thickness. It has been also shown that CVD diamond detectors are able to operate under high heavy ion count rates of 10 8 cm -2 s -1 and above, with single readout channels [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF]. Furthermore, the small dielectric constant of 5.7 of the diamond, translates into devices with small capacitance and low noise operation. However, the amount of energy required to create an electron-hole pair in diamond is 13 eV [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF], which is approximately three times more when compared with silicon (3.6 eV). This higher energy needed for the generation of the signal, could decrease the sensitivity and energy resolution of diamond detectors. However, energy resolution of 20.5±0.6 keV for thick diamond detectors and 14.7±0.2 keV for thin diamond membrane detectors have been reported [START_REF] Pomorski | Electronic properties of single crystal cvd diamond and its suitability for particle detection in hadron physics experiments[END_REF] for alpha spectroscopy with diamonds, which is comparable to the energy resolution and thus performance of the silicon sensors, which were reported to be 14.5±0.4 keV in the same irradiation conditions.

Furthermore, the suitability of diamond as a detector for dosimetry has been shown in several studies [START_REF] Almaviva | Chemical vapor deposition diamond based multilayered radiation detector: Physical analysis of detection properties[END_REF][START_REF] Bucciolini | Diamond detector versus silicon diode and ion chamber in photon beams of different energy and field size[END_REF][START_REF] Cirrone | Dosimetric characterization of cvd diamonds in photon, electron and proton beams[END_REF]. In the past, diamond dosimeters have shown to have a stable linear response with absorbed dose and a relatively small LET dependence [START_REF] Cirrone | Dosimetric characterization of cvd diamonds in photon, electron and proton beams[END_REF]. The low atomic number Z = 6 of diamond, has shown a tissue equivalence for photons given its proximity to that of the mean atomic number of soft tissue (Z=7.42) [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF]. However, water with Z= 6.6, is a more commonly used reference material, to compare materials and thus determine their tissue equivalence in experimental dosimetry and microdosimetry. It has been reported, that for X-rays, the mass attenuation and mass energy absorption coefficients for diamond to water are relatively constant with a negligible energy dependence, when comparing with values obtained from the silicon to water relation. Similar, results have been presented for the electron, proton and alpha stopping power ratios, as reported in [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF]. Thus, given a correction factor of 0.32 [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF], diamond may also be considered as tissue equivalent for protons and alpha particles.

Property

The tissue equivalence of the diamond material makes it an ideal candidate for use in dosimetric and microdosimetric applications.

Harsh radiation environments require a device with a long operational lifetime in terms of resisting/withstanding possible radiation damage. The strong covalent bonds, large bandgap and small neutron cross section make diamond a radiation hard material [START_REF] Bauer | Radiation hardness studies of cvd diamond detectors[END_REF][START_REF] Crnjac | Electronic properties of a synthetic single-crystal diamond exposed to high temperature and high radiation[END_REF][START_REF] Verona | Toward the use of single crystal diamond based detector for ion-beam therapy microdosimetry[END_REF].

Furthermore, the diamond has a superior radiation hardness when compared to silicon [START_REF] Boer | Radiation hardness of diamond and silicon sensors compared[END_REF].

CVD Diamond Material for Detector Applications

Natural diamond as ionization detector was proposed first in 1948 [START_REF] Hofstadter | Remarks on diamond crystal counters[END_REF], later and several other studies were performed for the characterization of the material and for applications in nuclear physics and dosimetry [START_REF] Burgemeister | Dosimetry with a diamond operating as a resistor[END_REF][START_REF] Canali | Electrical properties and performances of natural diamond nuclear radiation detectors[END_REF]. Since its first use as a solid-state ionization chamber, diamond is known as a perfect material for radiation detectors to be used in harsh environments due to its striking electronic properties, such as high carrier mobility, wide band-gap, radiation hardness, and high breakdown voltage. However, these detectors had a restricted use due to limitations of natural diamonds, mainly due to the small size of diamond samples and the not yet fully controlled material characteristics. Since approximately 25 years, diamonds grown under controlled conditions by the CVD technique, made the synthetic diamond material available for new fabrication opportunities and applications for different types of diamond detectors. This led also to formation of specialized companies for manufacturing instrumentation products based on the CVD diamond technology, such as for example CIVIDEC Instruments [8] in Vienna.

pcCVD Diamond

Due to the possibility of seeding with tiny diamond grains (nano-seeding with diamond nanoparticles) [START_REF] Schreck | Large-area highquality single crystal diamond[END_REF], which is a well-established technique for polycrystalline coatings on various substrates (e.g. Si-wafer), large size pcCVD diamond samples can be achieved. By controlling the impurities and the grain boundaries, free-standing polycrystalline diamond wafers can be fabricated up to 400 mm in diameter [53], with thermal and infrared optical properties that approach the highest quality perfect diamond. The grain structure of pcCVD diamonds has a non-uniform composition, due to the growth process, as presented in Fig. 3.7. First, small and randomly orientated grains are formed during the nucleation process (bottom of layer in Fig. 3.7), then grains with facets favored by the growth conditions, form more rapidly large grains elongated in the direction of growth. After different processing, like slicing or polishing of the diamond, the elongated structure from the nucleation surface can still be observed as inhomogeneous grain boundaries. Due to the presence of these grain boundaries, the pcCVD diamond material has a limited charge transport, related to the short charge diffusion length in such material. Consequently, the devices obtained from pcCVD samples are limited by trapping and recombination at point defects like displaced carbon atoms in interstitial or vacancy positions, or impurity atoms (e.g., H, N, B, O).

Due to these limitations, pcCVD diamonds are mainly used for event-detection, e.g. timing, particle counting etc., as it is difficult to obtain spectroscopic properties (e.g. α-particle spectrum) from such detectors (see Fig.

). An example for such application is presented in Fig. 3.8, in form of a commercially available (CIVIDEC [8]) pcCVD diamond detector with a size of 10×10 mm 2 used at CERN LHC as fast beam-loss monitors (BLMs). The diamond BLMs have a time resolution below 1 ns, are sensitive to single particles and have a high dynamic range [START_REF]For more information about cividec pccvd diamond detector blms see[END_REF]. 

scCVD Diamond

Based on the homoepitaxial growth, where a crystal is grown on a substrate of the same material, scCVD diamonds with uniformly exceptional Type IIa properties, can be grown [START_REF]For more information about the element six diamonds see[END_REF]. Today, such scCVD diamond samples up to 8×8×2 mm a boron concentration B < 0.5 ppb, according to manufacturer specifications [START_REF]For more information about the element six diamonds see[END_REF]. The detection characteristics of the OG diamond grade material have been reported to be identical to those of the EG diamond detectors for thin (membrane-based) detectors [START_REF] Pomorski | Super-thin single crystal diamond membrane radiation detectors[END_REF], although higher electric fields are needed in case of OG material for the collection of all charges.

Various scCVD EG diamonds detectors were successfully fabricated to the benefit of several physics experiments, including CERN LHC as beam-loss monitors [START_REF] Griesmayer | A fast cvd diamond beam loss monitor for lhc[END_REF], at Heavy Ions Accelerator GSI as fast start detectors [START_REF] Berdermann | 10 cvd-diamond detectors for experiments with hadrons, nuclei, and atoms[END_REF], and at different synchrotron facilities like Soleil or Brookhaven, as semitransparent X-ray beam monitors [START_REF] Desjardins | X-ray position-sensitive duo-lateral diamond detectors at soleil[END_REF]. A series of scCVD diamond X-ray beam monitors, with four independent electrode quadrants is presented in Fig. 3.9 a) and b). The X-ray beam induced current (XBIC) measurement results presented in Fig. 3.9 b), demonstrate the large and homogeneous active area of such a scCVD diamond detector, with linear responses independent of the X-ray beam spatial distribution [START_REF] Desjardins | X-ray position-sensitive duo-lateral diamond detectors at soleil[END_REF]. Furthermore, in Fig. 3.9 c), an energy deposition spectrum measured with a parallel-plate scCVD diamond detector for a 5.486 MeV 241 Am α-source is presented, and shows the high resolution spectroscopic properties provided with the scCVD diamond detectors, which is also one of the main performance requirements for microdosimetric devices. Thereby, the scCVD diamonds are the perfect material candidate for measurements of particles energy loss spectra in ion beams, as developed and presented in this PhD work.

Heteroepitaxy CVD Diamond

Currently, one of the most promising diamond growth approaches, for the realization of single crystal materials for large-area detector applications, is the diamond heteroepitaxy on iridium substrates technique [START_REF] Berdermann | Progress in detector properties of heteroepitaxial diamond grown by chemical vapor deposition on ir/ysz/si (001) wafers[END_REF][START_REF] Schreck | Comprehensive hard materials[END_REF]. Fig. 3.9 shows an free-standing unpolished single crystal diamond synthesized by using the heteroepitaxy on Ir/YSZ/Si(001) technique [START_REF] Schreck | Ion bombardment induced buried lateral growth: the key mechanism for the synthesis of single crystal diamond wafers[END_REF]. The thickness of the diamond wafer is ∼1.6 mm. shown a high quality performance, approaching the commercially available scCVD devices for hole-drift [START_REF] Berdermann | 10 cvd-diamond detectors for experiments with hadrons, nuclei, and atoms[END_REF]. However, the electron-drift was reported to be still significantly worse, particularly for thick DOI sensors. In Fig. 3.11 a), an example of such a tested DOI detector is presented with in Fig. 3.11 b) and c), corresponding alpha spectra measured for holes and electrons, respectively.

The lower CCE for electrons could be explained by the higher density of electron traps in the heteroepitaxy diamond material and is still a serious drawback when compared with the scCVD diamonds. Nevertheless, the DOI detectors are significantly outperforming standard polycrystalline diamond counters [START_REF] Berdermann | 10 cvd-diamond detectors for experiments with hadrons, nuclei, and atoms[END_REF]. Consequently, at the present moment the performance of the single crystal heteroepitaxy CVD diamond material has a medium performance in terms of particle detection between the pcCVD and scCVD diamonds.

However, intensive research and development is ongoing in order to explore the origins of the strong electron trapping and to achieve large wafer-like intrinsic DOI films with well-controlled electrical properties [START_REF] Gallin-Martel | A large area diamond-based beam tagging hodoscope for ion therapy monitoring[END_REF][START_REF] Schreck | Large-area highquality single crystal diamond[END_REF]. Once the charge transport properties of the DOI will be optimized in the future, this type of diamond material will be interesting for applications that require large area diamonds. Taken from [START_REF] Berdermann | 10 cvd-diamond detectors for experiments with hadrons, nuclei, and atoms[END_REF].

CVD Diamond as Solid-State Particle Detector -Important Parameters

When an ionizing particle passes through a semiconducting material (e.g. diamond) it interacts with the target medium and deposits energy, as previously described in chapter 1. The electrons in the target material can be liberated with sufficient high energy, and free charge carriers (electron-hole pairs) are generated along the particle trajectory. For diamond the energy required to generate an e-h pairs is E e-h = 13 eV [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF], and independent of the incident particle's energy or type. Under no-biasing condition (no electric field), these charge carriers diffuse into the medium, with diffusion depending on the charge concentration gradient, the carrier mobility (µ) and lifetime (τ ), as described in the previous section.

By applying appropriate bias voltage to the detector bulk in the parallel plate geometry, an electric field is induced within the detector volume, thus the e-h pairs can migrate to their respective electrodes. In case of fully absorbed 5.486 MeV α-particles it amounts 42 200 e-h pairs, this generated charge is of the order of several thousand electrons and holes, for the hadron therapy the range is from lowest 6 keV to 8 400 keV, which corresponds to 0.5 from 646 e-h pairs, for low LET particles therefore it is challenging task in terms of signal-to-noise. This movement of the charge carriers induces a relatively small current pulse (I) within the detector system measured at the collecting electrode of a detector, as illustrated in Fig. 3.12, and thus needs an appropriate processing with low noise readout electronics chain [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF]. 

Electronic Properties

The signal generation in parallel-plate geometry detectors is simply described by Shockley-Ramo's theorem [START_REF] Ramo | Currents induced by electron motion[END_REF][START_REF] Shockley | Currents to conductors induced by a moving point charge[END_REF], which is part of the more general Green's theorem [START_REF]For more information about the green's theorem see[END_REF]. In the following section, the charge carrier creation, its velocity, mobility and lifetime, as well as the charge collection distance and efficiency, as the figures of merit for diamond particle detectors are briefly reminded.

Shockley-Ramo's Theorem

The electron-hole pairs created along the path of a penetrating charged particle (primary radiation or secondary particles) are the fundamental charge carriers in semiconductor material (diamond).

The amount of created electron-hole pairs is directly proportional to the energy deposited within the material and is given by:

Q G = E dep E e-h • q (3.1)
with E dep /E e-h the number of electron-hole pairs generated, where E dep is the deposited energy and D is the average energy needed to create an electron-hole pair, and q is elementary charge.

The current signal generated by the motion of these carriers with drift velocity ---→ v drif t in an applied electric field

-→ E 0 can be described by the Shockley-Ramo's theorem [START_REF] Ramo | Currents induced by electron motion[END_REF][START_REF] Shockley | Currents to conductors induced by a moving point charge[END_REF]. This theorem states that the current induced on a given electrode is equal to:

I = q • ---→ v drif t • -→ E 0 (3.2)
This theorem is also valid when other charges are present in the materials volume, due to the linearity of Maxwell's equations [START_REF] Visschere | The validity of ramo's theorem[END_REF]. To obtain the induced current in such a case, it is possible to sum up the contributions from all the individual charges.

Charge Carriers Velocity and Mobility

The drift velocity of charge carriers increases (linearly) proportional to the applied field at low electric fields [START_REF] Sze | Semiconductor devices physics and technology john wiley[END_REF]. At high electric fields it tends to saturate due to the scattering processes discussed in [START_REF] Pomorski | Electronic properties of single crystal cvd diamond and its suitability for particle detection in hadron physics experiments[END_REF]. The relationship between the drift velocity and the applied electric field was empirically found to fit the equation 3.3.

v drif t (E) = v sat. [1 + ( 0 /E) γ ] 1/γ (3.3)
where E is the electric field, γ is equal to 2 for electrons and 1 for holes, v sat. is the saturation velocity, and 0 is a constant [START_REF] Caughey | Carrier mobilities in silicon empirically related to doping and field[END_REF].

For an electric field at which almost a complete saturation of the charge (E >0.3 V/µm) is obtained, a constant charge carrier's drift velocity v drif t in a detector of a thickness d and the transition time t tr can be calculated from the following relation: The charge mobility µ is defined as the drift velocity v drif t divided by the electric filed E [START_REF] Rohlf | Modern physics from α to z0 john wiley & sons[END_REF] and is given by:

v drif t (E) = d t r (3.4) 
µ = v drif t E (3.5)
The carrier mobility values of diamond are among the highest reported for known materials with up to µ e = 4 500 cm 2 V -1 s and µ h = 3 800 cm 2 V -1 s indicating a fast signal collection [START_REF] Isberg | High carrier mobility in single-crystal plasma-deposited diamond[END_REF].

Charge Collection Distance and Efficiency

The average distance that a charge carrier travels in a device is called the charge collection distance (CCD). It is a quantity used to quantify what proportion of the charge deposited in a detector material is collected by it's electrodes. The CCD or the sum of mean free path, can be described as the product of carrier velocity and lifetime, summed for both carriers and is given by equation 3.6.

CCD = v e τ e + v h τ h = (µ e τ e + µ h τ h )E = Q C • d Q G (3.6)
where v e and v h are the velocities for electrons and holes, respectively, and τ e and τ h are the lifetime values for electrons and holes. Furthermore, the CCD ≤ d is also defined as

Q C • d/Q G with Q C and Q G the
collected charge and generated charge, respectively and d the thickness of the detector [START_REF] Rebisz | Alternative methods for heavy-ion therapy dosimetry[END_REF].

A crucial parameter is the development of new detectors is the electric field dependent charge collection efficiency (CCE) of a sensor, which is the ratio of the collected charge Q C to the charge generated Q G by the particle being detected, as defined in equation 3.7.

CCE = Q C Q G (3.7)
The number of charges (e-h pairs) generated by a minimum ionizing particle (MIP) in a diamond material is given by equation 3.8.

Q P = q P • d (3.8)
with mean MIP ionization q p of 36 e/µm for diamond and a detector thickness d. The q p includes the primary excitation, as well as the contribution of the secondary interactions by eventually generated δ-electrons. The charge collected Q C at the electrodes is then approximately represented by the ratio of the CCD to the detector thickness d as presented in equation 3.9.

Q C ≈ Q P • CCD d (3.9)
When substituting Q P with the expression in equation 3.8, the following relationship is given in equation 3.10.

Q C ≈ q P • CCD (3.10)
Using this relationship the CCE can be described by equation 3.11. 

Defects, Trapping and Charge Recombination

The lifetime of a charge carrier is defined as the time during which the carrier is mobile, i.e. the time during which the electron remains in the conduction band and the hole in the valence band.

This lifetime is influenced by the presence of intermediate energy levels in the band-gap that can trap the charge carriers.

These discrete levels of traps are due to the presence of structural defects in the crystal lattice, as presented in Fig. 3.15. Among these defects, there are vacancies (Schottky defects) corresponding to missing atoms at a site in the crystal lattice. Then, the interstitial (or Frenkel) defects corresponding to atoms present in the interstitial spaces in the crystal lattice, which can be either an impurity atom or a self-interstitial formed by the native atoms of the crystal. The so-called substitution impurities correspond to non-native atoms within the crystal lattice. These point defects can also be found in the form of a precipitate. Finally, also the dislocation defects can introduce intermediate energy levels into the band-gap. This latter type of defect is very dominant in scCVD diamond crystal [START_REF] Marsolat | D éveloppement d'un dosim ètre diamant pour une mesure de la dose absorb ée dans les mini-faisceaux utilis és en radioth érapie st ér éotaxique[END_REF]. When a carrier is trapped in a shallow trapping center with an activation energy E T , it has a probability P (t) ∝ exp(-t/τ D ) to be released within a time t, where τ D is the detrapping time constant, as shown in equation 3.12.

τ D = 1 s 0 e E T kT (3.12)
With s 0 the attempt-to-escape frequency, k the Boltzmann's constant, and T the absolute temperature. The charge carriers involved in a trapping-detrapping process are thus delayed by the time spent in the trapping centers. Consequently, the flow of current in the device can extend to much longer times with respect to the transit time, the time necessary for the carriers to reach the electrode in the absence of trapping, which is estimated to be of the order of 1 ns [START_REF] Balducci | Trapping-detrapping defects in single crystal diamond films grown by chemical vapor deposition[END_REF].

At room temperature, some so-called deep defects remain stable, while other shallow defects are slowly emptied by thermal agitation. The deep defects in the material can give rise to charge trapping and produce a fixed space charge. There are two main phenomena that can occur due the fixed space charge:

• Polarization, which occurs by a homogeneous filling of the traps, produced by short-range ionization, such as e.g., α-particles. The charge carriers are effectively separated and a strong polarized space charge develops in the region of deposition. The polarized space charge creates an internal electric field to oppose that of the externally applied field.

This leads to progressive deterioration and finally to loss in measured signal and charge collection efficiency.

• Priming (or Pumping), which occurs with a more homogeneous filling of traps, for example when particles are traversing the detector bulk. In such a case, the polarization effect is less pronounced. When a complete occupation of charge traps is reached, the free trap density is decreased, and thus the lifetime of the charge carriers increases, and leads to an enhancement of the detector signal.

Signal Acquisition and Charge Sensitive Readout Electronics

In Fig. 3.17 a signal processing system used in with diamond detectors is presented. Typically, it consists of three main components, including a charge sensitive preamplifier, a linear amplifier (shaping amplifier) and a multichannel analyzer (MCA), as well as an analog to digital converter.

.17: Typical signal processing system used for the signal readout with a parallel-plate geometry diamond detector.

Charge Sensitive Preamplifier

The preamplifier, is physically connected to the (diamond) detector and is the first stage of the amplifier chain. There are essentially two different types of preamplifier, namely, voltage and charge sensitive preamplifiers. Following the principles of the charge sensitive preamplifier are briefly explained, as in was the only amplifier type used within this PhD work.

The charge sensitive preamplifier (CSA) provides information about the quantity of charge and the time of an event. A feedback capacitor C F between the input and output of the CSA stores the input charge from the detector, as schematically illustrated in Fig. 3.18. In the CSA the output voltage (V out ) is proportional to the input charge (Q in ) from the detector. The charge is integrated over a feedback capacitor in order to avoid any sensitivity of the gain with respect to changes in detector capacitance during ionization events. In the ideal case the rise time of the output pulse equals to that of the detector current pulse width [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF]. It is to be noted, that without the feedback resistor (R F ) in parallel to the feedback capacitor, the V Out would increase until the preamplifier reaches its maximum output, thus the feedback resistor is essentially 'resetting' the preamplifier, by selectively modifying the decay time of the pulse (see equation 3.14).

Given that the number of e-h pairs created by an ionization event is proportional to deposited energy and then as long as the decay time constant is large enough for the duration of the input pulse, it can be used for dose equivalent measurements. The V out from the preamplifier and τ decay time constant, is given by equation 3.13 and equation 3.14 respectively [START_REF]For more information about radiation detectors and signal processing[END_REF][START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF].

V Out = Q in C F = t I Det dτ C F (3.13) τ F = C F R F (3.14)
With Q in the charge collected during an ionization event and C F and R F the feedback capacitor and resistor, respectively.

Linear Shaping Amplifier

It is worth to be mentioned, that there are two types of signal pulses in the radiation detection measurements, namely, the logic and linear pulses. While the logic pulses provide information only by their presence or absence (e.g. presence or absence of radiation), the lineal pulses give the specific information related to an event by its pulse amplitude and shape (useful for microdosimetry).

Thus, the initially amplified (diamond) detector signal is passed from the CSA to the linear shaping amplifier (see Fig. 3.12), which further amplifies the signal from the mV to V range, and converts the signal pulse to a symmetric bell shaped curve corresponding to the Gaussian pulse.

Furthermore, signal shaping has the effect of increasing the decay time of the signal pulse, resulting in fast reaching the baseline. This allows for higher count rates and noise filtering and decreases the effects of signal pile-up (overlapping between successive pulses) and potentially detecting signals that were previously hidden in noise [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF]. The most important parameter to be considered in this second step, is the shaping time, which is defined as the standard deviation of the Gaussian pulse. The selection of the shaping time should be balanced, in order to minimize the noise, but be still long enough to collect all the charges created within the diamond detector bulk and short enough to accommodate the expected counting rate [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF].

Multichannel Analyzer and Analogue to Digital Converter

The multichannel analyzer (MCA) is the last component in the signal processing system illustrated in Fig. 3.17. It essentially analyzes and sorts voltage pulses from the lineal shaping amplifier into a histogram, and thus a spectrum of events containing information on the pulse-height, which depending on the application can relate to energy or time of arrival. The MCA uses multiple channels equally spaced, with each channel having its unique threshold, allowing for the determination of pulse energy by measuring time above that threshold. Using an appropriate binning of the measured signal pulses into a histogram, a pulse-height spectrum can be stored, displayed and analyzed with an MCA system. Within this process, an analogue to digital converter (ADC) converts a variable analogue signal to a multilevel digital signal, with possibly minimal degradation of the signal information [START_REF]For more information about radiation detectors and signal processing[END_REF][START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF].

Pulse Generator

A pulse generator (pulser) is not a part of the signal processing system, however it is an important device, which can be used for the energy calibration of a detectors system. The device generates rectangular (voltage) pulses, with a freely adjustable pulse frequency, amplitude, attenuation, width and delay, according to the requirements of the detectors. The pulse generator allows the generation of pulses, with widths (duration) ranging from minutes down to under 1 picosecond, furthermore in some model devices also the rise time and fall time of the pulses can be controlled [START_REF] Davis | Diamond microdosimetry for radioprotection applications in space[END_REF]. These described properties of a pulse generator were used this PhD work in order to calibrate the diamond detector and the corresponding readout system used in the experiments.

Therefore, pulses with amplitudes equal to that of the peak of a known energy within a spectrum associated with the radiation field induced energy deposition in a detector were generated (see chapter 5). Following this, subsequently for each generation of the diamond sensors the concept, as well as detailed description of the microfabrication steps and the microfabricated prototypes, are presented. The three generations of scCVD diamond sensors include: (1 st ) the pioneering self-biased p + sensors, with µSVs created by a local p + -i junction formation, (2 nd ) followed by an externally biased and thus more universal Guard Ring (GR) sensors, with µSVs defined by patterned metal electrodes operating as solid-state ionization chambers, (3 rd ) and finally the fully 3D diamond sensors, with entirely isolated diamond µSVs surrounded by a non-electrically active resists. The evolution of these presented sensors is based on their performance in the harsh ion beam conditions as investigated in the chapter 6 and 7, aiming to improve their response to such. In the last part of this chapter a summary of the microfabricated scCVD diamond microdosimeter prototypes will be presented and a conclusion on the advantages and disadvantages of the microfabrication processes will be highlighted, giving useful information and recommendations for the future diamond sensors developments. The magnetron sputtering is a plasma-assisted technique that creates a vapor from the source target through being bombarded with accelerated ions typically from an inert gas (e.g.: Ar). Reproduced from [START_REF]For more information about the magnetron-sputtering see[END_REF].

Diamond Sensors Microfabrication

Overview of Microfabrication Processes and Setups

The coating/sputter material is placed on a magnetron in a solid form called a target. For highly pure coatings the PVD chamber is evacuated below 10 -5 mtorr and following this, filled up with a so-called sputtering gas. The sputtering gas is often an inert gas such as argon. A negative electrical potential is applied to the target material, forming a magnetron cathode and the positive potential to anode or ground, forming the chamber body. This electrical potential difference causes free electrons to accelerate away from the magnetron to the chamber body. When these electrons collide with the injected sputter gas atom, they strip the gas atom of an electron, creating a positively charged sputter gas ion (plasma). The created positively charged and high energetic ions move and collide as they travel through the gas plasma towards the substrate.

They come in at various angles and hit the substrate with an energy defined by the gas pressure and the target voltage. These ions carry enough energy to sputter some of the target material.

The sputtered target atoms are neutrally charged and thus unaffected by the magnetic field, which confines the charged plasma particles close to the surface of the sputter target. Finally, the target material is deposited on the substrates surface in the path that the magnetron is directed to.

While a DC power on the cathode is suitable for conductive materials, a radio frequency (RF) magnetron is used for sputter deposition of insulating materials (oxides), as they have a large DC impedance and require prohibitively high voltages to ignite and maintain the plasma. In this context, another possible process is the reactive ion sputtering, which utilizes a non-inert reactive gas, such as oxygen or nitrogen in combination with a target material, such as e.g. silicon. This gas creates a chemical reaction with the sputtered target atoms inside the chamber, forming a new compound, e.g. silicon oxide in this example, which becomes the coating instead of the original pure target material. The composition of this film can then be controlled by varying the relative pressures of the inert and reactive gases.

RF Magnetron Sputtering System at LCD

For the deposition of thin films of aluminium (Al) or chromium (Cr) onto the scCVD diamond membranes to create metallic hard masks for etching or electrodes for the signal collection, the 

Plasma Etching Approaches Dry Plasma Etching Principles

Dry plasma etching is one commonly used technique for removing material (typically a masked pattern of semiconductor material) by bombarding it with ions which then remove parts of its exposed surface. A common type of dry etching is reactive ion etching (RIE), which is schematically illustrated in Fig. 4.5 a) and b). Similar to the RF magnetron sputtering technique described in previously, in the RIE technique, the plasma is initiated in the system by applying a strong RF electromagnetic field to an electrode located at the bottom of a vacuum chamber. The oscillating electric field ionizes the gas molecules inserted into the chamber by stripping them of electrons, thus creating a plasma.

Typically, plasma of reactive gases such as e.g. oxygen or chlorine, sometimes with addition of argon, nitrogen or other gases is used. In each cycle of the field, the electrons are electrically accelerated up and down in the chamber, sometimes striking both the upper wall of the chamber and the back electrode with the sample holder. When electrons are absorbed into the chamber walls, they are simply fed out to ground and thus do not alter the system. However, electrons deposited on sample holder cause it to build up charge due to its DC isolation. This charge builds up and develops large negative voltage on the holder. The plasma itself develops a positive charge due to the higher concentration of positive ions compared to free electrons. Because of this voltage difference, the positive ions drift toward the holder, where they collide with the samples to be etched. Additionally, the ions react chemically with the materials on the surface of the samples and can also sputter some material by transferring a part of their kinetic energy (see Fig. 4.5 b)). Due to the mostly vertical delivery of reactive ions, RIE can produce very anisotropic etch profiles. The plasma etching conditions in a RIE system depend strongly on its physical parameters such as the pressure, gas flows, gas combination, and RF power.

Shallow Ar/O 2 Plasma Etching at SPEC

For the etching of shallow structures (≤ 10 µm) within the scCVD diamond membranes the RIE Plassys MG200 system at SPEC, presented in Fig. 

Estimation of Plasma Etching Rates

To estimate the plasma etching rates for all the different materials used during the fabrication of the diamond sensors, additional reserved samples of the material were partially etched, measuring their reduction in thickness after a specific time. Using laser-cut pcCVD diamond masks covering up only parts of the material not to be etched, vertical steps were created on the surface of these materials. For different etching times but under the same conditions, the steps were measured using a contact-type profilometer at SPEC, as exemplified in Fig. 4.8 a).

The etching parameters used in each system for different etched materials are presented in 

CVD Growth of p + Diamond Layers

Using a microwave plasma chemical vapor deposition (CVD) reactor BAOBAB shown in Fig. 4.9 a), thin layers of boron-doped diamond (p + ) were grown at LCD, as previously described in [START_REF] Pinault-Thaury | Front and back side sims analysis of boron-doped delta-layer in diamond[END_REF].

For this purpose a gas mixture composed of methane (CH 4 ), hydrogen (H 2 ) and trimethylboron (TMB) was used. As presented in Fig. 4.9 b), the acid-cleaned scCVD diamond membrane was placed on a molybdenum holder. This holder's shape and form was specially designed to focus the plasma onto such a small substrate. For the estimation of the p + layer thickness, the scCVD diamond samples were weighted before and after the CVD growth. Using this weight difference, together with the side lengths of the given sample and the density of diamond (3.52 g/cm 3 ) the thickness of the grown p + layer was calculated for each scCVD diamond sample. For estimating the boron concentration in the grown p + layer, secondary ion mass spectrometry (SIMS) was performed on one example sample. By sputtering the surface of the used sample with a focused primary ion beam and collecting the ejected secondary ions, the composition of thin layers can essentially be analyzed [START_REF] Herzog | Ion source for mass spectrography[END_REF]. The growth parameters used for all p + samples fabricated within this PhD work, together with the boron-layer characteristics, are summarized in Tab. 4.3.

It is also to be noted that additionally to p + -layers grown at LCD, some of the scCVD diamond samples used in this PhD thesis were overgrown with the boron-doped diamond layer at DiamFab [START_REF]For more information about the startup diamfab see[END_REF]. 

Photolithography Methods

Basic Principles

Another important process used in the microfabrication of the scCVD diamond sensors was photolithography. It is a process of patterning structures on thin films or bulks of a substrate. The UV light of typically 365 nm to 405 nm in wavelength is used to transfer geometric patterns from a physical photomask or digital mask (drawings) to a photosensitive chemical photoresist on the substrate. Typically, the light source exposure is referred to according to their spectral lines at 436 nm (g-line), 405 nm (h-line) and 365 nm (i-line). The photoresist can either be positive or negative, as is illustrated in Fig. 4.12. A so-called soft bake of the photoresist on a heated plate is performed to remove its solvent content. The substrate with the photoresist film layer is then exposed to UV light through a photomask or directly with an appropriate laser light. A post-exposure bake is undertaken for some photoresist types to harden the photoresist and further adhere it to the substrate. Finally, the substrate with the partially exposed photoresist is dissolved/washed in a developer solution and dried to complete the patterning process. However, for applications where the pattered resist is to be a permanent component of the final device, the resist can be hard-baked between 150 • C to 200 • C (depending on the type) on a hotplate or in a convection oven to further cross-link the material, thereby improving its thermal and chemical stability.

Photolithography Process Techniques

The two most used processes in micro-structuring photolithography are the lift-off and wet-etch techniques. In the following, a brief explanation of each process step is presented.

In Fig. 4.14, the lift-off process is schematically illustrated. (1) On a previously cleaned substrate, a thin layer of a (2) photoresist (in orange) is homogeneously spin-coated. Following this, (

an inverse pattern of the final structures is created in the photoresist layer (positive or negative photoresist) by exposing certain parts of it to UV light and washing it out in the developer solution.

In the next step, the (4) target material (in gray) is deposited onto the entire substrate. The substrate is then (5) washed out using an appropriate solvent (e.g. acetone), which dissolves the inverse photoresist pattern, thus "lifting-of" the top layer of material. In this way, the target material remains only in the areas where it had a direct contact with the substrate, thereby creating the final pattern. The wet-etch process is illustrated in Fig. 4.14. This technique also requires, the substrate to first (1) be cleaned. Following this, the (2) target material is deposited onto the substrate (in gray)

and then a thin layer of a (3) photoresist (in orange) is homogeneously spin-coated over it. In the next step (4) a pattern of the final structures is created in this photoresist layer (positive or negative photoresist) in the same way as described for the lift-off process. By now, using a wet etchant solution, which dissolves the target material but not photoresist, the unprotected target material is slowly removed from the substrate (5). To stop this removing process, the substrate is washed out in deionized water. Finally, by rinsing the substrates with an appropriate solvent (e.g. acetone) the residual photoresist is removed from the created target material pattern. 

Laser-Based Lithography System DILASE 650 at SPEC

The laser-based lithography system DILASE 650 [START_REF]For more information about the laser lithography system dilase-650 see[END_REF] was used for the microfabrication in the cleanroom at SPEC. A picture of the system and a schematically illustration of the exposure process is presented in Fig. 4.15 a). This high resolution VIS laser lithography system allows to work with a laser focused into a beam size of 1 µm or 10 µm (laser spot size). During the exposure the laser is fixed while the substrate is places and held on a XY moving stage using negative pressure. This system allows laser exposition on any type of substrate over a surface area as large as 15×18 cm 2 using continuous laser sources of 375 nm or 405 nm in wavelength. The DILASE 650 system makes the prototyping extremely flexible as the lithography masks are digital drawings, which can be easily prepared as an drawing interchange format (DXF) by any CAD software and converted to the binary file format (GDSII) representing the planar geometric shapes, using e.g. the free software KLayout [START_REF]For more information about the klayout see[END_REF]. Once the masks are designed, two laser writing exposure modes are available, the "contours" (in black) or the "filling" (in green) illustrated in Fig. 4.15 b). However, it is to mention that this way of exposure requires a relatively long process time needed for the laser to scan the entire drawing. For example, for the exposure of a 1×1 mm 2 photomask it could take up to 8 h.

Beamer-Based Lithography System Smart Print at LCD

The beamer-based lithography system Smart Print [START_REF]For more information about smartprint see[END_REF] was used for the microfabrication in the cleanroom at LCD. A picture of the maskless beamer projector lithography system and a schematically illustration of the exposure setup is presented in Fig. 4.16 a) and b), respectively.

Essentially, a digital mask as shown on the PC display in Fig. 4.16 a) is sent from a computer to the Smart Print's beamer-based optoelectronic head. To create such black and white mask any standard format drawing such as e.g. GDSII or DXF, created using a CAD software can be converted to bitmap images (jpg, png, tiff, etc.) and be used. To project the mask design onto the photoresistlayer on a substrate, a beam of white light from a high power lamp is spatially modulated by a LCD matrix (dynamic mask) and then filtered to keep the blue component of 430 nm to 470 nm wavelength only. Reproduced from [START_REF]For more information about smartprint see[END_REF].

Finally, the resulting beam is focused on the substrate with a special microscope objective.

Depending on the objective magnification, a different combination of field-of-view (FOV) and resolution can be chosen, as summarized in Tab. 4.4.

Additionally, the XY motorized stage and an automation module of the system is a camera installed in the optoelectronic head of the system which allows a live view of the sample during the alignment step, thus a more precise multi-layer lithography alignment.

This gives also the possibility of multiple exposures of the same region, as the exposed resist changes its color and is thus visible in FOV.

Samples Cleaning Procedure

To eliminate possible surface contamination with organic and metallic materials, which can degrade the final performance of the diamond sensors and their reliability, three cleaning methods were used. Following the hot acid and hydrofluoric acid treatment using chemical wet cleaning methods as well as a dry plasma etcher cleaning treatment are briefly presented.

Hot Acid Treatment

During the laser cutting, PVD etching and also the CVD growth of diamonds, graphite contamination of the diamond surfaces can be introduced. Additionally, during the CVD growth, the diamond surfaces are frequently exposed to hydrogen plasma at the end of the growth process, which results in hydrogen termination of the diamond surface and is known to be p-type conductive in ambient atmosphere [START_REF] Ristein | Diamond surface conductivity experiments and photoelectron spectroscopy[END_REF]. Both, the graphite contamination and the hydrogen termination lead to undesirable surface leakage currents, thus the samples need to be treated before beginning with the microfabrication. To passivate the diamond surface in order to control its properties more reliable and stable, oxygen termination is used which provides a strongly insulating diamond surface [START_REF] Nebel | Thin-Film Diamond II:(part of the Semiconductors and Semimetals Series[END_REF]. To remove the surface contamination with carbon or hydrogen as well as other residual impurities created during the multi-stage fabrication (metallization, resist etc.) the hot acid treatment process as following is applied at various stages of sensor processing: .17 shows a optical microscope image of a scCVD diamond plate surface as received from Almax easyLab [6] after the slicing and polishing procedure, described in the following subsection. In Fig. 4.17 a) the sample's surface is heavily contaminated. After the hot acid treatment as described before almost all contamination on the diamond surface is removed as it can be observed in Fig. 4.17 b). 

Hydrofluoric Acid Treatment (HF)

During the deep PVD Ar/O 2 etching of diamond membranes frequently minor surface contamination with silicon-oxide was observed as shown in Fig. 4.18 a), despite using the pcCVD diamond holder. As previously described, the reactive oxygen gas used for the etching of the diamond sample, is also able to go into a chemical reaction with the Si-wafer which is holding the scCVD membranes, creating silicon-oxide sputtering. Thereby, the hydrofluoric acid treatment (HF) was applied to the scCVD diamond membranes for ∼15 min to remove this surface contamination. In 

Dry Plasma Cleaning with Pico System

In Fig. 4.19 a) the low-pressure Pico plasma cleaning system from Diener electronics [START_REF]For more information about the plasma cleaner see[END_REF] available at LCD is presented. As previously described a plasma is created in a low-pressure environment. The Pico plasma cleaning system is an effective way to remove small amounts of contaminants on atomic level from a substrate surface and to change the wettability of the surfaces for a better resist spreading. It cleaning process was mainly used specially for the 3D prototypes, which were already coated with a resist (SU8) not compatible with the acid cleaning.

The presented system consists of a small rectangular vacuum chamber with gas inlets for Ar 

Preparation of Thin scCVD Membranes

The synthetic scCVD diamond plates with a side length of 4.5×4.5 mm 2 , 4×4 mm 2 and 3×3 mm 2 for the fabrication of diamond membranes were purchased from Element Six (E6) in UK [19].

For the preliminary testing of the microfabrication processes, the 3×3 mm 2 high pressure high temperature (HPHT) diamond plates were used from Sumitomo Electric U.S.A., Inc [START_REF]For more information about the used HPHT diamonds see[END_REF]. For the actual fabrication of the diamond membrane sensors, the E6 scCVD diamond plates of two different purity grades were used. The first one, the ultra-high purity electronic grade (EG) scCVD diamond with an extraordinary long life time, as well as very high mobility of charge carriers, with a nitrogen concentration [N 2 ] 0 < 5 ppb (parts per billion) and a boron concentration

B < 0.5 ppb [19].
The second one, called optical grade (OG) scCVD diamond with shorter life time of the charge carriers due to the presence of atom impurities with a nitrogen concentration of [N 2 ] 0 < 1 ppm (parts per million) and a boron concentration B < 0.5 ppb, according to manufacturer specifications [START_REF]For more information about the element six diamonds see[END_REF]. The detection characteristics of the OG diamond grade material have been reported to be identical to those of the EG diamond detectors [START_REF] Pomorski | Super-thin single crystal diamond membrane radiation detectors[END_REF], although higher electric fields are needed in case of OG material for the collection of all charges. Furthermore, the OG scCVD diamonds are more economical and available in large quantity compared with the EG material.

These scCVD diamond plates with a thickness of ∼500 µm can be laser sliced and mechanically polished to thin plates of minimum 20 µm thickness by Almax easyLab [6] in Belgium, as presented in Fig. 4.20 a) and b), respectively. Considering the multi-stage manual handling fabrication process, a diamond plate thickness of 40 µm was chosen for a higher mechanical stability of these self-supported diamond membranes. The effective uncertainties in diamond surface parallelism due to the mechanical polishing have been reported within a thickness variation of 1 µm over a full sample area of 4×4 mm 2 or 3×3 mm 2 (lateral size), according to

Almax easyLab [6]. To avoid etching of the entire surface and thus create ≤ 15 µm ultra-thin membranes suspended over a bulky frame from these diamond plates (membrane windows), a deep Ar/O 2 plasma etching method using PVD RF magnetron, as described in [START_REF] Pomorski | Super-thin single crystal diamond membrane radiation detectors[END_REF] was used. In order to maintain a thick bulky diamond frame holding the membrane, the regions not to be exposed to the etching plasma were simply protected by a laser cut pcCVD diamond shadow mask. For this purpose two different designs of shadow masks were fabricated. For the smaller plates of 4×4 mm 2 and 3×3 mm 2 a shadow mask with a quadratic opening of 2×2 mm 2 was laser cut, as presented in 

Physical Observations

In the first etching attempts the pcCVD shadow mask was placed directly on the diamond membrane, as illustrated in Fig. 4.22 a). However, this locally enhanced the etching rate at the direct vicinity to the etched diamond membrane sidewalls, thus leading to thinner diamond (trenches), which destabilize the membrane and added additionally difficulties of short-circuiting the sensors when electrical contacts were deposited on both sides of a membrane. etching rate [START_REF] Challier | Advanced fabrication of single-crystal diamond membranes for quantum technologies[END_REF]. To avoid this effect near the membrane's sidewalls, the scCVD diamond plates were attached to the pcCVD shadow mask by using a thin double-faced carbon tape from NEM Nisshin EM Co., Ltd. [START_REF]For more information about the nem carbon tape see[END_REF]. This created a 160 µm gap between the shadow mask and the to be etched scCVD diamond plate, thereby minimizing the enhanced etching rate at the mask borders, as schematically illustrated in Fig. 4.22 b). A picture of such pcCVD diamond shadow mask with a scCVD diamond fixed by carbon mask as used in this PhD work is shown in Fig. 4.22 c).

After the Ar/O 2 plasma etching the scCVD diamond membranes were easily detached from the carbon tape after leaving them for 1 to 2 h in an acetone bath. The contamination with silicon-oxide and the residuals from the carbon tape were removed using the HF treatment followed by the hot acid treatment. which are present in the diamond bulk or its surface [START_REF] Nebel | Thin-Film Diamond II:(part of the Semiconductors and Semimetals Series[END_REF]. Their formation can be caused by microscopic inclusions in the diamond bulk during the growth process. Another reason for these effects could be due to the mechanical polishing of the membranes, which could have introduced surface damage to the diamond membranes.

A strong indication for such an effect can be seen in Fig. 4.24 b), where pin-holes clearly aligned in straight lines (related to the mechanical polishing lines) were observed. It should be also noted, that for membranes of approximately 10 µm thickness these effects were not common, however for membranes approaching the thickness of 5 µm the probability of an opened pin-hole was increasing. Consequently, after each deep Ar/O 2 plasma etching process all scCVD diamond membranes were visually screened with an optical microscope for possible bubbles and pin-holes.

These identified regions could then be bypassed using dedicated photolithographic patterning of electrodes in order to avoid the short-circuiting of a sensor when electrical contacts were deposited on both sides of a membrane. 

Thickness Characterization

During the PVD plasma etching fabrication step a reliable information about the thickness and the surface quality of the scCVD diamond membranes was necessary. In this contexts, two different thickness measurement approaches were used. The first one, using a contact-type profilometer and second one, using an alpha particle source.

In Fig. A measurement system at LCD for the estimation of the thickness of scCVD diamond membranes by using an 241 Am source with 5.486 MeV α-particles energy (∆E + E approach) is presented in Fig. 4.27 a). This system was especially used for the fine tuning of the membranes' thickness during the PVD deep etching process, as it is a contact-less method which didn't cause any sever surface contamination of the sample, thus making it possible to continue with the plasma etching without having to clean the sample again.

In this measurement setup an etched scCVD diamond membrane (∆E) was placed on the top of a 300 µm thick scCVD EG diamond detector (E), which was connected to a charge sensitive amplifier (CSA), see Fig. It should be pointed out that applying external bias voltage to the p + sensor will activate all the metalized regions with the metal/carbon electrodes in the parallel plate geometry of the sensor. In the region outside of the µSVs no p + -i-m junction formation takes place and no built-in potential is formed if ohmic contact formation between the metal and diamond can be assured.

Under such biasing conditions, if the p + sensor is operated at 0 V externally applied bias, the created excess charge carriers can only undergo isotropic diffusion, with no directional drift, thus no electric signal generation takes place [START_REF] Zahradnik | sccvd diamond membrane based microdosimeter for hadron therapy[END_REF].

Microfabrication Process

The microfabrication process for such p + sensors is presented in the following. All thin film deposition parameters, plasma etching rates, as well as the p + CVD growth conditions used for the fabrication of the p + sensors have been previously summarized in Tab. 4.1, Tab. 4.2 and Tab. 4.3, respectively.

As base for the p + sensors microfabrication, super-thin scCVD diamond membranes were used.

In (1) step in Fig 4 .31, a thin and heavily boron-doped diamond layer (p + ) was grown (in blue) on the top side of an intrinsic diamond membrane (in white). This ∼ 200 nm to 300 nm thick p + diamond layer was CVD grown. After the growth and prior to further processing, a hot acid cleaning treatment was used on the membrane with the p + layer to remove all possible surface contaminations.

After cleaning, in order to achieve a better structural stability for the following processing steps, the cleaned diamond membrane was fixed onto a 2-inch Si-wafer, as presented in Fig. 4.30 a) and b). To do so, a layer of a photoresist (here S1813 [41]) was spin-coated onto the Si-wafer, onto which the diamond membrane was placed with its top facing up. Soft backing of the resist for 2 min at ∼100 • C was enough to harden the resist and be ready for further processing. It is to note, that this fixing procedure was used in all fabrication processes for all presented diamond sensor generations in the following sections. Afterwards, by using the negative photoresist nLOF-2020 [START_REF]For more information about the photoresist nlof[END_REF] (in red), photolithographic patterning was performed with the laser lithography system DILASE650. The UV exposure to the entire diamond membrane except the µSVs, led to removing the resist from regions not exposed to the UV light, during the development process as shown in A 300 nm thick layer of Al was then deposited for 15 min onto the top side of the diamond membrane (in gray) using the PVD sputtering method. Gently rinsing the membrane with acetone resulted in detaching the residual photoresist (lift-off), creating metallic hard Al masks on the p + diamond layer, as presented in 

p + Sensor Prototypes

Based on the previously described concept and microfabrication process, two p + sensors have do not contribute to the signal formation in the µSVs collecting electrode [START_REF] Zahradnik | A diamond guard ring microdosimeter for ion beam therapy[END_REF].

Microfabrication Process

The base for all GR sensors consists also of thin scCVD diamond membranes as described in the previous section. A 7 µm to 12 µm thick scCVD diamond membrane suspended over a bulky frame was cleaned using the hot acid treatment to remove possible surface contamination after the deep Ar/ O 2 plasma etching process. In order to achieve more structural stability, in the following processing steps, the cleaned diamond membrane was fixed onto a 2-inch Si-wafer, as previously shown in Fig. 4.30 for the p + sensor.

In the (1) step in Fig. 4.38, a 200 nm thick strip of Al was deposited onto the top side of the diamond membrane for 10 min (in gray) using the metal shadow mask system. All thin film deposition parameters and rates used for the microfabrication of the GR sensors have been previously summarized in Tab. 4.1.

In the next step, Fig The UV laser was only directed along the dedicated tracks, leading the resist from these defined tracks being removed during the development process with the developer solution MF319 [START_REF]For more information about the developer solution mf 319[END_REF] in step (3) in Fig. 4.38. As a result of this development process, direct access to the Al layer beneath the photoresist was created. The photolithography process parameters used for the microfabrication of all GR sensor prototypes are summarized in Tab. 4.6. 

Spin-

GR Sensor Prototypes

Based on the previously described concept and microfabrication approach, multiple GR sensor prototypes have been microfabricated within this PhD thesis. However, only few of them were fully functioning. Different difficulties associated with the GR sensors microfabrication have been encountered during this process. In Fig. Despite these (minor) challenges, the microfabrication of the GR sensors can be categorized as easy, when compared with the microfabrication process of the p + sensors. In the following section the two GR sensor prototypes, including the GR-OG1 and GR-EG1 sensor are presented.

Both these sensors were successively characterized in single ion microbeams (chapter 6) and the latter one used for measurements in clinical proton and heavy ion beams (chapter 7).

GR-OG1 Sensor

The GR-OG1 sensor is the first prototype of the second generation of diamond sensors for microdosimetry. This sensor was microfabricated on a 4.5×4. 

GR-EG1 Sensor

Based on the µSVs design of the first GR-OG1 prototype, a new GR-EG1 sensor mainly dedicated for experimental measurements in clinical ion beams, was produced. The sensor with four independent readout arrays was microfabricated from a higher quality EG scCVD diamond plate of 4×4 mm 2 with a single 2×2 mm 2 membrane window of 12 µm thickness. The region of the thin membrane is marked by dashed green lines in Fig. 4.43 a). From the top and bottom side of the diamond membrane sensor, two cross-aliened strip Al electrodes were deposited with a thickness of 200 nm, creating an active parallel-plate region (dashed red lines). In the center of such active region, the independent readout arrays, A1 to A4, were created in order to limit the influence of the etched membrane's thickness variation on the measured signal with the µSVs.

Each array consists of 4×4 ( 16) µSVs with a diameter of 60 µm. For each such independent array a bonding pad of 1.2×0.3 mm 2 was defined on the 40 µm thick diamond frame. The third generation of the scCVD diamond membrane-based sensors for microdosimetry, was motivated by the idea of creating the first fully 3D diamond microdosimeter sensor based on entirely isolated single scCVD diamond µSVs. These isolated µSVs are surrounded by a nonelectrically active resist, and are supposed to deliver an even higher structural definition of the µSVs and thus higher signal resolution than the previous sensors. Furthermore, the single µSVs have the advantage of no need for additionally active connecting bridges for the signal readout, as it is the case for the GR sensors. diamond sensors in section 4.3. However, in contrast to the p + sensors, the µSVs of the 3D sensors are fully isolated and surrounded by a non-electrically active material. In such a case additionally an external bias (in reverse mode of p + -i junction) can be applied to the µSVs to increase the built-in electric field, which was not possible for the p + prototype due to the activation of intrinsic diamond region within the m-i-m junction.

In Fig. 4.45 b) the charge transport within one µSVs (for both versions) of the 3D diamond sensor is schematically illustrated by a band-diagram. The parallel-plate geometry contacts, as explained previously for GR sensors, deposited on both sides of the resist layer create an array of multiple micro-size solid-state ionization chambers, which allow to generate a complete and high resolution signal from the 3D diamond sensor when irradiated with different ions. No charge diffusion from the area surrounding the µSVs can take place as it is filled with a non-electrically active resist material. As a result, under typical operation conditions no measurable signal is generated in the non-electrically active material.

Microfabrication Process

In the microfabrication processes of both the i3Dm and p + 3Dm sensor, there is only one difference which is the CVD growth of the p + layer for the latter sensor prototype. The following description considers all required microfabrication steps for both sensor's versions. All the thin film deposition, plasma etching and CVD growth parameters and the calibrated rates used for the creation of the 3D diamond sensors are summarized in Tab. 4.1, Tab. 4.2 and Tab. 4.3, respectively.

In (1) step in Fig. 4.46 ≤20 µm thin membrane suspended over a bulky diamond frame was cleaned with a hot acid treatment to remove possible surface contamination after the PVD deep Ar/O 2 plasma etching. Alternatively, a p + diamond layer of ∼ 2 µm was additionally CVD grown on the bottom side of the scCVD diamond membrane (Fig. 4.46 right side in blue). This p + layer provides additional stability to the membrane and simultaneously acts as a bottom side electrode of the sensor. To achieve a structural stability for the following processing steps, the diamond membrane was fixed onto a 2-inch Si-wafer, as previously presented in Fig. 4.30.

In Thereby, to remove it from the diamond sample's edges and thus allow to detach it from the stabilizing Si-wafer, the area covering the entire membrane with the µSVs (2.5×2.5 mm 2 ) was exposed to the UV light. This exposure led during the development process to removing of the photoresist from the not exposed regions, which included the diamond sample's edges.

In Tab. 4.8 all parameters used for this microfabrication step for all 3D diamond sensors are

summarized. An example of a membrane detached from the Si-wafer with the hard baked SU8 layer is presented in Fig. 4.49. 

3D Sensor Prototypes

Based on the previously described concept and microfabrication process, first proof-of-principle 3D diamond sensors with fully isolated µSVs have been microfabricated within this PhD thesis.

In this subsection, the diamond sensor prototypes p + 3Dm-OG and i3Dm-EG are presented.

p + 3Dm-OG Sensor

The p + 3Dm-OG sensor was the first prototype microfabricated of the third generation of 3D diamond sensors for microdosimetry. In On the top side on the 3D diamond membrane a 2.5×2.5 mm 2 Al top electrode was deposited using the shadow mask system, onto the resist layer, thus interconnecting all 324 µSVs. On the bottom side of the diamond sensor a strip Al electrode was deposited using the same method.

The p + 3Dm-OG sensor's back electrode was glued with a silver loaded two-component resist

[49] onto a sensor carrier. On the top side of the sensor's 40 µm thick diamond frame the same silver resist was used for manual wire bonding of the Al readout top electrode to the sensor carrier readout tracks, as is explained in more detail in chapter 5.

i3Dm-EG Sensor

The i3Dm-EG sensor was the second prototype microfabricated of the third generation of diamond microdosimeters. 

Summary and Conclusion

In this chapter, the microfabrication processes of three generations of scCVD diamond membranebased sensors for microdosimetry, developed within this PhD thesis have been presented and discussed. Tab. 4.9 provides a detailed summary of all the diamond sensor generations and their prototypes. For each microfabricated sensor prototype, its µSVs' properties and structural parameters are presented. The three diamond sensor generations include, 1 st the pioneering self-biased p + sensor with µSVs created by a local p + -i junction formation, 2 nd the more universal externally biased GR sensor, with µSVs formed by patterned metal electrodes, operating as solidstate ionization chambers and 3 rd the fully 3D diamond sensor, with entirely isolated diamond µSVs embedded within a non-electrically active resists layer. Table 4.9: Summary of the scCVD diamond sensors and their corresponding parameters.

For accurate microdosimetric measurements of the extremely steep energy deposition gradients delivered during hadron therapy, the microdosimeter's µSVs must be of high spatial resolution (few microns thickness). Thus, all diamond sensors developed within this PhD thesis were based on super-thin scCVD diamond membranes. Various microfabrication techniques, including Ar/O 2 plasma etching, CVD diamond growth, thin films deposition and multi-layer photolithography have been mainly used for the diamond microdosimeters prototyping. Using these techniques, in all six microfabricated prototypes, arrays of well-defined micro-sized SVs with well-known dimensions of their structures were created.

When comparing all three generations of the microdosimeters, the GR sensor design with µSVs formed by photolithographic patterned Al electrodes interconnected with bridges and surrounded by a GR electrode, was the easiest one to be microfabricated. Following the GR approach, the microfabrication of the p + sensors, which required an additional CVD growth of the p + diamond layer and a multi-stage plasma etching process for the creation of the µSVs was categorized as moderate. Finally, for the microfabrication of the free standing and fully isolated 3D µSVs of the third generation of diamond sensors, several advanced multi-stage etching and photolithography processing steps were needed.

The promising advantage of the first generation p + diamond sensors are their p + -i-m junction formed self-biasing µSVs. No external sensor biasing is needed in such a detector configuration, which allows a production of very compact and easy in operation microdosimeter system. At the same time, the built-in and thus fixed potential of the sensor might be also its limiting factor and has been investigated in detail, as presented in chapter 6.

Owing to their parallel-plate geometry, the second generation diamond sensors have the competitive advantage over the p + sensors that they can be operated as a simple solid-state ionization chamber. This means that the sensors can be externally biased and thus universal high electric fields, which are needed to obtain full charge collection under varying ion beam conditions, can be created within the sensor. The fact that this generation of sensors was quick and relatively easy to prototype meant that it was also possible to investigate these sensors in ion microbeams (see chapter 6) within the time frame of this project. Furthermore, it meant that new, optimized versions of the sensors could be quickly produced based on the results obtained from the previous test, which could then be used in the next round of testing (see chapter 7).

Despite the most advanced and also challenging microfabrication process of the fully 3D diamond sensors, these sensors are also the most promising one for applications as high spatial resolution microdosimeter in clinical ion beams conditions. Due to the non-electrically active resist material surrounding the µSVs in these sensors, no charge diffusion is possible, as it can be the case in the p + and GR sensors. However, after successful demonstration of the microfabrication of the 3D diamond sensors, only preliminary ion microbeam characterization measurements were possible due to the limited time of this PhD thesis, and are presented in chapter 6. In this chapter, the integration of the scCVD diamond membrane-based sensors with dedicated sensor carriers, and their preliminary testing in laboratory conditions using alpha spectroscopy are briefly presented. Alpha spectroscopy was the first step in the characterization of the diamond detectors, which allowed the preliminary performance of the sensors to be evaluated. The αsource measurements provide insightful information on the measured energy deposition spectra with the diamond sensors and the electric field (bias voltage) required to obtain a complete charge collection. In the first part of this chapter, the evolution of the PCB-and DIL20-based sensor carriers developed for the fragile diamond membrane-based sensors is described, as well as their mounting and wire bonding onto these carriers explained. In the second part of this chapter, first a brief description of the experimental setups used for the α-source measurements together with two energy calibration methods used for the diamond-membrane sensors are presented. Finally, the measured energy deposition spectra with all three generations of diamond sensors (p + , GR and 3D) are successively shown. At the end of this chapter a short summary and conclusion is provided.

Diamond Sensors Integration and

Diamond Sensors Integration

The microfabricated scCVD diamond membrane-based sensors presented in the previous chapter, are extremely fragile thus, structural stability in form of a sensor carrier was needed.

Apart from providing a more robust detector, a combination of an easily removable diamond sensor holder and an appropriate socket integrated in a printed-circuit board (PCB) enabled the sensors to be used universally with different available readout systems (see chapter 7). Similar to the evolution of the presented three generations of diamond sensors, the development of an appropriate diamond carrier was additionally improved. Starting with a relatively large and simple PCB-based sensor holder with a single readout channel, a Dual In-Line (DIL) package, as used in microelectronics, was subsequently introduced and further developed. Additionally, with the aim of being able to compare the diamond sensor performance with already existing SOI microdosimeters [START_REF] Tran | Thin silicon microdosimeter utilizing 3-d mems fabrication technology: Charge collection study and its application in mixed radiation fields[END_REF][START_REF] Tran | The relative biological effectiveness for carbon, nitrogen, and oxygen ion beams using passive and scanning techniques evaluated with fully 3d silicon microdosimeters[END_REF], a fully integrated and handy DIL20 package was set as goal for the diamond microdosimeter system.

PCB-and DIL-Based Diamond Sensor Carriers

For the first proof-of-principle α-source and ion microbeam measurements (see chapter 6), as well as for preliminary characterization measurements in clinical ion beams (see chapter 7), the diamond membrane-based sensors were mounted onto the standard glass fiber FR-4 PCB [22] with a single readout channel (A1). In Fig. 5.1 a), an example of the p + EG-S sensor being mounted onto a 5 cm-diameter circular PCB is shown. The diamond membrane-based sensors were glued with the metallized back side of the thick diamond frame to a PCB copper track by using a silver loaded two-component resist [49], so that the area with the µSVs was aligned with the via-hole in the center of the PCB, as shown in Fig. 5.1 b). This design enabled the sensors to be irradiated from either the back or front side, as well as the particles traversing the diamond membrane to be detected by another particle detector placed right behind it (∆E + E approach). However, the need for a more compact diamond sensor carrier with multiple readouts, as well as with an easier handling approach, was quickly identified as the next objective. Based on the ceramic DIL20 package, commercially available at Spectrum Semiconductor Materials Inc. [START_REF]For more information about dil20 packages see[END_REF] in USA, a modified DIL20 package version for diamond membrane-based sensors was proposed and developed. Furthermore, the use of such a universal DIL20 package with an identical operational configuration as that at the Centre for Medical Radiation Physics CMRP, enabled the sensors to be easily exchanged between the research teams, as well as a more accurate comparison of the performance between the SOI and diamond-based sensors to be conducted (see chapter 7. In Fig. 5.2 a), the original version of the DIL20 [START_REF]For more information about dil20 packages see[END_REF] is presented next to the modified version in Fig. 5.2 b), that was used as a diamond sensor carrier. Essentially, the DIL20 package consists of a body (housing) made of ceramic (in black). The lower half of the body includes 20 independent embedded leads (pins). A rectangular gold-plated cavity (in gold) is buried at the center of the DIL20 package. The leads of the DIL20 extend diagonally inside the package body and are connected by fine contacts to the pad surrounding, but not interconnecting the cavity. The largest modification was to partially remove the gold-plated layer in the DIL20 cavity. As explained in the previous sections, the µSVs within the diamond sensor are defined by the size and shape of the electrical contacts and thus the bias or self-induced electric field within such a parallel-plate configuration. For this reason, the size of the electrical contacts should be kept to a minimum and adequate spaced from one another in order to prevent undesired sensor carrier features being activated.

The gold layer within the cavity was removed by a laser method, down to the non-electrically active ceramic layer by the company SERMA Technologies [START_REF]For more information about the serma technologies see[END_REF] in France. To attach the diamond membrane sensor to the DIL20 cavity, only four (1.0×1.5 mm 2 ) gold-plated electrical contacts were left over during the laser process. Additionally, a via-hole with a side length of 2×2 mm 2 was drilled into the center of the cavity. Although this was not crucial to the operation of the diamond membrane-based sensors, it enabled the sensor to be irradiated from either the front or back side. Furthermore, also in this configuration the particles traversing the diamond membrane could be detected by another particle detector placed right behind it (∆E + E approach).

The main obstacle in the DIL20 modification was the laser cutting process of the via-hole within the ceramic body in the center of the DIL20 cavity. During the material removal process with the laser, irregular melting around the cut edges formed, as indicated by the white arrows in Fig. 5.3 a). This recast layer of so-called debris on the surface of the cavity in the vicinity of the cut edges presented problems when fixing the diamond membrane sensor to the gold contacts within the DIL20 cavity. A schematic illustration in Fig. 5.3 b), explains the debris problem. As some of the created debris were up to 100 µm high, it was impossible to fix the fragile membrane sensor to the gold contacts. When a thicker layer of the silver loaded resist was deposited onto the contacts to compensate for the difference in height, the membrane would swing during the wire bonding process because of the lack of supporting material behind the diamond frame.

Thus the DIL20 packages had to be reprocessed for a second time to remove most of the debris. The design of this prototype was inspired by the DIL20 configuration, in order to keep it compatible with the different readout systems used within this PhD project. Besides the significantly lower costs and faster production times, a new and very usefully feature that enabled the future diamond sensors to be better fixed onto the PCB was included in this prototype. By introducing small via-holes through the gold plated electrodes and PCB, the silver loaded resist layer used during the gluing process could be minimized and distributed more homogeneously on the back side of the diamond frame (see schematic illustration in Fig. 5.5 b)). This also minimized the swinging effect of this sensor, which was observed during the wire bonding process when a gap between the fixed sensor and the cavity was too big.

Mounting and Wire Bonding of Diamond Sensors onto Carriers

As briefly mentioned in the previous section, the fragile diamond membrane-based sensors were carefully mounted onto the designated sensor carriers. To do so, in the first step, the silver loaded two-component resist [49] was deposited onto a copper or gold contact of the given sensor carrier. Following this, the metallized frame of the bottom side of the sensor was carefully placed onto the metal contact, as presented in Fig. 5 Using a wooden or plastic stick, the membrane was then pressed down extremely carefully onto the electrode to evenly distribute the silver loaded resist on the back side of the diamond frame.

In the optical microscope image in Fig. 5.6 a), the front view of a GR sensor mounted onto a modified DIL20 sensor carrier is presented. For micro-wire bonding the diamond sensor's electrodes to the DIL20 carrier pads, the semiautomatic Ø 30 µm Al wire bonding system HB10 [START_REF]For more information about wire-bonding with the hb10 system see[END_REF] at SPEC was used. In Fig. 5.6 b), a view though the HB10 system's microscope on the wire-bonded GR sensor is shown. Two-step bonding over a 2.5 mm distance was performed, starting from the diamond membrane level and ending on the higher DIL20 pads level.

In Fig. 5.7, the standard configuration of the connections for the DIL20 carrier are exemplified with the GR-EG1 sensor prototype. For orientations purposes, the first out of the 20 pins was marked with a cut edge, as indicated by the white arrow. The bias voltage (HV) is applied to the sensor though pin 3 (in blue), which is wire-bonded to one of four interconnected gold-plated contacts in the DIL20 cavity (marked with blue dots and crosses). A diamond membrane-based sensor was usually glued onto two of them, as marked by blue crosses. Four readout pins (in red) are available with the DIL20 carrier. In this example, the four readout pins connected to the top Al readout electrodes on the GR-EG1 diamond sensor are: pin 18 connected to the array A1, pin 14 connected to A2, pin 8 connected to A3, and pin 4 connected to A4. Pins 1, 11 and 20 were at ground potential; all other residual pins were not used (floating). For the new FR-4 PCB-DIL20 sensor carrier an identical configuration of the connections was used. In Fig. 5.8 a), the readout system used for sensors mounted onto the standard 5 cm-diameter circular PCB sensor carrier is presented. It was mainly used with the first generation p + sensor prototypes and the first GR-OG1 prototype. Here, to bias the diamond sensor and measure the signal from the top Al readout electrode(s), SMA connectors were soldered to the outside of an Al housing in which the PCB was mounted. The connection between the SMA connector and the PCB track was established by soldering a thin isolated cable between both of them (see the yellow cables in Fig. 5.8 a)). 

Alpha Spectroscopy and Energy Calibration

In order to perform first proof-of-principle test measurements with the microfabricated diamond membrane-based sensors, before precisely characterizing them in single ion microbeams (a relatively expensive and time consuming process), the sensors were exposed to α-particle emitting sources. Using these α-sources, also the energy calibration of the diamond sensors before conducting clinical measurements was performed. In this section the experimental setups used for the alpha spectroscopy, and both the pulse generator and ∆E + E approach based energy calibration methods, are described. After this, the energy deposition spectra measured with the p + , GR and 3D diamond sensors are successively presented.

Experimental Setup

The microfabricated diamond detectors were tested under laboratory conditions using two αsources, mainly 5.486 MeV 241 Am and occasionally 3.327 MeV 148 Gd. An α-source was placed in close-proximity above the detector in a vacuum chamber. In order to reduce the low energy tail (broadened energy distribution) arising from the α particles reaching the diamond detector with a low incidence angle, a plastic collimator was 3D printed to cut off these lower energy particles. An example of such an α-source holder with a 2×2 mm 2 collating cavity is presented in Fig. 5.9 a) and b). This source holder also ensured a more standardized measurement, by maintaining the same position and distance of the diamond detector from the α-source for all measured prototypes. As illustrated in Fig. 5.10, for processing the output pulses previously induced by single alpha particles in an array of diamond µSVs, the charge sensitive preamplifier (CSA) Amptek CoolFet [14] was used. The preamplified diamond pulses were then shaped and further amplified by an analog spectroscopy amplifier system Ortec 672 [START_REF]For more information about the spectroscopy amplifier model 672 from ortec see[END_REF]. From there, an Amptek MCA 8000A multichannel analyzer measured the pulse-heights, converted them into different channels and generated a histogram of the pulse-heights, known as the pulse-height spectrum. Using a voltage power supply or a ± 6 and ± 9 V battery box, ensured a bias voltage (HV) in the diamond sensor.

Alternatively, the detector bias was applied directly via a SHV connector though the CoolFet preamplifier, otherwise, the SHV was terminated with 50 Ω to avoid any additional noise. In Fig. 5.11 a), a schematic illustration of a α-source measurement setup is presented. Using the previously described electronic chain, a pulse-height spectrum with a well-defined peak was recorded, as exemplified in Fig. 5.11 b) in green. Measuring several pulse-height spectra for successively increasing bias voltages and comparing their peak's centroid to the one previously measured (black spectrum), a saturation of the measured signal was observed. This saturation of the measured signal was the first indicator of a full charge collection (CCE 100% ) of the detector at a given bias voltage. To confirm this assumption, an energy calibration of the pulse-height spectra was performed. Since the range of 5.486 MeV α-particles is approximately 14 µm in diamond, a 300 µm thick scCVD diamond detector biased at ±200 V was used to measure the full absorbed energy. During irradiation in the vacuum chamber, the signal detected by the thick diamond was measured with the same electric chain as the signal from the diamond membrane detector. In Fig. 5.12 a), a schematic illustration of this calibration step is presented. In Fig. 5.12 b), the main measured peak for the fully stopped 5.486 MeV alpha particles is well defined and used for the following calibration of a precision pulse generator (pulser). It is also to be noted that the amount of energy available to create electron-hole pairs is largely independent of the energy and type of ionizing radiation. Thus, once the readout system has been alternatively calibrated to, for example, a silicon detector (e.g. Si PIN photodiode), it can be re-calibrated for diamond using the ratio of electron-hole pair formation in silicon (3.6 eV) to diamond (13 eV). This approach was used for the energy calibration during characterization measurements performed with the diamond membrane detectors at ANSTO in Australia. Finally, for verifying the pulser calibration method, and also used as an alternative calibration method, a ∆E + E approach using the diamond membrane and 300 µm thick diamond, as schematically illustrated in Fig. 5.14 a), was used at LCD during this PhD project. Here, the full particle energy was also initially measured with the thick diamond detector. Following this, a saturated pulse-height spectrum was measured with the diamond membrane sensor (∆E) and an additional measurement was performed with the thick diamond placed directly behind the membrane, thus measuring the residual particles traversing the diamond membrane. If the calibration was performed correctly, the sum of both measured energy peaks should be equal the initial energy of the α-particles. However, a small discrepancy could be found due to the energy lost in the Al contacts or other additional features of the diamond membrane sensors.

Results of Alpha Spectroscopy with Diamond Sensors

Alpha Spectroscopy with p + Sensors At first, a p + diamond membrane with full surface boron-doped layer and only one large top Al electrode was tested, as presented in the inset of Fig. 5.18 a). In Fig. 5.18 a), two pulse-height spectra of the 5.486 MeV α-particles traversing the 4 µm thick diamond membrane are displayed.

In black, the signal detected with no applied external bias and in red with a +16 V applied bias to the membrane can be distinguished. The latter corresponds to an applied electric field of 3.2 V/µm, which is a field strength significantly exceeding the value of 0.3 V/µm at which a 100 % CCE is expected for an electronic grade diamond material as used for this sample.

This observation gives a strong indication of a complete CCE at 0 V bias for the p + diamond membrane detectors, as a significant similarity of both detected spectra is produced. In Fig. 5.18 b), the energy spectrum detected with microfabricated the p + EG-S sensor (with µSVs) for the same α-source is presented. The measured spectrum with the p + EG-S sensor shows a well-defined peak, however an additional low energy tail was observed in the spectrum.

From the energy deposition spectrum peak's an energy of 1.1 MeV was estimated. Using the MC code TRIM [START_REF]For more information about srim/trim see[END_REF], the energy deposited in a 4 µm thick diamond membrane was simulated and showed a good agreement. However, as the p + EG-S sensor was microfabricated with multiple µSVs instead of one large collecting Al electrode, as previously presented in Fig. 4.33, no distinction between signals arising from different µSVs was possible. Thus, only an average energy detected from all 41 different µSVs was achieved in this measurement. Different sizes and shapes of the µSVs could however have an influence on the detected signal and thus contribute to a lower average CCE of the sensor. Consequently, individual µSV were investigated in more detail with the ion microbeam technique IBIC and the results are presented in the following section. 

Alpha Spectroscopy with 3D Sensors

In Fig. 5.18, an energy deposition spectrum measured with the i3Dm-EG diamond detector during irradiation with the 5.486 MeV α-particles, fully traversing the diamond µSVs, is presented.

The back electrode of the i3Dm sensor was biased at -20 V, resulting in a 2.5 V/µm electric field for the 8 µm thick diamond sensor for a complete CCE, in an electronic grade diamond as used for this prototype. A well-separated peak from the lower energy counts can be observed in the presented spectrum. From the measured energy deposition spectrum's peak an energy of 2.5 MeV was estimated and showed a good agreement with the TRIM simulation results. 

Summary and Conclusion

In this chapter, the integration of the scCVD diamond membrane-based sensors with dedicated sensor carriers, and their preliminary testing in laboratory conditions using alpha spectroscopy have been presented. The evolution of three different diamond sensors carriers was briefly described and the associated difficulties with the diamond sensor mounting and wire-bonding discussed. In Tab. 5.1, an overview of the three sensor carrier versions used with the microfabricated scCVD diamond membrane-based prototypes is provided. In the second part of this chapter, two different energy calibration methods used within this PhD thesis for the calibration of the diamond membrane-based sensors were presented. The first method was based on a calibrated precision pulse generator, with which voltage pulses were generated and then attenuated to range of different pulse-heights corresponding to the to be calibrated energies. The second calibration method was based on the ∆E + E approach, and thus only available for particles or ions beams fully crossing the thin diamond sensors' membranes. Both these, calibration techniques rely upon a comparison of the charge collection characteristics (proportional to energy deposition) of a known device to an unknown device, in order to calibrate the energy deposition within the unknown diamond membrane. These described calibration methods were used during the alpha spectroscopy, as well as measurements with ion microbeams and clinical ion beam experiments.

Diamond Sensor Prototype Version of Sensor Carrier

p + EG-S 3 cm PCB p + EG-C 3 cm PCB GR-OG1 3 cm PCB GR-EG1 Modified DIL20 p + 3Dm-OG PCB-DIL20 i3Dm-EG PCB-DIL20
The energy deposition spectra measured with the p + , GR and 3D diamond membrane-based sensors, exposed to α-particle emitting sources have been presented. In all measured energy deposition spectra a well-defiled peak was present, however also a low energy tail contributing to all the spectra observed. The estimated energy depositions within the different diamond sensors have been calculated using MC simulation TRIM [START_REF]For more information about srim/trim see[END_REF] and compared to the energies estimated from the measured energy deposition peaks. A fairly good agreement was found for all simulated and measured energies with the diamond detectors. These promising preliminary results qualified these prototypes of diamond sensors for the IBIC characterization experiments, in which the single µSVs were studied with an ion microbeam resolution and are presented in the next chapter. The aim of the work presented in this chapter was to successively investigate the response of three generations of scCVD diamond microdosimeters to single mono-energetic projectiles in well-controlled ion microbeam conditions. The Ion Beam Induced Charge (IBIC) technique used with microbeams is a perfect experimental tool for gaining an understanding of the charge transport characteristics of new diamond-based microdosimeter prototypes prior to clinical measurements in more complex mixed radiation fields.

Characterization of the p + , GR and 3D diamond sensor prototypes described in detail in chapter 4, was carried out at two ion beam analysis facilities; the AIFIRA, CENBG in France and the Australian Nuclear Science and Technology Organization (ANSTO) in Australia. The active µSVs in the microdosimeters were irradiated using a raster scanning method with a well known projectile and energy in a vacuum chamber. To test the detectors' suitability for measuring a wide range of different particles and energies, microbeams of protons, helium, carbon and oxygen ion were used for the characterization. The charge transport properties of the diamond sensors were then determined with sub-micron precision by measuring the µSVs 2D median energy maps, the energy deposition (pulse-height) spectra and the charge collection efficiency (CCE) saturation levels. Furthermore, preliminary studies on radiation tolerance were conducted for the p + and GR sensor prototypes.

The first section of this chapter provides a brief introduction to the principles of the IBIC technique for diamond sensors characterization. In the second section, a short overview of both the AIFIRA and ANSTO facility is provided, including information on the experimental setups used for measurements performed within this PhD project. In sections three to five, the results of the IBIC characterization of the three generations of diamond sensor are successively presented.

In these sections, the spatial definition of µSVs and energy deposition spectra quality, together with the CCE vs. applied bias performance, are shown and discussed for each diamond sensor prototype. Additionally, in section six, the results obtained from the irradiation of the p + and the GR sensors with high ion fluence are presented. Finally, in the last section of this chapter a summary and conclusion on the performance of the scCVD diamond microdosimeters in ion microbeams is provided.

Principles of IBIC for Diamond Sensors Characterization

The IBIC is a scanning microscopy and spectroscopy technique which uses focused MeV single ion beams to investigate the electronic properties of semiconductor materials and electronic devices at a microscopic scale [START_REF] Vittone | Semiconductor characterization by scanning ion beam induced charge (ibic) microscopy[END_REF]. The IBIC microscopy uses ion beams focused to submicrometer spots in a low current mode (fA corresponding to count rates of a few kHz). As is schematically illustrated in Fig. 6.1, magnetic quadrupole lenses are used to focus the previously accelerated ion beam. Following this, a magnetic scanning plate system raster scans the focused beam over the region of interest on the investigated detector, typically having an area of few mm 2 or less. As is described in chapter 3, the interaction of a single ion with a semiconductor material generates a volume of free carriers (electron-hole pairs) along the ion trajectory. The current (I) at the collecting electrode of a detector, induced by the motion of the excess free carriers generated by a single ion, is then integrated and amplified by a low noise charge sensitive electronic chain, as is schematically illustrated in Fig. 6.2. This integration results in a measurable charge pulse (Q C ), which is recorded during the raster scanning for each ion strike with its position XY coordinates. For analysis of the spatial definition of µSVs in a detector, so-called median energy maps have been mainly used in this PhD project. In Fig. 6.3 a simplified illustration of the generation of a median energy map from a raster scan is presented. First the data triplets (X,Y,pulse-height) from the raster scanned area of the sensor are divided into pixels. For high spatially resolved image maps of a µSV one pixels usually corresponds to less than a micron (e.g. 1 pixel/0.2 µm).

Each such a pixel contains the number of counts (hits) at the corresponding beam position, allowing the creation of a 2D HIT map. In practical cases when raster scanning across the sensor with defined µSVs, multiple events (hits) can be registered in one pixel, when having the same or similar XY coordinates. The different pulse-heights assigned to one such a pixel, have a specific frequency distribution, which depends on the CCE of the µSV at the scanned region. For example, in a pixel containing pulse-heights measured in the center of an active µSV (framed in green), a symmetric frequency distribution will be observed, as most of these pulse-heights correspond to a complete CCE (max. pulse-height). For such a symmetric distribution the median value is equal to the peak centroid of the Gaussian distribution (green). For pixels containing, pulse-heights measured at the edge or in close vicinity to the µSV, a skewed frequency distribution for the measured pulse-heights will be observed, as some detected events will have a value close to zero and some close to the maximum (framed in blue). Here, the median value is the middle score for a set of detected n-events ordered to a data list (x 1 , x 2 , ...x n ), and is calculated according to equation 6.1. For such pixels defined at the edge of a µSV the size of the microbeam spot starts to become important as it additionally dictates the spatial definition of the investigated µSVs. Finally, the energy calibration of the pulse-heights can be performed with a precision pulse generator as described previously in section 5.2.

M edian =    x n+1 2
if n is odd

x n 2 + x n 2 +1 2 if n is even    (6.1)
The coupling of the IBIC with the scanning ion transmission microscopy (STIM) [START_REF] Bogdanović | Use of stim in the proton microprobe analysis of single particles[END_REF] is additionally used for the analysis of the detector's thickness variation and the physical spatial definition of the µSVs, as it is based on the ∆E + E approach. In Fig. 6.4 a), a schematic illustration of the STIM configuration is presented. A second sensor, usually a planar silicon (PIPS) detector, is positioned directly after the investigated (diamond) sensor enabling the residual ion energy peak to be measured. This STIM method can be alternatively used for the energy calibration of the detector system, as described previously for alpha spectroscopy (see section 5.2).

For the spatial calibration of the IBIC system, a silicon detector with a metal grid of known dimensions is used, and is also based on the STIM approach. An example of a median energy map resulting from the raster scanned copper grid with a 20 µm pitch and a PIPS detector is presented in Fig. 6.4 b). 

Ion Microbeam Facilities and Experimental Setups

The scCVD diamond microdosimeter prototypes were characterized in ion microbeam facilities at AIFIRA in France and the ANSTO in Australia. A brief presentation of both these facilities and the experimental setup used there are provided in this section.

AIFIRA Facility in France

The ion beam analysis facility AIFIRA situated at CENBG, near Bordeaux in France, is a small-scale facility equipped with a commercially available, high energy stability HVEE 3.5 MeV

Singletron [173] accelerator, as presented in Fig. 6.5 a). The radio-frequency source allows different light ion beams to be produced, including protons, deuterons and helium of energies ranging between 500 keV to 3.5 MeV [START_REF] Sorieul | Aifira: an ion beam facility for multidisciplinary research[END_REF]. After a series of multiple diagnostics, slits, aperture and steerers, the ion beam finally enters the regulation slits, which ensure a high energy stability of ∆ E E = 10 -5 and travels through the seven exit ports switching magnet, which deflects the ions towards the selected beam line. 

Experimental Setup

The PCB probe with the diamond membrane detector was fixed to a sample holder in a fully automatic target chamber with precise motorized stages and a microscope at the end of the microbeam line, as shown in Fig. 6.6 a). The sample holder was driven by a XYZ motorized stage, which ensured that the diamond detector, together with the microscope, was precisely positioned within the ion microbeam. Behind the sample holder, a motorized support was used to position the STIM detectors. The STIM particle detection was performed with a partially-depleted PIPS silicon detector from Canberra, which was used with the NIM electronic modules [START_REF] Sorieul | Aifira: an ion beam facility for multidisciplinary research[END_REF]. In this experimental setup, the ∆E + E approach was used for the energy calibration of the diamond system. The inside setup of the target chamber is shown in Fig. 6.6 b). The diamond membrane microdosimeter that was to be tested was connected via short SMA cables to a conventional charge sensitive electronic chain, consisting of a CoolFET A250CF preamplifier and an analog pulse shaping amplifier Model 2026 from Canberra. The shaping time of the amplifier was set to 0.5 µs. The diamond membrane voltage was supplied by a highly stable 4-channel high precision bias supply unit (MHV-4 from Mesytec) [START_REF]For more information about the mhv-4 bias supply unit from mesytec see[END_REF]. Pulse-height spectra for the incident ion beams were measured using a multiparameter acquisition system (MPA-3, FastCom Tech GmbH) and stored together with the coordinates for the position of the microbeam. The off-line data processing of the measured IBIC and STIM was performed using the ImageJ plugin, developed at AIFIRA for batch data processing and imaging [START_REF] Dev | An imagej plugin for ion beam imaging and data processing at aifira facility[END_REF]. The ion beams and energies used at the AIFIRA facility for the IBIC characterization of diamond membrane detectors were 1.3 MeV and 2.0 MeV protons, as well as 3.0 MeV helium ions. 

ANSTO Facility in Australia

The Centre for Accelerator Science at ANSTO operates four tandem accelerator systems for ion beam analysis. For characterizing the diamond membrane detectors, the 6 MV Sirius tandem accelerator was used [2]. The Sirius system, shown in Fig. 6.7, is built around the Pelletron tandem accelerator by the National Electrostatic Corporation [START_REF] Pastuovic | Sirius-a new 6 mv accelerator system for iba and ams at ansto[END_REF]. Beams of light ions, including protons and helium, as well as heavy ion beams such as carbon and oxygen with energies up to 90 MeV can be produced by three ion sources available in this system [START_REF] Pastuovic | Sirius-a new 6 mv accelerator system for iba and ams at ansto[END_REF]. The Sirius high-energy ion microprobe end-station is placed at the 45 • C exit of the switching magnet at the second branch (yellow dashed line). This microprobe was used for characterizing the diamond membrane detectors using the IBIC method. Using this microbeam system, ion beams of approximately 1 µm (FWHM) in diameter were achieved during the measurements. 

Experimental Setup

The diamond membrane detector (mounted onto a PCB) was fixed to a sample holder in a specially designed vacuum target chamber with anti-vibration support, as presented in Fig. 6.8 a). The individual components of the microprobe "end-station" include: a piezoelectric SmarAct XYZR (rotation) micro-manipulator, an infinity tele-ZOOM microscope with an innovative imaging system and a mirror, and a high resolution camera for the precise positioning of the tested sensor in the ion beam. For the STIM measurements, a silicon planar diode (B-series from ORTEC) was manually positioned behind the tested detector. In order to calibrate the diamond measurement system for this experimental setup, the previously described pulser method was used for all measurements (Model 419 Ortec). For four selected high energy ion beams (see section 6.4), the ∆E + E approach was also used and compared with the pulser calibration. Additionally for this comparison, in Fig. 6.11 energy deposition spectra from different regions of these median energy maps are shown. The spectra in black, blue and green dashed lines represent the energy deposition distributions for all events detected from the full scan areas as framed with dashed line in the median energy maps in Fig. 6.9 a) and Fig. 6.10 a) and b), respectively. In all these energy deposition spectra the distribution peaks are well defined.

Comparing the black energy deposition spectrum from a large area scan as presented in Fig. 6.9 a), to both spectra from the single µSV scans (green and blue), clearly a wider peak can be observed from the large area scan. This wider peak can be related to a greater variation of the diamond membrane's thickness across an area of 0.8 × 1.0 mm 2 when compared with small areas of only 90 × 90 µm 2 and 25 × 25 µm 2 . Furthermore, in all three spectra an additional tail at lower energies appears. When comparing only the spectra obtained from single µSVs, the lower energy tail is more pronounced for the smaller than the larger µSV. The contribution of the incomplete charge collection signal to the measured spectra is directly linked to the ratio of the area of investigated µSV and the region in the close vicinity to this µSV. The larger the µSV the smaller the low energy tail and the spectrum approaches the ideal case of the sensor response to mono-energetic projectiles traversing the diamond membrane (Gaussian distribution). The energy deposition spectra for both µSVs presented as solid green and blue lines in Fig. 6.11, correspond to the events (hits) located only in the centers of the µSVs, as indicated by the green and blue squares in the median energy maps (Fig. 6.10 a) and b)). These spectra show a perfect Gaussian distribution of energy deposition with no contribution to the low energy tail. After fitting these data with the Gaussian function, the peak centroid corresponds to an average energy of 220.54 ± 38.09 keV and, thus, a lineal energy of approximately 55 keV/µm for the 4 µm diamond membrane thickness of the p + EG-S microdosimeter. Compared with the deposited energy calculated for those conditions using the MC code TRIM [START_REF]For more information about srim/trim see[END_REF], of 219.32 ± 29.02 keV, the measured spectra with the p + EG-S microdosimeter shows a very good agreement. In this case, the energy resolution is mainly limited by the straggling of the ions in the diamond material and a contribution from the electronics (24.67 keV) and not by the intrinsic electric (charge transport) properties of diamond. A detailed analysis of the origin of the low energy tail was made for the 25 × 25 µm 2 small µSV.

From the energy deposition spectrum corresponding to the whole scanned area (Fig. 6.10 b)), 134 different energy intervals were selected, as indicated in Fig. 6.12. From these then the corresponding median energy maps were generated. The median energy map framed in red, represents all detected energies from the scan, while the one framed in yellow, only regions with low energies detected, ranging from 0 to 180 keV. Finally, the mean energy map framed in green, displays all events with energies above 180 keV, corresponding to the Gaussian peak distribution (ideal case). From this analysis, it can be clearly seen that the lower energy signals are related to the incomplete CCE in the region directly surrounding the µSVs in the close vicinity to their edges. By overlaying the low energy map (as framed in yellow in Fig. 6.12) with the SEM image of the exact same µSV, as shown in Fig. 6.13 a), it can be seen that the incomplete signal area is larger than the edge imperfections. The signal profile measured at the edge of this µSV from the median energy map (blue arrow) is displayed in Fig. 6.13 b). The energy profile showed a homogeneous and complete CCE inside of the defined µSV area. The drop from complete signal to zero (CCE 100%→0% ) of the small µSV measures approximately 4 µm. Since the lifetime of the free charge carriers in electronic grade scCVD diamond material was previously measured to approach 1 µs [START_REF] Pomorski | Development of single-crystal cvd-diamond detectors for spectroscopy and timing[END_REF], this effect of incomplete CCE at the vicinity of µSV is most likely to occur as a result of partial charge cloud diffusion from the intrinsic m-i-m part of the sensor to the p + -i-m junction (µSV). The energy spectrum corresponding to the median energy map as presented in Fig. 6.14 a), is shown in Fig. 6.15. The spectrum plotted in black dashed line includes all events detected from the full scan area of 150× 150 µm 2 including 8 µSVs. A peak can still be distinguished, however the low energy contribution to the spectrum is much higher, when compared with the spectrum from the p + EG-S sensor of larger size µSVs. The energy deposition spectra presented as dashed green and solid green lines were generated from one µSV and only its center, as indicated in Fig. 6.14 a), respectively. The Gauss fitted data corresponded to measured average energy deposition of 278.68 ± 41.13 keV (FWHM) and, thus, a lineal energy of approximately 55 keV/µm for the slightly thicker p + EG-C membrane of 5 µm. This spectrum shows a perfect definition of energy deposition distribution limited only by the particles straggling and electronic noise with no low energy tail, indicating again perfect performance of electronic grade scCVD diamond material. For studying the incomplete signal at the edge of the µSV, the median energy map from the IBIC measurement was additionally coupled with the STIM technique, as presented in Fig. 6.16 a) and c), respectively. In addition to the median energy maps, corresponding energy deposition profiles measured across the µSVs are displayed in Fig. 6.16 b) and d).

As presented in Fig. 6.16 a), it can be clearly seen that the region of incomplete CCE surrounding the µSVs is CCE 100%→0% = 10 µm, which is larger than for the p + EG-S detector (CCE 100%→0% = 4 µm). The PIPS detector providing the STIM energy map, was positioned directly behind the p + EG-C sensor during the ion beam scan, thus detecting residual proton energy traversing the diamond sensor. Consequently, the STIM energy profile presented in Fig. 6.16 d), shows a lower energy level when the beam was scanned over a µSV due to the higher energy deposition in the µSV which is thicker than rest of the sensor because of the presence of the p + diamond layer.

According to the STIM energy profile, the spatial definition of the µSVs is very good with a wall edge of less than 1 µm which is approaching the resolution of the microbeam spot. The STIM measured diameter of the µSV is 16 µm and corresponds to the diameter of the created µSV in the p + EG-C sensor and was measured using an optical microscopy technique. The region of CCE 100%→0% drop can be repeatedly attributed to the partial diffusion of the charge cloud from the m-i-m region to the p + -i-m region at the vicinity of the µSV. A slightly broader area of the partial charge cloud diffusion could be explained by the different thicknesses of the sensors, resulting in a larger diffusion length and lower induced electric field within the µSV. Consequently, the observed drop of CCE 100%→0% could be problematic for future real devices with small µSVs comparable to the size of cell nuclei of 10 to 20 µm. As, this effect would significantly degrade the quality of the energy deposition spectra for µSVs smaller than 16 µm.

Reducing the CCE 100%→0% region was the motivation to investigate other types of microdosimeters, like the GR and 3D diamond sensors, presented in the following subsections.

Charge Collection Efficiency (CCE)

Fig. 6.17 shows the charge collection characteristics of a single µSV (p + -i-m) while applying different bias voltage ranging from +5 V to -5 V. It is worth to be noted here, that the p + microdosimeter can only be operated at 0 V. When an external bias is applied to the sensor, it activates the metal readout electrode (m-i-m), consequently resulting in one "macro" sensitive volume. The four curves correspond to the values measured under irradiation of the µSVs in the p + EG-S sensor with 2 MeV protons (blue), 5.5 MeV and 3 MeV helium ions (magenta and green, respectively) and 16.6 MeV carbon ions (orange). The measured pulse-heights were initially calibrated to energy and normalized to a maximum measured value at relatively high electric fields, which represented a complete CCE in electronic grade scCVD material.

The following important parameters can be extracted from this graph; the intersection of the x-axis (black arrow) corresponds to the flat band conditions where the internal electric field is compensated by the externally applied bias and equals zero. The experimentally measured built-in potential of 1.8 V, as it was previously measured to identical value for other devices [START_REF] Delfaure | Single crystal cvd diamond membranes for betavoltaic cells[END_REF], corresponds to a built-in electric field of 0.45 V/µm in the 4 µm thick p + EG-S sensor. The CCE at 0 V bias, which is the standard condition of the p + sensor operation is circled with a dashed line in Fig. 6.17. This electric field was strong enough to obtain complete CCE for 2.0 MeV protons with lineal energy of 55 keV/µm. However, for heavier ions tested, an incomplete CCE was observed at 0 V applied bias. In Tab. 6.1 the resulting CCE values are summarized. The observed CCE is incomplete for lineal energies ≥311 keV/µm due to the low built-in potential of 1.8 V. This could be problematic when using this p + sensor detectors for microdosimetric measurements in carbon ion therapy, since non-linearity with the lineal energy response can be expected. A possible solution would be to use thinner sensor membranes, but then the signal-to-noise ratio would increase. However, the full CCE signal for protons, suggests that the p + sensors could be still used for microdosimetry in proton therapy, where the lineal energy range is lower with the dose-mean lineal energies reaching up to 10 keV/µm (see chapter 7), thus being within a complete CCE region of the sensor. Furthermore, the great advantage of the p + sensor is the p + -i-m junction forming self-biased µSVs, operating at 0 V applied external bias, thus the electronic noise is expected to be extremely low.

Charge Transport Characteristics of GR Sensors

The charge collection characteristics on a microscopic scale, of the bias-universal GR scCVD diamond sensors were investigated in this section. These sensors consist of µSVs formed by photolithography patterned top Al electrodes interconnected with bridges and surrounded by a GR electrode, operating as solid-state ionization chambers. The GR-OG1 and then the GR-EG1

were initially scanned with a 2 MeV proton microbeam at AIFIRA, CENBG facility, to study their µSVs' spatial definition, as well as the energy resolution of their measured energy deposition spectra. A detailed characterization with a wide range projectiles and energies was performed for the GR-OG1 detector (first prototype), including 0.8 MeV 

Spatial Definition of µSVs and Energy Spectra Quality

GR-OG1 Sensor

The first prototype of the new diamond GR detector generation, the GR-OG1, was raster scanned with a 2 MeV proton microbeam in different spatial areas. In Fig. 6.18 a), a median energy map resulting from the raster scanned area of 0.7 × 0.9 mm 2 of the GR-OG1 diamond membrane biased at -20 V is displayed. The median energy map, with color-coded pixels, represented the detected ion interactions within the diamond membrane. The colors blue through magenta represent the low median energy per pixel and red through yellow the high median energy detected from an ion hit. Black pixels represent no detected interactions. According to the previously described concept of the GR (see section 4.4), it can be observed that only the regions of intrinsic diamond µSVs defined by photolithography patterned Al contacts, register ion hits with high and homogeneous median energy. Ion hits under the GR electrode surrounding the µSVs are not active. In Fig. 6.18 b), an optical microscope image of the exact same region of the device is shown. From directly comparing both images, a good agreement in the shape and position of the µSVs was found.

In order to investigate the contribution of all different active features/elements of the GR-OG1 detector, energy deposition spectra for different spatial regions in the membrane detector were plotted in Fig. 6.19. The black spectrum represents the energy distribution for all events detected from the full sensor area as shown in Fig. 6.18 a). For 2 MeV protons, the deposited energy distribution peak is well defined, but an additional deformed tail at lower energies appears. This can be correlated with the still active trench (magenta) outside the metalized parallel-plate area, which is shown Fig. 6.18 a) by a red dashed line. The interactions detected in this region were low energy events created most likely due to the signals generated in the isolation gap between the bonding pad (top) and the guard ring, as in this particular case the bonding pad was only 70 µm The green and magenta dashed line spectra in Fig. 6.19, correspond to the events located only in the array of 16 µSVs and a single one µSV, respectively, as framed in green and magenta in Fig. 6.18 a). By comparing both spectra a good agreement in terms of peak position, FWHM and shape between them was found. the energy deposition simulated using MC code TRIM [START_REF]For more information about srim/trim see[END_REF] of 372.52 ± 41.36 keV, the measured spectra with the GR-OG1 microdosimeter showed a very good agreement.

The generated energy spectra from the centers of five single µSVs are presented in Fig. 6.20.

By comparing the spectra, a maximum discrepancy of approximately 7% was found between volumes V2 and V4. As those volumes are located at the extremities of the µSVs array, this difference can be related to uncertainties in diamond surface parallelism due to the laser slicing and mechanical polishing of the thick scCVD diamond samples before the microfabrication process. A thickness variation of 1 µm over a full sample area of 4×4 mm 2 according to [6],

can be the main reason for this slightly inhomogeneous response of the GR-OG1 detector.

However, from this comparison it is also clear to see that this maximum variation in CCE was almost entirely corrected/suppressed when the energy deposition spectrum for all 16 µSVs was generated, as shown with green dashed line spectrum in Fig. 6.20. In Fig. 6.21 the energy deposition spectrum corresponding to the whole scanned area as presented in the median energy maps below, different energy intervals were selected. The median energy map framed in red, represents all detected energies from the scan, while the one framed in yellow, only regions with low energies detected, ranging from 0 to 325 keV. Finally, the mean energy map framed in green, displays all events with energies within the Gaussian peak distribution (ideal case).

Consequently, the low energy tail in the blue spectrum in Fig. 6.21, is related to the charge sharing between µSV and the GR electrode. By overlaying the low energy map (yellow) and the median energy map corresponding to the events in the Gaussian distribution (green) with it can be seen that the incomplete signal area is located in the isolation trench. A profile of the diamond signal across one µSV was measured, as is exemplified in in Fig. 6.22 c). The energy profile showed a homogeneous and complete CCE inside of the defined µSV area. In the defined isolating trench region between the µSV and GR, the CCE 100%→0% drops abruptly within a distance of approximately 4 µm for the 10 µm wide isolation trench. This gives a strong indication of charge sharing within this region. Furthermore, the observed behavior of charge sharing is not limited by the size of the isolation trench but again by the charge diffusion. This behavior was previously observed for a 100 µm thick scCVD diamond XBPMs (X-ray Beam Monitors) where so called cross-over response (CCE 100%→0% ) was limited only to 18 µm in the center of the trench despite the isolation trench being 130 µm wide [START_REF] Pomorski | Electronic properties of single crystal cvd diamond and its suitability for particle detection in hadron physics experiments[END_REF]. Therefore, to improve the spectra quality in future prototypes, it would be necessary to decrease the size of the isolation trench below the range of charge diffusion for a given sensor. In case of microdosimeters a trench of 1 to 2 µm could be feasible with current photolithographic techniques.

Additionally, influence of structural defects in diamond related to the slicing and mechanical polishing were observed in median energy maps obtained from scanned GR-OG1 diamond detector operated at low bias voltages of ≤ 1.0 V, inducing an electric field ≤ 0.14 V/µm within the diamond membrane. In Fig. 6.23 a), a global median energy map from the GR-OG1 detector irradiated with a 2.0 MeV proton microbeam under this condition is shown. In the enlarged view of this median energy map in Fig. 6.23 b, clearly multiple lines of slightly lower CCE can be distinguished. Such pattern is characteristic for so-called scaife polished scCVD diamonds (see Fig. 3.a in [START_REF] Berdermann | Diamond detectors for hadron physics research[END_REF]). These regions with lower CCE signal can be linked to superficial diamond defects arising from mechanical diamond polishing. However, when a sufficient high bias voltage is applied to the detector (> 0.14 V/µm), these lines entirely disappear, as shown in the median energy map measured at -20 V in Fig. 6.18 a). 

GR-EG1 Sensor

Based on the already very good energy response observed for the GR-OG1 detector, new upgraded detector prototype GR-EG1 was microfabricated from a higher quality, electronic grade diamond material. The electronic grade material allows to collect a fullCCE signal for lower electric filed (applied bias) to the sensor. This prototype was primarily dedicated for the characterization in clinical ion beams. However, a basic characterization of the detector with single proton microbeams was performed.

In Fig. 6.24 a), a median energy map resulting from the raster scanned area of 0.7 × 0.7 mm 2 of the GR-EG1 microdosimeter detected with the µSVs array A1 is exemplified. The images color-coded pixels, represents the detected ion interaction within the diamond membrane. The low median energy per pixel corresponds to colors blue up to pink, and high median energy per pixel to colors red through yellow. Black colored pixels represent no detected interactions. As previously observed for the GR-OG1 detector, also for GR-EG1, only the regions of intrinsic diamond µSVs defined by photolithography patterned Al contacts, register ion hits with high median energy. As expected, the GR electrode surrounding the arrays of µSVs is inactive. In Fig. 6.24 b), the corresponding optical microscope pictures of the exact same region of the device in the median energy maps is shown. From directly comparing both images, a good agreement in the shape and position of the µSVs was found.

When compared with the median energy map from the first GR-OG1 prototype (Fig. 6.18 a)), an improvement in the overall signal homogeneity of the µSVs can be observed. Furthermore, in this prototypes' design the wire-bonding pads were defined in much larger distance from the back electrode (∼ 1mm), than in the GR-OG1 detector. This modification solved the previously observed problem, of the low energy events created due to the signals generated in the isolation trench between the bonding pad and the GR. all events detected from the full area scan as shown in the median energy maps in Fig. 6.24 a). For 2 MeV protons, the deposited energy distribution peaks are very well defined for all four arrays of the GR-EG1 sensor. The low energy contribution in these spectra is significantly lower than in the previously presented spectra from the GR-OG1 detector. The pink and green solid line spectra represent the events detected in one µSV and only in the center of a µSV, as indicated in the median energy map by a small pink and green squares. The spectrum obtained from the center of one µSV shows a perfect definition of energy deposition (Gaussian distribution)

with no tail contributing to lower energies and thus, the prefect performance of electronic grade scCVD diamond material. As it can be seen if Fig. 6.25 a), energy deposition spectra from the center of one µSV do not differ significantly from spectra of full array. Thus, demonstrating a very good agreement for a total of 64 µSV. This is a significant improvement when compared to the previously presented detectors and shows that is it possible to obtain a homogeneous response for all arrays on the area of diamond membrane GR microdosimeter. After fitting the measured data with a Gaussian function, a peak centroid corresponding to an average energy deposition of 678.61 ± 67.88 keV and, thus, a lineal energy of approximately 56 keV/µm for the 12 µm thick GR-EG1 detector was estimated. When compared with the energy calculated using the MC code TRIM [START_REF]For more information about srim/trim see[END_REF], both measured energies showed a very good agreement.

As mentioned before also in this case the low energy tail in the measured energy deposition spectrum for an entire µSV is related to the charge sharing between µSV and the GR electrode.

As presented in Fig. 6.26 a), by overlaying a high resolution median energy map (of one µSV)

with the SEM images of the exact same region it can be seen that the incomplete signal area is located in the isolation trench. In Fig. 6.26 b), the corresponding profile of the diamond signal measured across the µSV is shown, as indicated with blue arrow in Fig. 6.26 a). The measured energy profile has a homogeneous and complete CCE inside of the defined µSV area.

In the defined isolating trench region between the µSV and GR, the CCE 100%→0% drops within a distance of approximately 6 µm for the 10 µm wide isolation trench. This slightly broader area of the charge sharing within the isolation trenches could be explained by the different thicknesses of the sensors, resulting in a larger diffusion length and lower induced electric field within the µSV. Additionally, an undesirable erratic response from non-active sensor areas was observed for the new GR-EG1 sensor, when the detector was raster scanned over a large area of 2×2 mm 2 . For a low bias voltage of only +1.0 V an additional low energy peak was observed in the measured energy spectrum, as shown in Fig. 6.27 a). By selecting different energy intervals in the spectrum, three different median energy maps were generated showing only events contributing to these specific energy intervals. From this analysis, it is clearly to see, that the additional peak is related to the undesired active regions on the diamond frame. However, when biasing with +5.0 V this peak disappeared. Only the GR and a small active part of the bonding pad were observed still be to active and contributing to the spectrum with low energy events.

In Fig. 6.28, two separate median energy maps (IBIC I and IBIC II) measured at +1.0 V and an optical microscope image of the GR-EG1 sensor were overlayed, to better track the origin of the undesired active regions in the diamond detector. The green dashed box marks the position of the etched diamond membrane, while the dashed red and blue lines show the detector's back and top Al electrodes, respectively. The golden rectangles visible in the microscope image, are the electrodes used for the gluing of the diamond back electrode to the DIL20 cavity. Consequently, the detected low energy peak was associated with GR-EG1 sensor's back electrode, which was glued at these two points to the gold-plated electrodes on the DIL20 by using a silver loaded resist (see chapter 5). This effect is most likely related to a type of crosstalk phenomenon, however further investigations will be needed to fully understand the origin of this effect. 

Charge Collection Efficiency vs. Bias Characterization

To test the GR detector's suitability for measuring a wide range of different particles and energies, with lineal energies of 50 up to 3360 keV/µm. The first GR-OG1 prototype was characterized with heavier ions than protons, including helium, carbon and oxygen ions. The results of these characterization measurements are presented in this section, which is dedicated to the CCE vs.

bias voltage performance of the GR detector in different ion microbeams. For a better overview in this section the measured ions were categorized in crosser and stopper, referring to incident ion ranges much bigger or smaller to the thickness of the GR detector's µSV, respectively. For 2 MeV protons (blue) and 5.5 MeV helium ions (pink) a saturation at an electric field of approximately 2 V/µm was reached, while for the 25 MeV and 30 MeV carbon ions (red) at least 8.0 V/µm had to be applied for a complete CCE. The presented saturation levels show a good symmetric behavior for positive, as well as negative applied biases. This shows a more universal (or versatile) characteristics of GR sensors when compared to the p + sensors. Since high electric external fields can be applied to the sensor, a complete CCE can be obtained for a wide range of different projectiles and energies, covering the broad range of the lineal energies measured in both proton and carbon ion therapy. Furthermore, GR sensors can be operated in both biases' polarities and thus, induced signal polarities, which can be important for the readout strategies in the future development of the electronics (e.g. with ASIC multichannel readout).

Crosser

In Fig. 6.30 the energy measured by the diamond detector vs. the energy derived from the initial energy minus the STIM rest energy measured by a Si detector placed directly downstream of the diamond sensor, are presented. A perfect correlation and the linear correlation coefficient was found to be R2 = 0.999, as given by fitting the experimental data with linear function (red dashed line). 

Stopper

At the close proximity to the BP region and its distal part for therapeutic ion beams, the majority of the projectiles are stopped within the sensor's material used for beam characterization (dosimetry or microdosimetry). The stopped ions of low energies result in high nuclear stopping power (energy transfer) to the atoms' lattice causing high radiation damage to the semiconductor material. Therefore, it is also important to test the sensor's response to such type of particles, so-called stopper, in the following. As expected, CCE for lighter protons and helium ions saturate faster, at an electric field of 7 V/µm, whereas for the heavier carbon and oxygen ions, stronger field of >10.0 V/µm was required for the signal saturation. The presented CCE saturation levels for protons and helium ions have shown a good symmetric behavior for positive, as well as negative applied biases, which demonstrates a good performance of the GR-OG1 detector for both signal polarities. For the carbon and oxygen ions similar CCE levels were reported for the negative bias voltages applied, but for the positive bias voltage an incomplete CCE was observed. It must be noted that, measurements at positive bias were conducted directly after the negative biasing thus, previous irradiation could have been already sufficient to damage the GR-OG1 detector, since small area of one µSV was irradiated for this purpose. Another hypothesis is temporary polarization [START_REF] Manfredotti | Ibic investigations on cvd diamond[END_REF] induced in the sensor. An over-biasing of the sensor with ≤14 V/µm and repeating the measurements for the positive bias voltage, have shown the same incomplete CCE characteristics suggesting permanent radiation damage rather than polarization as an origin of incomplete CCE. More details about radiation induced damage for implanted 16 O and C 12 ions are presented in the next subsection.

In Fig. In Tab. 6.3 the energies measured with the diamond detector for the stopper ions are summarized. The maximum energy loss in keV/µm (equivalent to lineal energy) for all tested ions was estimated as is presented as well. In Fig. 6.33, all measured energy deposition spectra with theGR-OG1 sensor are presented.

Ion E proj (MeV) E proj -E dep Al (MeV) E dep C* IBIC (MeV) R (%) E dep /E proj
The energy deposition spectra corresponding to the crosser ions are plotted with dashed lines, and for the stopper ions with solid lines. From this comparison it can be observed that the measured peaks' FWHM is smaller for the ions fully stopping within the diamond detector bulk and depositing all their energy. The broader energy spectra measured for the crossing particles are mainly related to the straggling of such, while penetrating the detector's material.

The best energy resolution (absolute) of approximately 50 keV (FWHM) was measured with the GR-OG1 sensor detector for 2 MeV protons. Overall, a better energy resolution (relative) was observed for ions fully stopping within the detector than ions crossing it. Analog to this, also a better resolution was observed for ions depositing higher lineal energies within the detector. The best measured energy resolution (relative) was 2.4% for the 12 MeV oxygen ions. Furthermore, a good agreement of the energy deposition experimentally measured and simulated with MC TRIM was found. This indicated that the obtained energy resolution was mainly limited by the straggling of the ions in the diamond material and a small contribution from the electronics.

Figure 6.33:

Energy deposition spectra measured with the GR-OG1 sensor for different ions. For crossing ions the spectra are plotted with dashed lines, while for ions fully stopping within the diamond bulk, are plotted with solid lines. Broader energy spectra measured for the crossing particles are mainly related to the greater straggling of such ions within the diamond bulk.

Charge Transport Characteristics of 3D Sensors

The charge collection characterization of the p + 3Dm-OG scCVD diamond prototype with fully isolated µSVs surrounded by a non-electrically active resists, was investigated with 3 MeV helium single ion microbeam at the AIFIRA, CENBG facility. The stopping range of these helium ions is approximately 5.8 µm in diamond. Thus, the particles were fully stopping within the 8 µm thick diamond µSVs and must have deposited all their energy within the active volumes.

Spatial Definition of µSVs and Energy Spectra Quality

A median energy map resulting from the raster scanned area of 1.0 × 1.0 mm 2 of the p + 3Dm-OG diamond sensor biased at +60 V is shown in Fig. 6.34 a). The negative input polarity of the sensor signal was used as the readout configuration. The color-coded pixels, represents detected ion interactions within the diamond membrane, thus the presented map shows a good agreement with the active regions defined in the sensor, as shown in the optical microscope image in Fig. 6.34 b). According to the concept of fully isolated 3D sensors, as previously described in section 4.5, it can be observed that only the regions of intrinsic diamond µSVs and p + -layer covered with Al electrodes from both sides, register ion hits with high median energy, while the resist layer (SU8) shows no detected events. By comparing both images, it can also be seen that the last row on the bottom of the 18 × 18 µSVs array is inactive. During the fabrication process, the SU8 layer was not fully removed from the top of these µSVs, thus no connection to the Al top electrode was possible. In Fig. 6.35 a), the black, blue and pink dashed lines represent all events detected within all (324), nine and only one µSV of the p + 3Dm, respectively. Furthermore, the green solid line spectrum corresponds to the events located in only in the center of one µSV. From this comparison it is clear that there is no significant difference in the peak FWHM for all shown spectra. For the black, blue and pink spectra only an exceedingly small tail contributing to lower energies was observed.

When compared with the previously presented energy spectra measured with the p + EG-S and p + EG-C detectors, this new 3D detector shows a superior performance in measuring better defined µSVs. In order to estimate the average detected energy in the diamond µSVs, Gaussian fit was applied to the measured data, resulting in energy of 2 948.53 ± 141.11 keV, when considering the energy lost in the Al top electrodes of the sensor. For studying the incomplete signal at the edge of one µSV, the median energy map from the IBIC measurement was additionally coupled with the STIM technique, as presented in Fig. 6.36 a) and c), respectively. In addition to the median energy maps, corresponding energy deposition profiles measured across one µSV are displayed in Fig. 6.36 b) and d). As presented in Fig. 6.36 a) and b), it can be clearly seen that the region of incomplete CCE surrounding the µSV is CCE 100%→0% ∼1 µm, which is approaching the size of the microbeam spot. The PIPS detector providing the STIM energy map, was positioned directly behind the p + 3Dm sensor during the ion beam scan, and thus detecting the residual helium energy traversing the diamond sensor. Consequently, the STIM energy profile presented in Fig. 6.16 d), shows no energy detected when the beam was scanned over a µSV due to their full absorption the diamond material. Only higher energy deposition values were measured outside the µSV for the SU8 layer, which has a smaller density than the diamond µSV. The IBIC energy profile showed a homogeneous and complete CCE trend inside the 3D µSV and the STIM generated energy profile a homogeneously distributed layer of the SU8 resist between this µSV. Furthermore, according to the STIM energy profile, the spatial definition of the µSVs is very good with a wall edge also of less than 1 µm. The STIM measured diameter of the µSV was 16 µm and corresponds to the diameter of the created µSV in the p + 3Dm sensor as measured using an optical microscope. Finally, the region of CCE 100%→0% drop can be only related to the size of the microbeam spot as no diffusion of the charge from the non-electrically active SU8 resists is possible. 

Charge Collection Efficiency vs. Bias Characterization

Insight into Radiation Hardness

Compared to classical radiotherapy with gammas or electrons, detectors like microdosimeters in hadron therapy must deal with much higher radiation damage risk. Charge particles interacting with semiconductor material create primary defects like vacancies which strongly contribute to life time reduction of charge carriers. This can then result in a reduced CCE, thus altering the performance of the scCVD diamond membrane microdosimeters. The use of different focused MeV ion microbeams offer the opportunity to damage selected regions of the scCVD diamond detector prototypes with high ion fluence and thus, to test their performance in harsh radiation conditions to determine the device's suitability for medical applications.

The radiation damage effects were studied by irradiating a diamond sensor's µSV with (i) crosser ions causing a homogeneous distribution of defects across the whole thickness of a tested device, and (ii) stopper ions with a non-homogeneous primary single vacancy defect-depth profile. The presented results were additionally analyzed in terms of MC TRIM simulations in order to achieve a better understanding of the radiation damage induced in diamond. The vacancy production rates have been calculated with the threshold displacement energy value of 50 eV for the diamond material [START_REF] Zamboni | Radiation hardness of single crystal cvd diamond detector tested with mev energy ions[END_REF].

p + EG-S Sensor

A 25 × 25 µm 2 µSV of the self-biased 4 µm thick p + EG-S sensor was irradiated with proton and carbon ion microbeams fully traversing the sensor, at the AIFIRA, CENBG facility. Fig. 6.38 a) presents the TRIM simulated energy loss profiles in the p + EG-S sensor for 2 MeV protons in blue and 16.6 MeV carbon ions in red. The vacancy distributions for both ions are shown in black. The gray area in Fig. 6.38 a) corresponds to the 200 nm thick front Al contact of the p + EG-S sensor, which was included in the simulation. The simulated profiles show that the carbon ions deposit much more energy (∼40×) than protons within the µSV. For both ion types, homogeneous vacancy production rates along the detector's thickness were observed. Furthermore, according to this simulation approximately 9× more vacancies are produced in the diamond by a single 16.6 MeV carbon ion than by a single 2 MeV proton. Fig. 6.38 b) and c), show the measured CCE values of a single µSV in the p + EG-S sensor operated at 0 V externally applied bias (built-in electric field of 0.45 V/µm) in 2 MeV proton (blue) and 16.6 MeV carbon (red) microbeam, respectively. The pulse-height from the first irradiation of the selected µSV was used for the normalization of the CCE to 1 (no damage). The µSV was then successively irradiated with high fluence of ions per cm 2 . The proton fluence of up to 2.5 × 10 13 particles per cm 2 caused only a 1% drop of the CCE of the device, presented in Fig. 6.38 b). This value shows a good agreement with the results obtained for a 500 µm thick scCVD detector tested in the same proton microbeam conditions, as reported in [START_REF] Zamboni | Radiation hardness of single crystal cvd diamond detector tested with mev energy ions[END_REF]. For heavier carbon ions, presented in Fig. 6.38 c), a drop of 12% was observed after 6.4 × 10 13 particles per cm 2 . Considering the vacancy production rate for a given ion and its fluence, the number of total vacancies produced in the 4 µm thick µSV of the p + EG-S sensor after the entire study, was estimated to be 80× higher with 16.6 MeV carbon ions than 2 MeV protons. Therefore, it can be clearly seen that a stronger reduction of CCE is related to the higher concentration of produced vacancies and thus defects in the damaged volume. Furthermore, it is important to note that any changes in the spectrum shape, peak FWHM (error bars) or geometry of the µSV were observed after this radiation study. Furthermore, with these results over 500 treatments for both particle types would be possible before a CCE drop of 1%. 

GR-OG1 Sensor

A 60 µm diameter µSV in the 7 µm thick and bias-universal GR-OG1 sensor was irradiated with short range 6 MeV carbon and 12 MeV oxygen ions at the microbeam facility at ANSTO. In Fig. 6.39 a), the TRIM simulated energy loss profiles for the 6 MeV carbon (in red) and 12 MeV oxygen ions (in green) and their vacancy distributions (in black) are shown. The 200 nm thick front Al contact of the GR-OG1 sensor, was also included for this simulation. From the simulated energy loss profiles it can be seen, that the ions used for the radiation hardness study of the GR-OG1 sensor a have short range of 3 µm and 4 µm in diamond, respectively. When compared with the diamond detector thickness of 7 µm, it is clear that the produced defects are confined only in one half of the µSV layer below the front contact (readout electrode). Furthermore, the produced vacancies in the diamond sensor for both ion types are in the same order of magnitude. Fig. 6.39 b) and c), show the CCE values obtained from the irradiation of a single µSV in the GR-OG1 sensor with 6 MeV carbon (red) and 12 MeV oxygen ions (green), respectively. The carbon fluence of up to 3.5 × 10 13 particles per cm 2 caused only a 7% drop of the CCE of the device, presented in red. A similar result was reported in [START_REF] Verona | Spectroscopic properties and radiation damage investigation of a diamond based schottky diode for ion-beam therapy microdosimetry[END_REF] for a 0.5 µm thin diamond scCVD diamond detector tested in the 4 MeV carbon ion microbeam. For oxygen ions, presented in red in Fig. 6.39 c), a similar CCE drop of 8% was observed after 3.8 × 10 13 particles per cm 2 .

The number of total vacancies produced in the 7 µm thick µSV of the GR-OG1 sensor was estimated to be only ∼2× higher for the irradiation with 12 MeV oxygen ions than for 6 MeV oxygen. Therefore, for both ion similar reduction of CCE was observed. It is also worth to be noted, that the vacancy production for the 6 MeV carbon ions is approximately 10× higher than for the 16.6 MeV carbon ions. However, when considering the number of total vacancies produced in the 4 µm thick p + sensor and 7 µm thick GR-OG1 sensor, 20× more vacancies have been produced in the µSV of the p + sensor, thus resulting in a stronger decrease of the CCE. It is important to note that in case of tested ions fully stopping within the diamond senor, significant changes in the spectrum shape and CCE homogeneity over the area of µSV was observed after the radiation study. Fig. 6.40 a) and Fig. 6.41 a), show the energy spectra from the µSV raster scanned with 6 MeV carbon and 12 MeV oxygen ion microbeams, respectively. The median energy maps obtained from the first and last scan of the one µSV are presented for carbon ions in Fig. 6.40 b) and for oxygen ions Fig. 6.41 b). The reason for the observed higher CCE at the edges of the µSVs after the radiation damage, is that the electric field near the edges of parallel-plates is actually higher than the electric field between the plates. The edges of the plates have a greater curvature and so the charge density in that region will be larger. Radiation damage does not change the electric field, quite the contrary, when the electric field is higher less radiation damage will be observed, due to the higher charge drift velocity and lower probability of trapping. It is important to note that in case of tested ions fully stopping within the diamond senor, significant changes in the spectrum shape and CCE homogeneity over the area of µSV was observed after the radiation study. Fig. 6.40 a) and Fig. 6.41 a), show the energy spectra from the µSV raster scanned with 6 MeV carbon and 12 MeV oxygen ion microbeams, respectively. The median energy maps obtained from the first and last scan of the one µSV are presented for carbon ions in Fig. 6.40 b) and for oxygen ions Fig. 6.41 b). The reason for the observed higher CCE at the edges of the µSVs after the radiation damage, is that the electric field near the edges of parallel-plates is actually higher than the electric field between the plates. The edges of the plates have a greater curvature and so the charge density in that region will be larger. Radiation damage does not change the electric field, quite the contrary, when the electric field is higher less radiation damage will be observed, due to the higher charge drift velocity and lower probability of trapping.

Conclusion

In this chapter three generations of scCVD diamond-based detector prototypes (p + , GR and 3D) have been characterized. Well-controlled and precise single ion microbeam experimental measurements were carried out at the AIFIRA and ANSTO ion beam analysis facilities in France and Australia, respectively. Focused microbeams of proton, helium, carbon and oxygen ions were used to investigate the properties of the scCVD diamond detectors in view of microdosimetric applications in hadron therapy. The IBIC technique was performed to characterize the microdosimeter response in terms of its charge collection properties. The experimental data were additionally compared with MC TRIM simulations [START_REF]For more information about srim/trim see[END_REF].

The presented results for the p + detectors proof the previously described concept of single active µSVs, allowing high spatial resolution measurements in ion beam conditions. Due to the formation of local p + -i junction, these sensors were self-biased with an experimentally measured built-in potential of 1.8 V, corresponding to a built-in electric field of 0.45V/µm. This electric field allows a very uniform charge collection over the whole area of µSVs. Nevertheless, an incomplete CCE at the vicinity of µSVs was observed. This effect is most likely to occur as a result of partial charge cloud diffusion from the intrinsic m-i-m part of the sensor to the p + -i-m junction (µSV). The observed drop of CCE 100%→0% can be problematic for real devices aiming state-of-the-art solid state microdosimeters for precise measurement of lineal energy in clinical ion beam conditions with µSVs comparable in their size to the cell nuclei (10-20 µm). This effect significantly degrades the quality of the energy deposition spectra for SVs smaller than 16 µm in diameter. Furthermore, when operated at standard condition with 0 V external bias, a complete CCE of 100% was reached for 2 MeV protons. However, for the sensor with a build-in electric field of 0.45 V/µm already incomplete CCE for lineal energies of 266 keV/µm (helium) was observed and could be problematic for real device used in carbon ion therapy, with lineal energies going up to 1000 keV/µm. However, using thinner sensors 1 µm a full CCE could be obtained.

Despite the incomplete signal collected in heavy ion beams, this detector has demonstrated its ability to perform spatial resolution measurements with complete CCE in well controlled proton microbeams and thus, a potential for therapeutic proton beams. Furthermore, the radiation hardness tests have demonstrated the device's suitability for medical applications, as only 1% CCE drop was observed after estimated 500 treatments. The reduction of the CCE 100%→0% region and a complete CCE for a wide range of ions and energies, were the two main motivations to investigate other types of the microdosimeters like the GR and fully 3D sensors.

The results obtained from the GR detector characterization with IBIC have also proven the concept of a more universal sensor, operating as a solid-state ionization chamber which µSVs formed by metal electrodes interconnected with bridges and surrounded by a GR electrode. An electric field of 10 keV/µm within the GR sensors allowed for a high spatial resolution with very uniform charge collection over the whole area of µSVs. Furthermore, a complete CCE signal was measured for various ion beams with a wide range of lineal energies ranging from 50 keV/µm up to approximately 4000 keV/µm. A much smaller contribution of the low energy tail measured with the GR detector was observed when compared with the p + detectors. This low energy was related to the charge sharing between µSV and the GR electrode in the isolation trench. The measured CCE 100%→0% drops were estimated to approximately half for the 10 µm wide isolation trench. The charge sharing is not limited by the size of the isolation trench but again by the charge diffusion. Therefore, to improve the spectra quality in future prototypes, the size of the isolation trench would be reduced to below the range of charge diffusion for a given sensor. With current photolithographic techniques in case of microdosimeters a trench of 1 to 2 µm could be feasible.

Finally, the preliminary tests of the fully 3D diamond microdosimeter with isolated µSVs surrounded by a non-electrically active resist a helium ion microbeam, has shown the best spatial resolution with a uniform charge collection over the whole area of µSVs. The measured CCE 100%→0% drop was estimated to be only 1 µm and thus approaching the size of the ion microbeam stops. A completed CCE for the helium ions with a maximum lineal energy at the BP of approximately 680 keV/µm was measured with an electric field of 7.5 V/µm, which has been previously observed for similar size of GR sensor microfabricated from the same optical grade diamond material. This performance results are very promising for the use of the type of diamond microdosimeters in clinical proton and heavy ion beams. In this chapter the microdosimetric response of the p + and GR scCVD diamond microdosimeters in clinical proton and heavy ion beams is presented. As previously shown in chapter 6, the pioneering and self-biased p + EG-S microdosimeter has demonstrated its ability to perform high spatial resolution measurements with complete CCE in well controlled proton microbeams during IBIC experiments; thus, it was the first scCVD diamond microdosimeter prototype tested in mixed radiation fields in proton therapy with a classical charge sensitive readout chain. However, as an incomplete CCE was observed for heavier ion microbeams ( 4 He and 12 C), a more universal GR sensor was investigated. The measured energy deposition from the externally biased GR sensor's µSVs correlated linearly with the expected energy for different charged particles for a wide range of lineal energies, ranging from approximately 50 keV/µm to 4000 keV/µm in diamond.

Experimental Microdosimetry & Geant4 Benchmarking Simulations

For characterizing the GR-EG1 sensor in mixed radiation fields in proton therapy, the sensor was upgraded with a simultaneous measurement system and was tested for its ability to measure microdosimetric as well as dosimetric quantities. This simultaneous measurement method with the same diamond sensor could potentially improve the precision and the reliability of such clinical measurements. Furthermore, the same universal GR-EG1 sensor was investigated for use in heavy ion beams ( 12 C and 28 Si), in combination with the MicroPlus probe (µ + probe) characterization measurements of scCVD diamond microdosimeters performed in the Y1 proton beamline are presented.

The Y1 treatment room consists of a horizontal and fixed beamline, which uses a passive DS delivery system. The treated patients in this beamline room can be irradiated in a sitting or lying position due to a robotic device controlling either a treatment chair or couch. This technology enhances the optimization of the radiation treatment angle during the irradiation. The maximum possible proton energy delivered in the Y1 room is 201 MeV, which corresponds to a proton range in water of approximately 260 mm. However, the targets treated in this Y1 room are mostly intracranial tumors (brain tumors). Thus, considering the worst treatment case and a tumor located in the center of a human brain, usually proton beams of approximately 100 MeV are used.

The pristine BP of a mono-energetic 100 MeV proton beam occurs at approximately at a depth of 77 mm in water. Similar proton beam energies have been used for irradiation of the investigated diamond microdosimeters in the Y1 proton beamline at IC-CPO. 

Heavy Ion Medical Accelerator in Chiba (HIMAC)

The HIMAC was built 1994 by the National Institute of Radiological Sciences (NIRS) in Japan and was the first heavy ion medical accelerator system specifically dedicated for clinical research and patient treatment. In Fig. 7.2 a 3D model of the HIMAC facility is presented. The facility houses a 41 m diameter synchrotron which consists of various ion sources ranging from helium to argon.

From the source a linear accelerator (LINAC) cascade made of a radio-frequency quadrupole and an Alvarez LINAC, accelerates ions up to 6 MeV/u. The second LINAC injects the medium speed ions to the two ring synchrotron, which accelerates the ions to a maximum energy of 400 MeV/u.

From there independent horizontal and vertical high energy transport beamlines (dashed yellow line) deliver the accelerated ions to different treatment rooms and the experimental biological irradiation room for clinical research at the [START_REF] Mohamad | Evolution of carbon ion radiotherapy at the national institute of radiological sciences in japan[END_REF] facility. For the experiments performed within this PhD work, only the biology beamline was used for testing of the GR scCVD diamond-based microdosimeters. Typically, 12 C ion beams with an energy of 290 MeV are used at HIMAC to treat prostate cancers. Furthermore, even heavier ion beams like for example 28 Si ion beams are available at HIMAC for research purposes. Such are being used for the investigation of novel multi-ion therapies or for testing of radiation detectors in environmental conditions similar to those in space. 

Geant4 Simulation Toolkit

The Geometry and tracking (Geant4) toolkit [START_REF] Agostinelli | Geant4-a simulation toolkit[END_REF][START_REF] Allison | Geant4 developments and applications[END_REF] is a MC code developed by CERN for high energy physics simulations. Geant4 uses a random number generator to select between a series of most probable outcomes during a particle transport in matter. The particle transport takes place in discrete steps, in which a random number (depending upon the probability determined by the cross-section) is generated and used to select a process that can be applied to the investigated particle (e.g. ionization, scattering etc.). Alternatively, by not applying any process to the particle it continues with the next step. Once a large number of such particle tracks is randomly created, a statistical representation of particle behavior can be calculated [START_REF] Prokopovich | Silicon on insulator microdosimetry for radiation protection in mixed radiation fields for aviation and space dosimetry[END_REF]. Based on this method, Geant4 is able to describe electromagnetic and hadronic interactions from low sub-eV up to high (TeV) energies depending on the physics models employed. By providing information about the used particle types, detector properties, tracking management parameters and physics packages, it is possible to model and study complex experimental environments, such as clinical hadron therapy irradiation experiments. The Geant4 toolkit provides interfaces for visualization of the simulation geometries and analysis of generated results. The geometrical volumes of the simulation are defined by a hierarchical tree structure of volumes built to accommodate the experimental setup. These geometries are described by solid, logical and physical volumes built from materials using the G4Material class. In these classes the material characteristics, including atomic number, mass, density and elemental composition can be defined by the user. The logical volumes can be set as sensitive materials (scoring volumes), providing event information such as track length or energy deposition within a specified geometry volume [START_REF] Guatelli | Introduction to the geant4 simulation toolkit[END_REF]. The two main physics models for describing the interaction of particles passing through a defined geometry material volume, are the electromagnetic and hadronic physics models. The electromagnetic physics package is used for the interactions of charged particles and photons with matter. All electromagnetic models in Geant4 have been validated by the National Institute of Standards and Technology (NIST) database [START_REF] Allison | Geant4 developments and applications[END_REF]. The energy limitations of hadronic physics components used for processes such as elastic and inelastic scattering, capture, fission and all other hadron related processes, that are available for selection are presented in Fig. 7.3. [START_REF] Vohradsky | Study in the feasibility of silicon and diamond microdosimetry use in boron neutron capture therapy[END_REF] .

In this PhD work Geant4 version 10.5.p01 [START_REF] Agostinelli | Geant4-a simulation toolkit[END_REF][START_REF] Allison | Geant4 developments and applications[END_REF] was used to simulate the experimental beamlines at IC-CPO and HIMAC, as well as the p + and GR scCVD diamond microdosimeter prototypes. The simulation results were used as a benchmark for the experimentally measured energy disposition spectra in clinical conditions. The simulation geometries of the microdosimeter prototypes were modelled in the framework of the 6-month research internship at the CMRP at University of Wollongong within this PhD project. The CMRP has adopted the use of Geant4 in several previous and ongoing novel SOI microdosimeter projects [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF] Guatelli | Introduction to the geant4 simulation toolkit[END_REF][START_REF] James | Activation study of experimental setup at tokai accelerator based ibnct[END_REF][START_REF] Vohradsky | Evaluation of silicon based microdosimetry for boron neutron capture therapy quality assurance[END_REF][START_REF] Vohradsky | Study in the feasibility of silicon and diamond microdosimetry use in boron neutron capture therapy[END_REF]. In this context, existing and validated simulation geometry of the biology beamline and the experimental setup at HIMAC [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF] James | Activation study of experimental setup at tokai accelerator based ibnct[END_REF] have been reused and adopted to the exact experimental conditions described in this PhD work. Furthermore, new simulation geometries for the proton beamline Y1 at IC-CPO and p + and GR scCVD diamond microdosimeter prototypes were modelled.

For the analysis of the generated results Root v6.16 was adopted as analysis tool [START_REF] Brun | Root-an object oriented data analysis framework[END_REF]. The materials used for the simulations were obtained from the G4NistManager linked to the material definitions derived from the NIST reference [START_REF] Shen | Nist standard reference simulation website, nist standard reference database number 173[END_REF]. To describe all the electromagnetic interactions of particles, down to 200 eV, the Geant4 low energy physics package, based on the Livermore data libraries [START_REF] Chauvie | Geant4 low energy electromagnetic physics[END_REF] was used. The Binary Ion Cascade High Precision (BIC HP) data libraries were adopted for hadronic interactions [START_REF] Arce | Report on g4-med, a geant4 benchmarking system for medical physics applications developed by the geant4 medical simulation benchmarking group[END_REF]. A default tracking cut value of 0.1 µm was set for the simulation to allow for sufficient steps within the µSVs. Finally, for modelling of the radiation fields by properties such as beam shape, energy and type, the General Particle Source (GPS) was used. Furthermore, the numbers of primary particles used in the simulations were greater than 10 7 . It is important to note that an event in the Geant4 simulation corresponds to the generation of a primary particle. At the end of each event the energy deposition of the primary particle and all its secondaries in the µSVs of a diamond microdosimeter was summed individually.

Each energy deposition event hit, including its delta electrons (consistent with microdosimetric theory) was stored as a separate entry, which at the end of the simulation, was processed into a histogram of the energy deposition spectrum. In this way, when analyzing the contribution of the secondary radiation field (fragments) to the microdosimetric spectra, the energy deposition of any µSV striking particle could have been tracked retrospectively.

Microdosimetry at Y1 Proton Beamline at IC-CPO

As previously mentioned, for irradiation of brain tumors treated in the Y1 beamline room at IC-CPO, typically proton beams with energies close to 100 MeV are used. In order to investigate the microdosimetric response of the p + EG-S and GR-EG1 diamond microdosimeters to such therapeutic beams, mono-energetic proton beams with an energy of 103 MeV and 89 MeV, respectively, were selected. Following the experiments performed in the Y1 proton beamline at IC-CPO and the corresponding Geant4 simulation results are presented. The total absorbed dose of the proton beam behind the solid water phantom was measured using a parallel plane chamber (PPC05) from IBA [START_REF] Dhanesar | Quality assurance of proton beams using a multilayer ionization chamber system[END_REF] at the same effective depths as those of the p + EG-S microdosimeter.

As no physical energy calibration was performed for this sensor, Geant4 simulation of the Y1 proton beamline (132 mm Lexan) and a p + diamond sensor positioned behind solid water plates with increasing thicknesses was performed. In For the energy calibration of the measured pulse-height spectra with the p + EG-S sensor, the energy distributions have been aligned with those from the Geant4 simulations. In Fig. 7.8 a) to c), three selected energy deposition spectra from the Geant4 simulations (black) and experimental measurements with the p + EG-S sensor for 30 mm (red), 64 mm (pink) and 78 mm (green) thick solid water plates are presented, respectively. A good agreement between the simulated and experimentally measured distributions was found after the comparison, as well as a shift towards higher deposited energies with increasing thickness of the solid water plates was observed.

However, a significantly high number of additional low energy events was seen for the measured energy deposition spectra. These low energy events were previously (IBIC experiments) linked to the partial diffusion of charge generated at the close vicinity to the µSVs. Due to the noise threshold for this setup estimated at approximately 8 keV in diamond (0.6 keV/µm in water), this low energy contribution was mostly cut off in the measured spectra at the entrance of the Bragg curve, as presented in Fig. 7.8 a). While in the spectra measured in the close proximity to the BP the low energy events have shifted with the entire spectrum, as presented in Fig. 7.8 c). Both the measured and simulated energy distributions have progressively become broader with increasing thickness of the solid water plates, which is a typical observation and related to the energy straggling of the particles. Furthermore, it is to be noted that the majority of secondary ions generated during the irradiation of the solid water plates with the proton beam, have lower energies than the primary protons and stop upstream or around the BP due to their higher or same charge.

The Geant4 simulated and measured energy spectra for the 4 µm thick p + EG-S diamond µSVs were converted to microdosimetric spectra yd(y) for water by using a diamond-water conversion factor of 0.32. The simulated and experimentally derived microdosimetric spectra for eight different positions along the Bragg curve are shown in Fig. 7.9 a) and b), respectively. In the inset of Fig. 7.9 a), eight color-coded points according to the spectra to which they belong are shown. After converting the experimentally measured energy deposition spectra to doseweighted spectra, the contribution of the low energy events to the total absorbed dose is clear to seen and as previously mentioned it indicates a significant impact on the microdosimetric spectra obtained close to the BP. However, when comparing only the primary simulated and measured proton peaks for different solid water thicknesses, a very good agreement was found based on the performed energy calibration. In the entrance of the Bragg curve lineal energies up to 6 keV/µm we found, in the proximal part of the BP up to 10 keV/µm and in the distal part lineal energies up to 50 keV/µm in water were observed. 

Measurements with GR-EG1 Sensor in DS 89 MeV Proton Beam Experimental Setup and Geant4 Simulation Geometries

The GR-EG1 sensor, presented in the inset of Fig. 7.11 a), was also characterized in the Y1 proton beam line. The outline and Geant4 simulation geometry of the Y1 proton beamline have been described in the previous section for the characterization of the p + EG-S sensor. For the irradiation of the GR-EG1 diamond sensor with a passively delivered 89 MeV proton beam, the energy degradation of the primary 201 MeV proton beam was performed with a total Lexan thickness of 148 mm. Furthermore, in this experimental setup a 4 × 4 cm 2 brass collimator (C8) installed at the end of the nozzle was used.

In addition to microdosimetric measurements, simultaneous measurements of the relative absorbed dose during the proton beam irradiation have been performed with the same diamond sensor. In The energy calibration for the GR-EG1 sensor with this readout system was obtained using a 5.486 MeV 241 Am α-particle source and the pulse generator method (chapter 5). A 300 µm thick scCVD diamond detector biased with +200 V and a tested 100% CCE for α-particles was used as the reference detector for the measurement of the full energy peak of the α-particles in a vacuum.

During the experiment no reference detector for the dose measurement was available, thus the Geant4 simulation of the Y1 proton beamline was used to simulate the dose-depth distribution of the passively delivered 89 MeV proton beam within a plastic water phantom. The RW3 [40] solid water plates were used in this experiment to simulate different depth positions of the detector along the Bragg curve. In Fig. 7.12 a), the simulation geometry of a µSVs array in a GR sensor is presented. The dimensions of the µSVs and the connecting bridges are identical to that of the actual GR-EG1 sensor. To reproduce the exact same experimental setup for the GR-EG1

detector at IC-CPO, the modelled sensor in the simulation was placed on a DIL20 cavity and a PCB, located inside an ABS plastic housing as presented in Fig. 7.12 b) and c), respectively. All dimensions defined for this simulation are reported directly in Fig. 7.12. 

Results

The Geant4 simulated energy deposition in the solid water plates from the incident 89 MeV proton beam, as measured with the GR-EG1 diamond sensor is shown in Fig. 7.13 a). The maximum of the distributions in the BP was normalized to 1 and observed at a depth of approximately 55.0 mm. The distribution of the proton beam energies exiting the last brass collimator (C8) before hitting the solid water plates is presented in Fig. 7.13 b). After applying the Gaussian fit to the simulated data, the proton beam energy at that position was estimated to be approximately 89±6 MeV. From these curves the instantaneous induced current at the plateau level corresponding to the dose rate at a given position along the Bragg curve was acquired. Furthermore, by integrating of these induced current curves (induced charge) within the given irradiation window the information about the relative absorbed dose was calculated. In Fig. 7.14 b) a comparison between the obtained dose rate and total dose profiles is shown. For reference, the simulated energy deposition from the 89 MeV proton beam within the solid water phantom is presented in blue. A perfect agreement within 4% between both curves was be observed, indicating possibility of fast scanning in solid water phantoms when a constant dose rate is guaranteed at the accelerator level. For the verification of the reproducibility of these dose measurements additional irradiation runs were performed. In total three irradiations were performed for each point along the Bragg curve with the exact same parameters. The variation between measured values for each profile point was below 2% and confirms a good repeatability of such measurements for the dose verification [START_REF]on Radiation Units and Measurements[END_REF]. It is to be noted, that this reported value also includes uncertainty related to the precision of dose delivery system as well as the accelerator itself. Comparing the Geant4 simulated and GR-EG1 measured depth-dose profiles a very good agreement was found for the position of the BP and the distal part of the Bragg curve. However, much higher values (+37%) were observed in the entrance region of the depth-dose profile in the experimentally derived profile. The origin of this build-up effect is yet to be fully understood and thus further investigations will be needed. The typical shift towards higher deposited energies and the spectra broadening with increasing thickness of the solid water plates was observed for all three spectra shown in Fig. 7.15 a) to c).

An additional low energy tail was seen for both the measured and simulated energy deposition spectra. Due to the noise threshold for this setup estimated at approximately 20 keV in diamond (0.5 keV/µm in water), this low energy tail has been mostly cut off in the measured spectra at the entrance of the Bragg curve, as presented in Fig. 7.15 a). In all the other measured energy deposition spectra the low energy events were more pronounced, as presented in Fig. 7.15 b) and c). The low energy tail was previously associated with the incomplete CCE due to charge sharing between µSV and the GR electrode. However, as the low energy tail also appeared the simulated energy deposition spectra an additionally source of low energy events must be present during the measurements with the GR-EG1 sensor. Consequently, for a better understanding of the origin of the low energy events in the simulation energy deposition spectrum a more detail analysis was performed.

In Fig. 7.16 a), the simulated energy deposition spectra for the 89 MeV proton beam at a depth of 52 mm in the solid water phantom, corresponding to only the µSVs (red), only the connecting bridges (blue) and all events scored in both volumes together are presented. From this comparison it can be clearly seen that the low energy tail is present in all three spectra and thus not related to the connecting bridges of the GR-EG1 sensor. Additionally, in Fig. 7.16 b), the contribution of secondary ions generated during the irradiation for to the exact same energy deposition spectrum is presented. This analysis showed that only the knock-out carbon from the proton-carbon collision, contribute significantly to the low energy events in the simulated spectra. shown in the inset of Fig. 7.17 a). A good agreement was observed for both microdosimetric spectra. In the simulated microdosimetric spectrum in Fig. 7.17 a), it can be seen that the previously identified low energy peak from the secondary ions is almost negligible for the total absorbed dose. However, in the measured lineal energy spectra with the GR-EG1, a slightly higher contribution of a low lineal energy tail can be observed. Consequently, this effect is mainly due to charge sharing between µSV and the GR electrode. It is important to note, that this contribution is much lower than the one previously observed in the microdosimetric spectra measured with the p + EG-S sensor. This observation demonstrates the superior performance of the GR-EG1 diamond sensor in clinical proton beam conditions. Furthermore, in the inset of Fig. 

Discussion

In the experimentally measured spectra with the p + EG-S diamond sensor in the 103 MeV proton beam a relatively high contribution from the incomplete CCE linked to the partial diffusion of the charge cloud from the m-i-m region to the p + -i-m region at the close vicinity of edges surrounding the defined µSVs was observed. These low energy events have contributed significantly to the dose-weighted spectra and consequently lowered the ȳD in the close proximity to the BP, where almost all primary protons are stopping. For the GR-EG1 sensor irradiated with the 89 MeV proton beam a much smaller contribution from the low energy events was observed in the microdosimetric spectra. These low energy events have been mainly attributed to the incomplete CCE due to charge sharing between µSV and the GR electrode in the GR-EG1 sensor's isolation trenches. An additional small contribution to the low energy tail coming from the secondary carbon ions generated during the irradiation was observed as well. However, this has shown a negligible contribution to the dose-weighted microdosimetric spectra. Finally, the smaller contribution of low lineal energy tail measured with the GR-EG1 sensor has shown the superior performance of this type of sensors in clinical beam conditions, when compared with the p + sensors. Additionally, the possibility of simultaneous microdosimetric and dosimetric characterization of a clinical proton beam with the same diamond sensor could potentially improve the precision and the reliability of such microdosimetric measurements. Therefore, further investigations will be needed to be undertaken to fully understand the measured depth-dose profile with the GR-EG1 sensor. Despite the enhanced dose values measured at the entrance of the Bragg curve, the good agreement of both the Geant4 simulated and experimentally measured relative dose values in the BP and its distal part have demonstrated a great potential of this measurement system. To the best of the author's knowledge, this presented type of diamond sensor is also the smallest nowadays available volume of approximately 0.00068 mm 3 , which could be furthermore a perfect future instrument for precise pinpoint dose measurements in small-field, microbeams and minibeams dosimetry and microdosimetry.

The microdosimetric spectra yd(y) and ȳD values measured with the self-biased p + EG-S and bias-universal GR-EG1 diamond sensors in the Y1 proton beamline at IC-CPO have also shown a good agreement and expected trends with the Geant4 simulations for the exact same conditions. For all depths along the Bragg curve, the measured microdosimetric spectra shifted to higher lineal energies with increasing depth in the solid water phantom. This shift was expected towards the end of the proton range, where the protons deposit progressively more energy in the microdosimeter's µSVs. This trend is consistent with the microdosimetric values observed for a 10 µm thick SOI Bridge microdosimeter tested in similar clinical proton beams [START_REF] Tran | Characterization of proton pencil beam scanning and passive beam using a high spatial resolution solid-state microdosimeter[END_REF]. It is to be noted, that the presented SOI has been tested in PBS conditions, where the dose rates are 50 to 100 times higher than during the passive scattering delivery as in the Y1 proton beamline at IC-CPO. Furthermore, due to much less material laying in the PBS beam's path compared to the DS beam design, the scattered radiation from the primary beam is minimized and thus a sharper dose peak is observed in such conditions. From a direct comparison of the ȳD profiles derived from the diamond and SOI microdosimeters, a slightly steeper increase can be seen, which is related to these differences in the beam delivery systems.

In Fig. 7.19 b), the calculated RBE D values for the HSG cells, in accordance to the measured microdosimetric spectra with the diamond and SOI detectors [START_REF] Tran | Characterization of proton pencil beam scanning and passive beam using a high spatial resolution solid-state microdosimeter[END_REF] are presented. A good agreement for the increase of RBE D values in the BP, confirms the appropriate performance of the p + and GR diamond detector in clinical proton beams. At this point, more characterization measurements, especially, of the GR sensor (new prototypes) in SOBPs will have to be investigated in detail as they represent the realistic beam delivery scenario during the hadron therapy. Furthermore, it should be noted, that Geant4 simulations for a clinical proton beam reported in [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF], have shown that the fluence of primary protons and generated secondary ions is relatively constant before the BP and after reaching the BP the fluence of the secondary protons decreases rapidly. This would explain the smaller contribution of low lineal energies in the microdosimetric spectra measured in the distal part of the BP.

Furthermore, as in the case of the proton beams, different particle types have similar lineal energies, it is important to have similar energy deposition paths for both the primary beam and secondary ions [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF]. Therefore, a Geant4 based optimization of the diamond µSVs geometry for clinical proton beams should be performed for the future sensors development.

Microdosimetry at Bio Heavy Ion Beamline at HIMAC

This section presents the clinical heavy ion beam experiments performed at the HIMAC facility in Japan with the universal GR scCVD diamond microdosimeter. Based on its excellent CCE results in single ion microbeam (IBIC) experiments, as well as very promising response to clinical proton beams, the GR-EG1 sensor was selected to be investigated for use in heavy ion beams. The initial 290 MeV/u 12 C ion beam with a Gaussian energy distribution with a 0.2% sigma, was 11.8 m away from the isocenter. To improve the beam's lateral dose uniformity it was then passed through a 0.434 mm Ta scatterer. The scatterer together with the wobbler magnets strength (B 0 =0.045 T) defined the final delivered energy of the ion beam. For reducing the neutron radiation during the experiment the beam was sent though a 2.9 m long vacuum neutron shutter. From there the beam went through different aluminum and brass collimators and various combinations of PMMA thicknesses, which shifted the range of the ion beam to a desired depth in water. Finally, with the 10×10 cm 2 X-Y brass collimator the beam was further focused onto the isocenter and the water phantom (WP) [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF]. In Fig. 7.20 b) a screenshot of the running Geant4 simulation of the biology beamline is presented. The path of the primary 12 C ions is displayed in blue, the generated electrons in red and neutrons in light green. Each yellow dot represents an interaction.

The signal of the GR-EG1 µSVs from A1 was acquired during irradiation with the µ + probe.

The µ + probe readout system was developed at the CMRP for the SOI microdosimeters and is presented in Fig. 7.21 a). On one side, the probe's PCB houses a 20-pin IC socket for the DIL20 package. From there, the available arrays on the detector were connected to the CMRP in-house developed low noise CSA on the other side of the PCB. The readout arrays were controlled by using a set of six jumpers. In order to read out one particular µSVs array, the jumpers were either placed over the two pins to enable or placed only on the left pin to disable the connection between an array and preamplifier. An example of a connected array is presented in Fig. The energy calibration for the GR-EG1 sensor with the readout system was obtained using a 5.486 MeV 241 Am α-particle source and the pulse generator method. A 300 µm thick planar silicon PIN diode with an expected 100% CCE was used as the reference detector for the detection of the full energy deposition peak of the α-particles in a vacuum. Using the ratio of electron-hole pair formation in silicon (3.6 eV) to diamond (13 eV), the parameters were recalibrated for diamond. The total absorbed dose of a mono-energetic 290 MeV/u 12 C ion beam in water was measured at the HIMAC facility using a pinpoint ionization chamber (IC) (PTW model 31066) at the same effective depths as those of the GR-EG1 microdosimeter.

Results

The energy deposition in the water phantom from the incident 290 MeV/u 12 C ion beam, as measured with the IC and simulated with Geant4, is shown in Fig. 7.24 a). A good agreement of the energy deposition was found between the simulated and the experimentally measured values. The maximum energy deposited was normalized to 1 and was observed for both the experimental and simulation results at a depth of approximately 148.8 mm.

The contribution to the total energy deposited in the water phantom is mainly due to the incident 12 C ions, fragments, and neutrons [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF][START_REF] Tran | Advanced semiconductor silicon detector for dosimetry and microdosimetry in radiation protection and hadron therapy[END_REF]. For a better interpretation of the measured energy spectra with the GR-EG1 (A1) diamond sensor, a plot showing different particle types contributing to such a spectrum is presented in Fig. 7.24 b). This energy distribution was simulated for a In Fig. 7.25 a), the low energy fragments can be clearly seen. In the experimental spectra (Fig. 7.25 b)), additional energy events between the fragments and the primary 12 C ion peak were measured. The noise threshold for this setup was estimated as being at approximately 45 keV thus, the fragmented protons have been cut off, while the helium fragments can still be simulated ȳD are slightly lower than those from the GR-EG1 detector after correction. By cutting off the lower energy peaks from the original measured spectra, the fragments contributing to these spectra were removed, thereby showing slightly higher ȳD values than those predicted with the simulation. A small shift between the maximum ȳD (167.7 keV/µm) measured at 149 mm and (166.6 keV/µm) simulated at 149.5 mm was observed. However, at the end of a 12 C ion's range, its LET increases rapidly, meaning that a small change in depth of only a few hundred microns can drastically change the ȳD value. As the estimated uncertainty in the positions of the sensor in the water phantom was approximately 0.5 mm, this could explain the reason for the difference in the peak position from the simulation and measured results.

Measurements with GR-EG1 Sensor in DS 230 MeV/u 28 Si Ion Beam

For the second experiment at the HIMAC facility, a pristine 28 Si ion beam with an energy of 230 MeV/u was used. Silicon ions are yet to have been used alone in conventional cancer treatment, although potential future clinical applications of 28 Si ions as part of multi-ion therapy is being investigated. Furthermore, the response of the GR diamond sensor to an 28 Si ion beam of this energy is representative of the harsh environmental conditions in space, thereby meaning that the results from these experiments could also provide evidence of the GR diamond microdosimeter's potential for use as a detector to monitor cosmic radiation effects on astronauts during space missions.

Experimental Setup

The experimental setup used whilst irradiating the GR-EG1 diamond microdosimeter with the 28 Si ion beam was almost identical to the that described in the previous section in the 12 C ion beam experiment (section 7.4.1). However, in contrast to the experiments with the 12 C ion beam, the signal of the GR-EG sensor here was acquired from the µSV's array A4 (Fig. 7.22 a)). In order to ensure full CCE for the heavier 28 Si ions, a +23 V voltage was applied to the GR-EG1 sensor's back electrode by a high precision bias supply unit. The used Geant4 simulation geometries were also previously presented in the 12 C ion beam experiment section. All calibration parameters for this experiment were the same as those used in the previous experiment.

Results

In Fig. and color-coded according to the spectra to which they belong. In both presented energy spectra, eight well defined peaks can be observed between 3×10 3 keV and 4×10 4 keV in diamond, which correspond to the simulated and measured primary 28 Si ions. Furthermore, the typical spectra broadening and shift towards higher energies (and BP) with increasing depth in water can be seen. As most of the primary 28 Si ions undergo fragmentation directly before reaching the BP, a significant increase of low energy fragments in the Geant4 simulated energy spectra at 32.5 mm and 33 mm can be observed (see Fig. 7.29 a)). Once the maximum energy deposition of the primary 28 Si ions has been reached at the BP, the energy spectrum in the downstream part of the Bragg curve (34.5 mm) consists only of low energy spectra dominated by fragments, as at this depth all the primary 28 Si ions have been stopped. It is to be noted that whilst measuring the deposited energy at 33 mm depth in water with the GR-EG1 microdosimeter, the spectrum was cut off at an energy of 2.7×10 4 keV due to the limited range of the MCA channels, whereas the Geant4 simulated spectrum at this depth showed higher deposited energies of up to 3.5×10 4 keV. In the experimentally measured spectra for the 28 Si ion beam, additional events between the low energy fragments and the primary 28 Si ion peak were observed, similar to those for the 12 C ion beam. In the inset of Fig. 7.29 b), a single energy spectrum measured with the GR-EG1 (A4) is shown, which clearly exhibits multiple energy peaks (red arrows) together with the energy peak corresponding to the events detected in the µSVs. All these energy peaks shifted towards higher energies with increasing depth in water and are thus not related to the fragments. However, according to the different count rates measured for these peaks, two of them correspond to active volumes much bigger than and one of them similar to those of the µSVs. As previously mentioned, this effect was not observed for the clinical proton beam, but for the 12 C ion beam, for which two additional peaks were observed. Considering the increased number of additional peaks observed in the deposited energy spectrum measured with the GR-EG1 sensor in the 28 Si ion beam, there is a strong indication of enhanced activation of additional sensitive volumes in the sensor with higher lineal energies. On the other hand, it is important to note at this stage that additional activation of volumes in the GR-EG1 sensor was already observed in IBIC experiments with protons, albeit only when a low bias of 1 V (∼0.08 V/µm) was applied to the diamond sensor (Fig. 6.27). In this case, the detected low energy peaks were associated with GR-EG1 sensor's back electrode, which was glued at two points to the gold electrodes on the DIL20 with a silver at a depth of 33 mm in water (light green). This peak, with a maximal lineal energy of 933 keV/µm, can be identified as the " 28 Si edge" corresponding to 28 Si ions stopping within the GR sensor's µSVs (12 µm). This cannot be seen for the microdosimetric spectrum measured with the GR-EG1

sensor at the same depth in water, as the maximal lineal energies were cut off, as described previously, owing to the limited range of the MCA channels. In this microdosimetric spectrum, the highest lineal energy measured with the GR-EG1 sensor was 720 keV/µm in water. Further downstream of the BP at 34.5 mm (gray), the microdosimetric spectrum displays a significantly different shape, as it is increasingly dominated by only the secondary mixed radiation field (fragments) with increasing depth.

The dose-mean lineal energies (ȳ D ) have been calculated from Geant4 simulated (red dashed line) and experimentally measured (blue triangles) microdosimetric spectra, as presented in Fig. 7.31 a). The energy spectra measured with the GR-EG1 diamond sensor were also individually corrected in the same manner as that previously described for the spectra derived from 12 C ion beam experiments. The corrected ȳD values were then calculated (green circles)

and compared with the simulated as well as original spectra results. For reference, the energy deposition from the 28 Si ion beam within the water phantom is presented in black. When comparing the corrected energy spectra to the original spectra, the ȳD values were observed to have increased by 70% in the entrance and up to 120% in the BP region. The highest ȳD value obtained at 33 mm for the simulated spectra was 720 keV/µm in water. No absolute value comparison of the simulated and GR-EG1 sensor value was made at 33 mm, as the measured energy deposition spectrum at this depth was cut off. However, it can be seen that the corrected ȳD values follow the shape of the curve well for the simulated ȳD values. This demonstrates that the GR diamond sensor is able to measure microdosimetric spectra in a good agreement with the Geant4 simulations when only considering the events detected in the µSVs. 

Discussion

In both the 290 MeV/u 12 C and 230 MeV/u 28 Si ion beams at the biological irradiation room at the HIMAC facility, microdosimetric spectra have been measured with the GR-EG1 A1 and A4, respectively. Comparing the microdosimetric spectra yd(y) of the Geant4 simulations and the experimental measurements for different depths in water, a good agreement for the primary 12 C and 28 Si ion peaks was found. However, the experimentally measured spectra have also shown multiple additional low energy peaks, which shifted towards higher lineal energies with increasing depth in water and thus are not related to the fragments. Furthermore, the previously observed incomplete CCE due to charge sharing between µSV and the GR electrode in the GR-EG1 sensor's isolation trenches was excluded as a possible reason of this effect, as much higher could rates have been measured for these low energy peaks as in the defined µSVs.

Due to these undesired energy peaks coming most likely from additional active volumes in the GR-EG1 sensor with incomplete CCE, the low energy fragment distributions could not be seen (distinguished) in the energy spectra measured with the GR-EG1 sensor. This effect has yet to be fully understood, thereby further investigations will be made in the near future. To compare the trend of the simulated and measured microdosimetric spectra and values, the measured energy spectra with the GR-EG1 diamond sensor were individually corrected by cutting out the low energy parts corresponding to the peaks from additional active volumes in the sensor. The corrected dose-mean lineal energies (ȳ D ) were then calculated for these measured spectra.

Comparing those ȳD values to the Geant4 simulated once a good agreement was found, despite the cut off fragments from the spectra, for both ion beams. This rough comparison has proven the ability of the GR-EG1 diamond sensor's µSVs to measure correct lineal energies for the primary radiation filed in the passively delivered high energy 12 C and 28 Si ion beams at HIMAC.

The calculated ȳD value for a given ion beam is the essential input parameter in the experimental microdosimetry. The ȳD is used to determine the α value for a specific cell type in the LQM applied for radiation field of interest, which is then used to calculate the RBE 10 in compliance with the MKM. As previously described in section 1. and from the Geant4 simulation of the GR microdosimeter (red dashed line). The RBE 10 profile of the 28 Si ion beam showed a drastic difference in terms of the profile shape compared to the 12 C ion beam. The RBE 10 minimum of approximately 1.6 at a depth of 33 mm coincidences with the maximum of the ȳD value. Once the ȳD decreases due to stopped primary 28 Si ions and a higher contribution from secondary fragments, a second RBE 10 peak appears and can thereby be related to the energy deposition by the larger fragments. This extreme shape of the RBE 10 profile occurs due to the high lineal energies (∼720 keV/µm) deposited by the 28 Si ions in the GR-EG1 µSVs, causing the overkilling effect (section 1.3.4) earlier along the Bragg curve. As with the previous beam, the RBE 10 values obtained from the corrected GR-EG1 microdosimetric spectra and Geant4 simulations show a good agreement. The RBE 10 obtained for the GR sensor and simulation, has a value of approximately 2.8 at the entrance of the water phantom and reaches a maximum of 3.4 before the BP at 28 mm depth in water. The maximum RBE 10 obtained with the SOI Mushroom microdosimeter of 3.2, was also observed before the BP, however slightly closer at 30 mm depth in water. A similar RBE 10 profile and maximal value of 3.2 at 2 mm before the BP was obtained for a Geant4 simulation of a SOI microdosimeter in a 400 MeV/u 20 Ne ion beam as reported in [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF]. However, a large discrepancy between the RBE 10 values derived at the entrance of the Bragg curve was observed between both the diamond and silicon-based microdosimeter. In order to fully understand the source of this variation, more detailed Geant4 simulations will be performed in the near future and presented in the PhD thesis in preparation of James E. Vohradsky (2020).

Conclusion

This chapter presented the response of two generations of scCVD diamond microdosimeters (p + and GR sensor) to passively delivered clinical proton and heavy ion beams at the IC-CPO and the HIMAC facilities, respectively. The MC Geant4 simulations were performed with the same experimental setup, including the exact beamlines and diamond microdosimeters geometries. The experimentally measured energy deposition spectra in diamond, were then compared to the simulated spectra for benchmarking. Furthermore, both simulated and experimentally measured energy deposition spectra were converted to the corresponding microdosimetric yd(y)

spectra and microdosimetric values ȳD and RBE 10 (for heavy ions) were calculated. These microdosimetric values were then compared to that of the SOI microdosimeters tested in the exact same or similar ion beam conditions.

Initially the p + EG-S and the GR-EG1 sensors were investigated in the passively delivered 103 MeV and 89 MeV protons in the Y1 beamline at IC-CPO. High contribution from the incomplete CCE linked to the partial diffusion of the charge cloud from the m-i-m region to the p + -i-m region at the close vicinity of edges surrounding the defined µSVs, was observed for the self-based p + EG-S during the measurements. These low energy events have consequently lowered the calculated ȳD values in the close proximity to the BP, where most of the primary protons are stopping. For the second diamond sensor, the GR-EG1, irradiated with the 89 MeV proton beam a superior performance in terms of less significant contribution of low lineal energy tail in the measured microdosimetric spectra, was observed. These low energy events attributed to the incomplete CCE due to charge sharing between µSV and the GR electrode in the GR-EG1 sensor's isolation trenches, could be improved in the future GR sensor prototypes by decreasing the size of the isolation gap below the range of charge diffusion for a given sensor. Additionally, the GR sensor was investigated as a simultaneous microdosimetric and dosimetric measurement system (same diamond sensor) for characterization of clinical proton beams. This measurement approach could potentially improve the precision and the reliability of future microdosimetric quality assurance measurements. A good agreement of both the Geant4 simulated and experimentally measured relative dose values in the BP and its distal part have been observed.

Therefore, further investigations will be undertaken to fully understand the measured depth-dose profiles with the GR-EG1 sensor. (Here or before in discussion: To the best of the author's knowledge, this presented type of diamond sensor is also the smallest nowadays available volume of approximately 0.68 mm 3 , which could be furthermore a perfect future instrument for precise pinpoint dose measurements in small-field, microbeams and minibeams dosimetry and microdosimetry.) Finally, these microdosimetric response of both scCVD diamond-based microdosimeters have shown their great potential for used in clinical proton beam.

The GR-EG1 microdosimeter was additionally investigated in two different mono-energetic heavy ion beams at the HIMAC facility's biology beamline, including the 290 MeV/u 12 C and 230 MeV/u 28 Si ion beams. A good agreement was found when comparing the microdosimetric spectra for the primary 12 C and 28 Si ion peaks from the Geant4 simulations and the experimental measurements for different depths in water. Additionally, multiple low energy peaks arising from undesired active volumes in the GR-EG1 sensor with incomplete CCE have been observed in the measured spectra. However, further investigations will be needed to fully understand the origin of these effects. Consequently, the measured energy deposition spectra with the GR-EG1 diamond sensor were individually corrected by cutting out the low energy peak contributions.

Comparing the corrected ȳD and the MKM-based RBE 10 profiles and absolute values to the Geant4 simulated once, a fairly good agreement was found, despite the cut-off fragments from the spectra, for both ion beam types. In the case of the 290 MeV/u 12 C ion beam irradiation, the RBE 10 reached a maximum of 3.1 at the BP. These results have shown a reasonable match with the SOI Mushroom microdosimeter tested in the same conditions at HIMAC. Due to the locally very high lineal energies deposited by the 28 Si ions in the diamond GR-EG1 microdosimeter, the overkilling effect occurred at approximately 5 mm before the BP with maximal RBE 10 value of 3.4. The good agreement of the ȳD and RBE 10 with the simulations has proven the ability of the GR-EG1 diamond sensor's µSVs to measure microdosimetric quantities (considering only the primary radiation filed) in the passively delivered high energy 12 C and 28 Si ion beams at HIMAC. Another important observation from both experiments is that unlike 28 Si ions presented in this PhD work and other high energy heavy ions like 14 N, 16 O and 20 Ne reported in [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF], the maximum RBE 10 value measured with both the diamond and silicon-based microdosimeters of the 12 C ions occurred at the same depth as the maximum energy deposited in the water phantom, namely the BP. This observation demonstrates the sharper biological dose profile for a mono-energetic 12 C ion beam and thus its advantage for cancer patient treatment. This was previously emphasized in [START_REF] Kraft | Tumor therapy with heavy charged particles[END_REF], however impossible to confirm earlier with experimental measurements using the TEPC [START_REF] Tran | The relative biological effectiveness for carbon, nitrogen, and oxygen ion beams using passive and scanning techniques evaluated with fully 3d silicon microdosimeters[END_REF].

etching for the creation of µSVs was categorized as moderate. Finally, for the fabrication of the free standing µSVs of a 3D microdosimeter (third generation) several advanced multi-etching and photolithography steps were required. In all fabricated prototypes using these techniques, arrays of well-defined microscopic µSVs with well-known dimensions were created.

The results obtained from the successively investigated scCVD diamond microdosimeters with raster scanned single mono-energetic ion microbeams (IBIC) have confirmed the design concept of the active µSVs in all three sensor generations. The self-biased p + microdosimeter prototypes have shown a built-in potential of 1.8 V (4.5 V/µm), which was strong enough to obtain a full CCE for protons with a uniform signal over the whole area of the µSVs. However, an incomplete CCE at the vicinity of µSVs was observed. This effect was identified as a result of partial charge diffusion from the intrinsic part of the sensor to the p + -i junction of the µSVs. This region surrounding the µSVs with a CCE 100%→0% drop of 4 µm and 10 µm, will be problematic in achieving microdosimetric devices aiming for measurements with µSVs comparable in their size to the cell nuclei (10 -20 µm), as this effect significantly degrades the quality of the energy deposition spectra for µSVs smaller than 20 µm in diameter. An incomplete CCE for heavier ions and lineal energies above 300 keV/µm was also observed for the p + sensor due to the low built-in potential. A possible solution to this problem could be the use of thinner sensor membranes (<1 µm), which would lead to an increased electric field. Another, possibility to increase the built-in potential would be to use a p + -i-n junction in which the built-in potential of approximately 4.3 V has been reported [START_REF] Shimaoka | Ultrahigh conversion efficiency of betavoltaic cell using diamond pn junction[END_REF]. Furthermore, an alternative application field for the self-biased p + microdosimeters could also be the Boron Neutron Capture Therapy (BNCT), in which extremely thin sensor layers for microdosimetric measurements are of great interest as previously reported in [START_REF] Vohradsky | Study in the feasibility of silicon and diamond microdosimetry use in boron neutron capture therapy[END_REF]. Consequently, development of prototypes with minimized region of CCE 100%→0% drop and possibility of external biasing to obtain higher electric field within the device was the main motivation for the investigation of the GR and 3D diamond microdosimeters.

To reduce the charge diffusion observed in the p + microdosimeters, the Al electrode defining the µSVs in the GR sensor prototypes was additionally surrounded by the (name giving) "guard ring" GR electrode. The results obtained from the externally biased GR microdosimeters tested in single ion microbeams, have all shown a very uniform charge collection for the entire area of the µSVs. A much smaller contribution of incomplete CCE signals was observed for the GR prototypes when compared to the first-generation p + detectors. In the case of GR sensor, the incomplete signal is related to the charge sharing between the µSVs and the GR electrode in the isolation trench. A CCE 100%→0% drop of 4 µm and 6 µm was observed for a 10 µm wide isolation trench. However, the charge sharing is not limited by the size of the isolation trench but by the charge diffusion. Therefore, to improve the quality of energy deposition spectra of the future GR prototypes, the size of the isolation trench could be reduced to below the range of charge diffusion for a given sensor. Hence, for the future GR prototypes a trench of 1 µm to 2 µm could be feasible with current photolithographic techniques.

Furthermore, in contrast to the p + microdosimeter, a complete CCE signal was measured with a 202 (optical grade) GR detector for various ion beams with lineal energies ranging from approximately 50 keV/µm up to 4000 keV/µm, thus covering the clinical range. To obtain the full CCE the sensor was externally biased with up to 80 V, corresponding to an electric field of 6.6 V/µm in the tested prototype. This extensive characterization has demonstrated an excellent linearity of the measured diamond signal with the expected energy deposition within the µSVs and thus the GR detector suitability for clinical ion beam characterization.

The best energy resolution (absolute) of approximately 50 keV (FWHM) was measured with a GR microdosimeter for 2 MeV protons. Overall, a better energy resolution (relative) was observed for ions fully stopping within the detector than ions crossing it. Analog to this, also a better resolution was observed for ions depositing higher lineal energies within the detector. The best measured energy resolution (relative) was 2.4% for the 12 MeV oxygen ions. Furthermore, a good agreement of the energy deposition experimentally measured and simulated with MC TRIM was found. This indicated that the obtained energy resolution was mainly limited by the straggling of the ions in the diamond material and a small contribution from the electronics, rather than by the intrinsic electric (charge transport) properties of the diamond itself.

To completely eliminate the problematic charge diffusion issue observed in both the p + and GR prototypes, the full 3D diamond microdosimeter, with truly isolated scCVD diamond µSVs Due to its signal linearity for a wide range of lineal energies, the GR microdosimeter was additionally tested in two different heavy ion beams at the HIMAC facility in Japan, including the 290 MeV/u 12 C and 230 MeV/u 28 Si ion beams. Again, a good agreement was found when comparing the microdosimetric spectra for the primary 12 C and 28 Si ion peaks from the Geant4 simulations and the experimental measurements for different positions along the pristine Bragg curve. Multiple peaks arising from erratic and incomplete signals from additionally active volumes in the GR sensor were observed in the measured spectra for both ion beams. The origin of these erratic signals was associated with the back electrode of the GR sensor, which was glued at two points to the electrodes on a DIL20 sensor carrier by using a silver loaded resist. Most likely, these large volumes and additional smaller once become active during irradiations with higher lineal energies than those measured in the proton therapy, as this effect was not observed for clinical proton beam conditions. Furthermore, this effect was previously observed in ion microbeams, when extremely low electric fields were applied to the sensor, these signals did however disappear one a higher electric field was induced. This effect is most likely related to a type of crosstalk phenomenon, however further investigations will be needed to fully understand the origin of these effects. Thereby, in the near future alternative conductive glue solutions will be investigated for this purpose in further detail in single ion microbeam (BIC) experiments.

Considering only the primary 12 C and 28 Si ion peaks, the measured energy deposition spectra with the GR sensor were individually corrected by cutting out the low energy erratic peaks.

Comparing the corrected MKM-based RBE 10 values calculated for HSG cells to those simulated with Geant4, a fairly good agreement was found, (despite the fact that also all fragments have been cut off from the spectra, for both ion beam types). In the case of the 290 MeV/u 12 C ion beam, the RBE 10 reached a maximum of 3.1 at the BP. This result has shown a reasonable match with the 9.1 um thick SOI Mushroom [START_REF] Tran | The relative biological effectiveness for carbon, nitrogen, and oxygen ion beams using passive and scanning techniques evaluated with fully 3d silicon microdosimeters[END_REF] microdosimeter tested in the same conditions at HIMAC. Due to the locally very high lineal energies deposited by the 28 Si ions in the diamond GR microdosimeter, the overkilling effect occurred at approximately 5 mm before the BP with maximal RBE 10 value of 3.4. A good agreement of the experimentally derived RBE 10 values with the simulated once has proven the ability of the GR microdosimeters to measure microdosimetric quantities in the passively delivered high energy 12 C and 28 Si ion beams at HIMAC. Another important observation from both experiments is that unlike 28 Si ions presented in this PhD work and other high energy heavy ions like 14 N, 16 O and 20 Ne reported in [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF], the maximum RBE 10

value measured with both the diamond (GR) and silicon-based (SOI) microdosimeters of the 12 C ions occurred at the same depth as the BP in the water phantom. This observation demonstrates the sharper biological dose profile for a mono-energetic 12 C ion beam and thus its advantage for cancer patient treatment. This was previously emphasized in [START_REF] Kraft | Tumor therapy with heavy charged particles[END_REF], however impossible to confirm earlier with experimental measurements using the TEPC [START_REF] Tran | The relative biological effectiveness for carbon, nitrogen, and oxygen ion beams using passive and scanning techniques evaluated with fully 3d silicon microdosimeters[END_REF]). Furthermore, also in the case of heavy ion beams, characterization measurements with SOBP will have to be performed in the future to study the response of the microdosimeter in most realistic clinical beams. Team CMRP:: James (Panzer Rechner), Jeremy, Linh, David, Dean, Karen, Natalia, Emily, Mia, Sarah, Jarryd, Ben James, Vladimir, Jason and Stefania.
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Team IC-CPO: Amelia and Antony. Abstract: Hadron therapy is an innovative type of radiotherapy for cancer treatment which enables tumor cells to be more effectively destroyed than by conventional radiotherapy using photons. At present, the linear energy transfer (LET) of particles is used as a fundamental parameter in predicting the relative biological effectiveness (RBE) of particle beams. However, serious limitations of the LET concept with respect to the RBE and the difference between different types of radiation have been discussed. These limitations led to the introduction of a measurable stochastic quantity called lineal energy of particles, which provides a fundamental basis for microdosimetry. Having access to such experimentally measured quantities is essential for validating simulations and models, which in turn improve the treatment efficiency. Currently, no microdosimetric detectors using the lineal energy as a measurement quantity are available on the market for routine clinical use. The objective of this PhD project was to develop a novel type of solid-state tissue-equivalent diamond-based microdosimetric system to create a state-of-the-art tool for obtaining lineal energy measurements with high spatial resolution under clinical conditions during hadron therapy. Various microfabrication techniques, such as plasma etching, thin films deposition and photolithography, were used to create diamond microdosimeter prototypes at CEA in France. The IBIC (Ion Beam Induced Charge) characterization of diamond microdosimeters was made possible by being able to conduct experiments with particle microbeams at national and international partner laboratories, such as AIFIRA CENBG in France and ANSTO in Australia. The final prototypes of the developed devices were integrated with suitable, multichannel electronics, and their performance was tested in proton and heavy-ion medical centers at IC-CPO in France, together with HIMAC in Japan. The obtained measurements were compared with results derived from Geant4 Monte Carlo particle transport simulations and other devices developed within this field.
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 111 Figure 1: DIAµDOS and DIADEM projects collaboration partners.
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 15 Figure 1.5: 2D view of the depth-dose distribution of a proton beam. Reproduced from [154].
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 16 Figure 1.6: Comparison of the lateral energy deposition taken at 10 mm before the BP for different ions in water. Reproduced from [167].

Figure 1 . 9 :

 19 Figure 1.9: Direct and indirect radiation induced DNA damage. Reproduced from [108].
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 111 Figure 1.11: Dose delivery and energy distribution images of high LET irradiation with ions, and a schematic illustration explaining the effects inside a cell. Reproduced from [61].
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 113 Figure 1.13: Comparison of simulated ionization density tracks of different ions in water. Reproduced from [74].
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 1 Figure 1.14: RBE for different LETs for different ions for killing of human salivary glands (HSG) cells [110]. Reproduced from [61].
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 115 Figure 1.15: Experimental cells survival data fitted to a lineal quadratic function according to the LQM. Reproduced from[START_REF] Selvi | Study of the track reconstruction in the foot experiment for hadrontherapy[END_REF] .
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 1 Figure 1.17: a) Schematic drawing of the principles and b) photograph of a cyclotron accelerator.Reproduced from[START_REF] Zink | Skript: Einf ührung in die Strahlentherapie und Therapie mit offenen Nukliden[END_REF].
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 1 Figure 1.18: a) Schematic drawing of a synchrotron system and b) a photograph of the synchrotron accelerator at the Gunma University Heavy Ion Radiotherapy Facility in Japan. Reproduced from [23, 131].
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 1 Figure 1.19: Depth-dose distributions for a spread-out Bragg peak (SOBP) and its constituent BP curves. Reproduced from [149].
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 121 Figure 1.21: Illustration of the active pencil beam scanning delivery method (PBS). Reproduced from [154].

  As described in the previous charter, different radiobiological models are used in hadron therapy to modify the final absorbed dose distribution for the cancer treatment. Consequently, the procedures to determine the RBE values should be well controlled. According to the ICRU 93, the calculation of the RBE is classified as one of the largest sources of uncertainty in the delivered doses (RBE-weighted doses), as presented in Fig.2.1.
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 21 Figure 2.1: Overview of sources of uncertainties in hadron therapy. Reproduced from[START_REF]on Radiation Units and Measurements[END_REF] .
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 25 Figure 2.5: Example of an energy deposition spectrum measured with a microdosimeter at the distal part of the BP.
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 2 (y)dy y f (y)dy = y 2 f (y)dy ȳF = y d(y) dy (2.4) For better understanding of the presented microdosimetric values the frequency-mean and dose-mean lineal energies are indicated by red arrows in Fig. 2.6 a) and b), respectively. These values were calculated from the energy deposition distribution presented in Fig. 2.5 and are plotted on a logarithmic x-axis with linearly spaced bins. The curves' integrals are proportional to the fraction of events or dose in given range.
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 26 Figure 2.6: Experimentally measured a) frequency and b) dose distribution spectra.
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 27 Figure 2.7: a) Frequency and b) dose distribution spectra from Fig. 2.6 re-binned into logarithmic spaced bins.

  2.8, a cross-section of such a mini-TEPC surrounded by a TE plastic cathode wall (in red) and a Rexolite insulator layer (in yellow), with a total external diameter of 2.7 mm, is illustrated. The SV (in blue) is located inside a 200 mm long titanium sleeve, which is presented in Fig 2.9 a).
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 28 Figure 2.8: A cross-section of the mini-TEPC. Reproduced from [87].
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 29 Figure 2.9: a) A mini-TEPC placed inside a Ti sleeve and b) inside a water tank phantom during clinical ion beam measurements. Reproduced from [71, 87, 88].

Fig. 2 .

 2 10 a), shows a SEM image of a fragment of an array of the SVs of the 3D Bridge microdosimeter. The SV surrounding silicon was fully etched to a depth of 10 µm, creating a straight parallelepiped shape SV whilst leaving a thin silicon bridge between two SVs to support the Al readout tracks.
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 2 Figure 2.10: a) A SEM image of a fragment of the array of SVs. b) A top view and a simplified topology of the SV of an SOI Bridge microdosimeter. Reproduced from [165, 185].

Figure 2 .

 2 Figure 2.11: a) SEM images of (left) a fragment of array of SVs and (right) a single one Mushroom SV. b) A 3D drawing of the SOI Mushroom microdosimeter design. Reproduced from [186, 187].
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  .12 a) to b). First a) deposition of a patterned Cr-mask on a High Pressure High Temperature (HPHT) diamond substrate to define the geometry of the back electrode, b) selective growth of p-type diamond for the back electrode, c) second deposition of a patterned Cr-mask for the geometry definition of sensitive layer and d) selective growth of an intrinsic diamond (sensitive) layer. Finally, e) deposition of Cr top electrode and f) realization of the bonding pad electrodes[START_REF] Verona | Toward the use of single crystal diamond based detector for ion-beam therapy microdosimetry[END_REF].
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 212 Figure 2.12: Main steps of the fabrication process of diamond-based microdosimeters at University of Tor Vergata. Reproduced from[START_REF] Verona | Toward the use of single crystal diamond based detector for ion-beam therapy microdosimetry[END_REF].
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 213 Figure 2.13: a) 3D schematic representation of the diamond-based microdosimeter (DBM) design. b) A optical microscope image of a wire-bonded DBM. Reproduced from[START_REF] Verona | Toward the use of single crystal diamond based detector for ion-beam therapy microdosimetry[END_REF].
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 2 Figure 2.14: a) An optical image of the 3D Lateral Electrode Structure (LES) microdosimeter. b) Top and side view of the electric field simulated using TCAD within the diamond volume.Reproduced from[START_REF] Davis | A 3d lateral electrode structure for diamond based microdosimetry[END_REF].

  2.15 a) and exemplified in an optical microscope image in Fig. 2.15 b).

Figure 2 .

 2 Figure 2.15: a) 3D drawing of the diamond-based microdosimeter 3D-LES-2 prototype. b) An optical microscope image of a fabricated 3D-LES-2 prototype with 3D SVs. Reproduced from [94].
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 31 Figure 3.1: Schematic illustration of diamond's structure with covalent bonds between one atom and four neighboring atoms, linked into a cubic lattice with a side length of 0.357 nm. Reproduced from [21].
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 32 Figure 3.2: Examples of HPHT produced diamonds. Reproduced from [20].
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 33 Figure 3.3: Schematic illustration of a microwave CVD reactor. Typical growth conditions are: 1%methane in hydrogen as source gas, deposition temperature 700 to 2 000 • C and gas pressures in the range of 30 to 300 Torr[START_REF] Rebisz | Alternative methods for heavy-ion therapy dosimetry[END_REF]. Reproduced from[START_REF]For more information about the element six diamonds see[END_REF].
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 34 Figure 3.4: Examples of CVD grown diamonds. Reproduced from [20].
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 35 Figure 3.5: A picture of the multi-seeded MPCVD deposition of single crystal diamonds with over 70 HPHT (3.5×3.5 mm 2 ) seed crystals. Taken from [170].
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 3 Fig. 3.6 gives an overview of the two main classification groups and the subgroups of diamonds.
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 36 Figure 3.6: Classification of diamonds according to their level of impurities. Content reproduced from [21].
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 37 Figure 3.7: A SEM image of the visible grain boundaries in a pcCVD diamond.

Figure 3 . 8 :

 38 Figure 3.8: An example for a commercial pcCVD diamond-based detector used at CERN LHC as fast beam-loss monitors (BLMs). Taken from [9].

Figure 3 . 9 :

 39 Figure 3.9: a) A picture of series of scCVD diamond X-ray beam monitors. b) XBIC map of scCVD diamond showing homogeneous response and c) 5.486 MeV α-particle spectrum measured with a parallel-plate scCVD diamond detector. Reproduced from [101, 157].

Figure 3 . 10 :

 310 Figure 3.10: A large size Ir/YSZ/Si(001) heteroepitaxy grown diamond wafer. Reproduced from [171].

Figure 3 .

 3 Figure 3.11: a) An example of heteroepitaxy CVD diamond-based detector system. Energy deposition spectra measured for b) holes and c) electrons when irradiated with an 241 Am α-source.Taken from[START_REF] Berdermann | 10 cvd-diamond detectors for experiments with hadrons, nuclei, and atoms[END_REF].

Figure 3 . 12 :

 312 Figure 3.12: Parallel-plate electrodes geometry of a diamond detector.

Fig. 3 .

 3 Fig. 3.13 shows the charge carrier velocity in a scCVD diamond <100> oriented (as used in this work) plotted as a function of the applied electric field. The hole and electron velocity values are presented in red and blue, respectively [158, 162].

Figure 3 . 13 :

 313 Figure 3.13: Drift velocities in a <100> oriented scCVD diamond as a function of applied electric filed. Reproduced from [162].

  equation the charge collected at the electrodes is a function of the mean collection distance only. However, with thicker detectors more charge is generated, thus more charge is collected and the charge collection increases. Thus, the charge collection distance, together with the sample thickness, state the material quality. Furthermore the CCE depends strongly on the presence and density of charge carrier traps [109].

Figure 3 . 14 :

 314 Figure 3.14: The graphical representation of CCE to CCD relation. Reproduced from [158].

Figure 3 . 15 :

 315 Figure 3.15: Different types of crystal defects and impurities in a diamond. Reproduced from [135].

Figure 3 . 16 :

 316 Figure 3.16: Schematic diagram of an electron trap and a recombination center in a crystal.

Figure 3 . 18 :

 318 Figure 3.18: Schematic illustration of the principles of a charge sensitive preamplifier (CSA).
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4. 1 . 1

 11 Thin Film Deposition PVD Basic Principles Physical vapor deposition (PVD) describes a variety of high vacuum deposition methods that can be used to produce thin films and coatings. PVD is characterized by a process in which a material goes from a condensed phase to a vapor phase and then back to a thin film condensed phase. Different PVD techniques utilize the same three fundamental phase steps but differ in the methods used to generate and deposit the material. The most common PVD techniques are sputtering and evaporation. In Fig. 4.1 the magnetron sputtering process is illustrated, being the only technique used in this PhD thesis.

Figure 4 . 1 :

 41 Figure 4.1: Illustration of the PVD process for thin film deposition.The magnetron sputtering is a plasma-assisted technique that creates a vapor from the source target through being bombarded with accelerated ions typically from an inert gas (e.g.: Ar). Reproduced from[START_REF]For more information about the magnetron-sputtering see[END_REF].

13. 6

 6 MHz RF magnetron sputtering PVD reactor from Plassys [36] was used. In Fig. 4.2 a), a schematic view of the PVD RF magnetron sputtering setup at LCD is shown.

Figure 4 . 2 :

 42 Figure 4.2: a) Schematic illustration of the PVD RF magnetron sputtering system at LCD. b)PVD chamber lid with the substrate fixed to a holder and a shutter. Reproduced from[START_REF] Delchevalrie | Films de diamant h ét éro épitaxi és sur Ir/SrTiO 3 /Si (001): une voie vers des substrats de plus grande taille[END_REF] 

Figure 4 . 3 :

 43 Figure 4.3: a) A substrate holder with four individual shadow masks used for the PVD thin film deposition onto diamond membranes. Additional thin Al b) shadow mask placed beneath the hard metal mask and c) Al strips for even smaller deposition areas.

Figure 4 . 4 :

 44 Figure 4.4: a) Profilometer view on a HPHT sample to be measured. b) Al and Cr film deposition rates obtained from the profilometry measurements. Inset: A profile measured between the Al deposition and the non-exposed area. Target Material Ar (sscm) Pressure (mTorr) RF Power (W) DC Bias (V) Deposition Rate (nm/min) Al 20 8.6 175 743 20.0 Cr 20 9.8 175 788 13.3

Figure 4 . 5 :

 45 Figure 4.5: Schematic illustration of a) the RIE chamber setup and b) the reactive ion etching processes.

  4.6 a) was used. A turbomolecular pump was employed to obtain the necessary vacuum of ∼10 -5 mbar inside the chamber. The chamber was then filled up with reactive O 2 and Ar prior to etching and the gas stoichiometry and flow were precisely controlled during the etching by means of massflow controllers. Fig. 4.6 b) shows an inside view of the RIE chamber with a quartz holder on the top of the powered electrode on the bottom side of the chamber. Additionally, to minimize possible contaminations of diamond with silicon-oxide due to the reaction of O 2 with the quartz during the etching and also allow an easier handling of the fragile membranes the scCVD samples were placed onto a pcCVD diamond holder. The generated Ar/O 2 plasma during the RIE is shown in the inset of Fig. 4.6 a).

Figure 4 . 6 :

 46 Figure 4.6: a) RIE setup at SPEC. Inset: generated Ar/O 2 plasma during the RIE process. b) Inside view of the vacuum chamber with the quartz sample holder and the pcCVD diamond holder for the scCVD diamond membranes. Reproduced from [99].

Figure 4 . 7 :

 47 Figure 4.7: a) Illustration of the PVD RF magnetron sputtering system for plasma etching at LCD. b) Inside view of the PVD chamber as used for etching of scCVD diamond samples. Reproduced from [99].

Fig. 4 .

 4 Fig. 4.8 b) and are summarized in Tab. 4.2.

Figure 4 .

 4 Figure 4.8: a) View of the profilometer on the etched sample and b) the measured values for each material and plasma etching method.

Fig. 4 .

 4 Fig. 4.10 a) and b) show an example of an intrinsic scCVD diamond membrane before and after 80 min CVD growth in the BAOBAB reactor, respectively. The thin layer of grown boron-doped scCVD diamond (p + ) in Fig. 4.10 b) is characteristic by its bluish color. During the CVD process,undesired p + growth on the bottom side of the membrane (not directly exposed to the CVD plasma) was observed, as can be seen in Fig.4.10 c). To remove it from the bottom side as well as from the diamond samples vertical walls, a shallow Ar/O 2 plasma etching treatment was applied to the diamond membrane before the actual microfabrication processing.

Figure 4 . 9 :

 49 Figure 4.9: a) BAOBAB CVD reactor used for the growth of boron-doped diamond layers at LCD. b) Inside view of the vacuum chamber during the p + diamond CVD growth process.

Figure 4 . 10 :

 410 Figure 4.10: Example of an intrinsic scCVD diamond membrane a) before and b) after 80 min p + CVD growth. c) Undesired p + growth on the walls and back side of the diamond sample.

  Photolithography includes multiple systematic processes which should be executed inside a cleanroom environment. An examples of a cleanroom working bench for photolithography is presented in Fig.4.11 a). A typical photolithography process begins with cleaning the substrate surface, usually with acetone, methanol or isopropanol alcohol and deionized water (DI). A compressed air pressure gun can be used to dry the substrate and avoid water spots. Once the substrate is clean, it is placed inside a spin-coater, as shown in Fig.4.11 b), and an appropriate type of photoresist is applied to the center of the substrate, in this case a Si-wafer. The substrate is then rotated at a speed of up to 10 000 rpm (revolutions per minute) to spread the coating material homogeneously by the centrifugal force, while remaining firmly affixed to the chuck by the vacuum.

Figure 4 .

 4 Figure 4.11: a) Global view of the cleanroom photolithography working bench at SPEC. b) View inside a spin-coater.

Figure 4 . 12 :

 412 Figure 4.12: Positive and negative photoresist.

Figure 4 . 13 :

 413 Figure 4.13: Lift-off process steps.

Figure 4 .

 4 Figure 4.14: Wet-etch process steps.

Figure 4 . 15 :

 415 Figure 4.15: A picture of a) the laser lithography system DILASE 650 at SPEC and b) a schematic illustration of the exposure setup.

Figure 4 .

 4 Figure 4.16: a) A picture of the beamer projection lithography system Smart Print available in the cleanroom at LCD. b) Schematic illustration of the exposure setup with its main components. Reproduced from [55].

Fig. 4

 4 Fig. 4.17 shows a optical microscope image of a scCVD diamond plate surface as received

Figure 4 . 17 :

 417 Figure 4.17: scCVD diamond plate as received after slicing and polishing a) before and b) after the hot acid treatment.

Fig. 4 .

 4 Fig. 4.18 a) and b) the same deep plasma etched scCVD diamond membrane is shown right after the deep etching and then after the HF treatment, respectively.

Figure 4 .

 4 Figure 4.18: scCVD diamond membrane etched using the deep PVD Ar/O 2 approach. a) Diamond membrane surface contaminated with silicon-oxide. b) Same diamond membrane after the HF treatment.

or O 2

 2 gases, adjustable by the mass flow controllers. The plasma gas is generated by a RF 40-50 kMz power and 230 V voltage supply. Inside the vacuum chamber a stainless steel sample carrier is provided, as shown in Fig. 4.19 b). To avoid any contamination from the stainless steel sample carrier, diamond samples where places a pcCVD diamond holder, which additionally allowed an easier handling of the fragile samples. Ar and O 2 plasma has been also used prior to metal deposition, assuring a better adhesion to the samples surface.

Figure 4 .

 4 Figure 4.19: a) Pico plasma cleaning system available at LCD. b) Inside view of the vacuum chamber with the pcCVD diamond holder and scCVD diamond membrane.

Figure 4 . 20 :

 420 Figure 4.20: Microfabrication steps of thin scCVD diamond membranes.

Fig. 4 .

 4 Fig. 4.21 a). To avoid etching of large membrane, which might introduce a higher uncertainties in diamond surface parallelism, for the 4.5×4.5 mm 2 diamond plates a pcCVD diamond mask with four individual openings of 1.2×1.2 mm 2 in a distance of 0.8 mm to each other was laser cut, as presented in Fig. 4.21 b).

Figure 4 .

 4 Figure 4.21: a) A pcCVD diamond shadow mask design with a) single one opening and b) with four individual openings for plasma etching of scCVD diamond membranes.

Figure 4 . 22 :

 422 Figure 4.22: Illustration of the pcCVD diamond shadow mask a) place directly on the scCVD diamond membrane and b) attached to the scCVD diamond membrane using a carbon tape. c) Example of a scCVD diamond plate fixed to a pcCVD mask.

  Fig. 4.23 a) and b) shows examples of etched and cleaned scCVD membranes by using the pcCVD diamond masks as presented in Fig. 4.21. The PVD parameters used during the deep Ar/O 2 plasma etching process have been previously shown in Tab. 4.2.

Figure 4 . 23 :

 423 Figure 4.23: scCVD diamond membrane windows resulting from plasma etching of diamond plates protected by pcCVD diamond shadow masks with a) single one and b) four individual openings.

Figure 4 .

 4 Figure 4.24: a) Bubbles and b) pin-holes observed in scCVD diamond membranes after the deep Ar/O 2 plasma etching microfabrication step.

  4.25 the contact-type surface profilometry approach with the KLA-TENCOR Alpha-Step IQ profilometer used at SPEC is schematically illustrated. This profilometer with a diamond stylus sensor as shown in the inset of Fig. 4.25 a), was gently dropped onto the bottom side of a scCVD diamond membrane. A camera installed above the stylus sensor allowed a live view of the sample during the alignment process, as shown in Fig. 4.25 b).

Figure 4 .

 4 Figure 4.25: a) scCVD diamond membranes thickness characterization approach using a stylustype surface profilometer system. b) Profilometer camera-view on the diamond membrane.

Figure 4 .

 4 Figure 4.26: a) Measured profiles of an etched diamond membrane as indicated in b).

  4.27 b). The range of 5.486 MeV α-particles is about ∼13 µm in diamond, thus the particles were traversing thin scCVD membranes of thickness less than the particle range and reaching the thick detector placed beneath, where they were stopped inducing signal pulses. These amplified signal pulses from the thick diamond detectors were digitalized and analyzed using a pocket multi-channel analyzer (MCA).

Figure 4 .

 4 Figure 4.27: a) scCVD diamond membrane thickness characterization using the α-source ∆E + E approach. b) A picture of a diamond membrane placed on the thick diamond detector.

Figure 4 .

 4 Figure 4.28: a) Measurement of the energy (E) with thick diamond sensor and b) energy lost of α-particles vs. diamond thickness as calculated with TRIM.

4. 3 p + Sensor Prototyping 4 . 3 . 1

 3431 Concept and Microfabrication Process Operational ConceptA simplified 3D illustration explaining the concept of the first generation of the scCVD diamond membrane-based sensors for microdosimetry, namely the self-biased p + sensor, is presented in Fig.4.29 a). The p + sensor consists of three different layers, including an intrinsic scCVD diamond membrane (i) in white, electrical metal or carbon contacts (m) from both sides of the membrane in gray and the boron-doped diamond (p + ) pixels in blue. The µSVs within an intrinsic diamond layer are given by the geometry of the electrodes created on the membrane. Patterned p + pixels defining the µSVs are etched on the top side of the p + sensor. Additionally, these multiple µSVs are interconnected by a strip electrode deposited on top of the pixels for the signal readout of an array of such µSVs. On the bottom side of the membrane, an electrical contact kept at ground potential is provided by a large full pad or strip electrode.

Figure 4 .

 4 Figure 4.29: a) 3D illustration of a self-biased scCVD diamond membrane-based p + sensor. b) Band structures showing ionization events within and outside the µSVs during irradiation with ions.

Figure 4 .

 4 Figure 4.30: a) Schematic illustration of a scCVD diamond membrane fixed onto a 2-inch Si-wafer. b) A picture of such a scCVD diamond membrane fixed onto a Si-wafer.

  Fig 4.31 (2). Thus creating direct access to the p + diamond layer (blue squares). The parameters used in this step for the microfabrication of all p + sensors are summarized in Tab. 4.5.

  Fig 4.31 (3).(Note: the wet-etch approach can also be used for this step). Additionally, acetone allowed to remove the already patterned membrane from the Si-wafer. Prior to further processing, the membrane was rinsed with isopropanol and carefully dried with compressed air.

Figure 4 .

 4 Figure 4.31: p + sensor microfabrication steps 1 to 3.

Figure 4 .

 4 Figure 4.32: p + sensor microfabrication steps 4 to 6.

  been fabricated within this PhD thesis. These p + sensors represent the first generation of diamond membrane-based sensors for solid-state microdosimetry. First the pioneering sensor prototype p + EG-S and then the p + EG-C are presented in this section. p + EG-S Sensor In Fig. 4.33 a), an optical microscope image of a global view on the microfabricated p + EG-S sensor (S for squares) is shown. This sensor has been fabricated on a 4×4 mm 2 large intrinsic EG scCVD diamond plate with a single membrane window of 2×2 mm 2 .

Figure 4 . 33 :

 433 Figure 4.33: Optical microscope images of a) global view on the p + EG-S sensor and b) an enlarged view on the active region interconnected by the top Al strip electrode.

Figure 4 .

 4 Figure 4.34: a) SEM image showing the top side of a part of the p + EG-S sensor. b) Enlarged view on one 45×45 µm 2 p + pixel.

Figure 4 . 35 :

 435 Figure 4.35: Optical microscope images of a) a global view on the + EG-C sensor and b) an enlarged view on the p + patterned pixels.

Figure 4 .

 4 Figure 4.36: SEM image of the p + EG-C sensor: a) global view on active region covered with an Al strip top electrode. b) Enlarged view on one p + pixel not covered with the Al top electrode.

Figure 4 .

 4 Figure 4.37: a) 3D illustration of the scCVD diamond membrane-based GR sensor concept. b) Band structures showing ionization events within the µSVs during irradiation with ions.

. 4 . 38 ( 2 )Fig. 4 .

 43824 photolithography process, including the 1 µm for the µSVs and bridges, and the 10 µm spot size for the connections to the wire bonding pads and the wire bonding pads themselves (see Fig. 4.39).

Figure 4 . 38 :

 438 Figure 4.38: GR sensor microfabrication steps 1 to 3.

Fig. 4 .

 4 Fig. 4.39 shows an optical microscope image of a real GR sensor pattern resulting from this microfabrication step. When Al was chemically etched away from the isolation trenches, their color observed under an optical microscope, changed from orange (Al) to dark brown (no Al), as no Al film was yet deposited on the bottom side of the transparent diamond membrane. This color contrast was used as an indicator for sufficient long Al etching times, and thus Al free isolation trenches.

Figure 4 . 39 :

 439 Figure 4.39: Optical microscope image of the etched isolation trenches in the GR sensor according to microfabrication step (4).

Figure 4 .

 4 Figure 4.40: GR sensor microfabrication steps 4 to 6.

  4.41 a) to c), the most common errors occurring during the microfabrication of the GR sensors are presented. In most cases, as shown in Fig.4.41 a) and b), an over-or underexposure of the photoresist was the problem. Although, the parameters were optimized, as presented in Tab. 4.6, the photoresist layer thickness variation during the spin-coating onto small samples, with thicker resist layers at samples edges, has been observed.Thus multiple repetitions of this fabrication step were necessary. Also, the slightest surface contaminations of the sample with dust or residual photoresist particles, as shown in Fig.4.41 c), meant that the entire process had to be repeated.

Figure 4 . 41 :

 441 Figure 4.41: Most frequent microfabrication errors related to the formation of the isolation trench in the GR sensor: a) photolithographic overexposure and b) underexposure. Additionally, c) surface contamination with small particles hindered the process.

5 mm 2

 2 large intrinsic OG scCVD diamond plate with four individual etched membrane windows. In Fig. 4.42 a), an optical microscope image of a global view on the GR-OG1 sensor, fabricated on such a membrane window with a lateral size of 1.2×1.2 mm 2 and thickness of 7 µm is shown. On the bottom side of each diamond membranes, 3.2 mm long and 400 µm wide strip Al electrodes were deposited using the shadow masks system. From the top side of the diamond sample a 3×3 mm 2 large full pad Al electrode pattered to an array of µSVs and a GR structure, can be seen. Both, the top and bottom Al electrodes have a thickness of 200 nm.It should be noted, that in real case scenario, once the full pad Al electrode is deposited on the top side of a diamond membrane, the membrane itself is not visible under the microscope (from the top side of the sensor). However, for a better understanding of the GR prototype structure, two individual optical microscope images taken at the top and bottom side of the GR-OG1 sensor have been overlayed in Fig.4.42 a).

Figure 4 . 42 :

 442 Figure 4.42: Optical microscope image of the 7 µm thick GR-OG1 sensor. a) A global view on the prototype with four individual membrane windows, and b) an enlarged view on the GR-OG1 sensor with 4×4 µSVs.

Fig. 4 .

 4 Fig. 4.42 b) shows an enlarged view on the GR-OG1 sensor with the µSVs array. It consists of 4×4 (16) µSVs with a diameter of 60 µm. These µSVs are interconnected by 10 µm wide and 30 µm long connecting bridges and surrounded by the GR electrode at a distance of 10 µm from the active region, thereby creating the isolation trench. The dashed red lines in both Fig. 4.42 a) and b), mark the parallel-plate Al electrodes and thus the GR-OG1 active region.

Figure 4 .

 4 Figure 4.43: a) Optical microscope image of the microfabricated 12 µm thick GR-EG1 sensor. b) Enlarged view on the µSVs readout array A4.

Fig. 4 .

 4 Fig. 4.43 b) shows an enlarged view on the µSVs array A4 of the GR-EG1 sensor. The created µSVs are interconnected by 10 µm wide and 70 µm long bridges and surrounded by a large GR electrode. The isolation trench separating the µSVs electrode from the GR electrode is 10 µm wide. The dashed red line, in Fig. 4.43 b), shows also the active area of the sensor(parallel-plate metallization). Furthermore, the isolation trenches on the right side from the dashed red line have a dark color, which signalizes that no Al was deposited on the bottom side of the membrane, as explained before. The total active volume of one µSVs array (µSVs + bridges) is ∼687 767 µm 3 . Accounting 20% for the active bridges interconnecting the µSVs. The impact of the signal measured within the active region under the bridges was also studied by means of MC Geant4 simulations and is presented in chapter 7.

Figure 4 .

 4 Figure 4.44: a) SEM images of a tiled view on four µSVs microfabricated in the GR-EG1 sensor. b) Enlarged view on the sensor's well defined isolation trench.

Fig. 4 .

 4 Fig. 4.45 a) provides a 3D illustration of the concept of the 3D diamond membrane sensors. Essentially, the sensor consists of two different layers and a third one in case of the p + upgraded sensor design. In all the following illustrations, the left half represents the fully intrinsic diamond membrane sensor (i3Dm) and the right half the p + upgraded (p + 3Dm) sensor version. The different sensor's layers include the intrinsic scCVD diamond µSVs and bulky frame (i) in white, a non-electrically active resist in orange, electrical metal or carbon contacts (m) in gray and in the p + 3Dm sensor additionally the boron-doped diamond layer in blue.

Figure 4 .

 4 Figure 4.45: a) 3D section image of the fully 3D sensor with (left) only intrinsic diamond µSVs and (right) a p + layer upgrade. b) Band structures showing ionization events within the µSVs in both sensor's versions.

2 )

 2 step in Fig.4.46 by using a positive AZ 1512 HS[3] photoresist, photolithographic patterning was performed. The UV exposure only to micro-size motives led during the development process to removing the resist from these specific regions, thus creating direct access to the intrinsic diamond layer (white circles). The parameters used for this fabrication step (2) for all versions of the 3D sensors are summarized in Tab. 4.7.

  Next a 800 µm thick layer of Cr was deposited onto the top side of the diamond membrane.Gently rinse of the membrane with acetone resulted in detaching of the residual photoresist, as presented in Fig.4.46 step (3), creating metallic hard masks on the intrinsic diamond membrane (gray circles). Following this, a rinse with acetone allowed to remove the patterned membrane from the Si-wafer. Prior to further processing, the membrane was rinsed with isopropanol and carefully dried with compressed air.

Figure 4 . 46 :

 446 Figure 4.46: 3D diamond sensors microfabrication steps 1 to 3.

Figure 4 . 47 :

 447 Figure 4.47: 3D diamond sensors microfabrication steps 4 to 6.

Figure 4 . 48 :

 448 Figure 4.48: µSVs created in step (4) by Ar/O 2 plasma etching a) with Al vs. b) Cr hard masks.

Figure 4 .

 4 Figure 4.49: The SU8 resist deposition on a 3D diamond sensor as described in microfabrication step (5).

Figure 4 . 50 :

 450 Figure 4.50: Example for successive shallow Ar/O 2 plasma etching of a 3D sensor after a) 15 min and b) 30 min.

Figure 4 . 51 :

 451 Figure 4.51: 3D diamond sensors microfabrication steps 7 to 9.

Fig. 4 .

 4 52 a), an optical microscope image of the global view on the p + 3Dm-OG sensor is shown. This sensor was microfabricated from a 3×3 mm 2 large intrinsic OG scCVD diamond plate with a single 8 µm thick membrane window of 2×2 mm 2 (green dashed lines). On the bottom side of the diamond sample a 2 µm thick layer of p + diamond was CVD grown.The 700×700 µm 2 large etched area, consists of cylindrical µSVs with a thickness of 8 µm and a diameter of 16 µm. These µSVs are arranged within an array of 18×18 (324) and are surrounded by a non-electrically active SU8 photoresist. In Fig.4.52 b), an enlarged view on the intrinsic diamond µSVs surrounded by the SU8 resist and before the deposition of top Al electrode is shown. Here still rainbow colors in the outermost rows are clearly to observe, indicating an extremely thin residual resist layer still present on top of the diamond µSVs. These µSVs are not yet fully uncovered from the resist and will thus not be active during the ion microbeam measurements (see chapter 6). The other µSVs show the white color, indicating the intrinsic diamond layer. Additionally, it can be observed that the resist layer was not etched homogeneously. This can be explained by the inhomogeneous thickness of the spin-coated resist on the diamond membrane. Typically, a thicker layer of resist was observed on the edges of the sample than in the center due to the edge bead effect.

Figure 4 .

 4 Figure 4.52: a) An optical microscope image of a global view on the 8 µm thick p + 3Dm-OG sensor. b) An enlarged view on the intrinsic diamond µSVs surrounded with SU8 photoresist before deposition of the Al top electrode.

Fig. 4 .

 4 53 a) shows a SEM image of the A1 array of the i3Dm-EG sensor with 18×18 (324) fully isolated scCVD diamond µSVs embedded within the SU8 resist layer before the deposition of Al top electrodes. The 700×700 µm 2 large area consists of cylindrical µSVs with a thickness of 8 µm and a diameter of 16 µm. In Fig. 4.53 b), an enlarged view on one such intrinsic diamond µSV right after the shallow Ar/O 2 plasma etching process and before the Al top electrode deposition is presented.

Figure 4 .

 4 Figure 4.53: a) SEM image of the A1 array of the i3Dm-EG diamond sensor before the Al top electrode deposition. b) An enlarged view on one µSV surrounded with SU8 resist.

Figure 4 .Fig. 4 .

 44 Figure 4.54: a) An optical microscope image of the i3Dm-EG diamond sensor with 8 µm thick µSVs. b) An enlarged view on two pattered Al top electrodes in the active region of the sensor.
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Figure 5 . 1 :

 51 Figure 5.1: a) The p + EG-S diamond sensor mounted onto a PCB-based carrier. b) Enlarged view on the sensor and the visible via-hole behind it for the possibility of detecting particles traversing the diamond membrane.

Figure 5 . 2 :

 52 Figure 5.2: a) The original DIL20 package and b) the modified version for use as a diamond sensor carrier.

Figure 5 . 3 :

 53 Figure 5.3: a) Enlarged image of the laser cut area of the DIL20 cavity. b) Schematic illustration showing the problem associated with the formed debris on the surface of the cavity.

Figure 5 . 4 :

 54 Figure 5.4: A new custom-made FR-4 PCB-based DIL20 sensor carrier (PCB-DIL20).

  .5 a) and b), for the DIL20-and PCB-DIL20-based versions of the sensor carriers, respectively.

Figure 5 . 5 :

 55 Figure 5.5: Schematic illustrations of the gluing process of a diamond sensor onto a) modified DIL20 package and b) PCB-based carrier.

Figure 5 . 6 :

 56 Figure 5.6: a) Mounting a diamond sensor onto a modified DIL20 carrier using a silver loaded two-component resist. b) Semi-automatic micro-wire bonding system used for GR sensors.

Figure 5 . 7 :

 57 Figure 5.7: GR-EG1 sensor connections with the modified DIL20 carrier.

Fig. 5 .

 5 Fig. 5.8 b), shows the PCB readout probe used for the diamond sensors mounted onto the DIL20or PCB-DIL20 sensor carriers. This PCB probe was used for the GR-EG1 and both 3D diamond sensors. The sensor carrier with the diamond membrane is connected to the probe by a 20-pin IC socket. From this socket, four individual array channels (A1 to A4) are connected by copper tracks printed onto the PCB and read out by four SMA connectors. An individual HV track is provided to externally bias the voltage of the sensor, for which a low pass filter was applied to reduce the possible introduced noise.

Figure 5 .

 5 Figure 5.8: a) Al housing and b) 4-channel PCB microdosimeter probe for characterization measurements of the diamond sensors.

Figure 5 . 9 :

 59 Figure 5.9: a) 3D printed α-source holder with a collimator.

Figure 5 . 10 :

 510 Figure 5.10: Diamond detector electronic readout chains used for the diamond alpha spectroscopy.

Figure 5 .

 5 Figure 5.11: a) Schematic illustration of the alpha spectroscopy with a diamond membrane detector. b) Example of pulse-height spectra measured for two different bias voltages.

Figure 5 .

 5 Figure 5.12: a) Schematic illustration of the alpha spectroscopy with the 300 µm thick diamond detector. b) Full energy α-particle peak measured with this setup.

Figure 5 . 13 :

 513 Figure 5.13: Example spectra of a) a pulser calibration and b) linear fitting of the data for diamond calibration parameters.

Figure 5 .

 5 Figure 5.14: a) Illustration of the diamond membrane calibration using the ∆E + E configuration. b) Examples of energy spectra derived during such measurements.

Figure 5 .

 5 Figure 5.15: a) Pulse-height spectra measured with the p + membrane with only one large active volume, during the exposure to 5.486 MeV α-particles. b) Energy spectrum detected with the p + EG-S diamond membrane-based prototype irradiated with the same α-source.

Figure 5 . 17 :

 517 Figure 5.17: Energy spectra measured with the GR-EG1 sensor's four independent readout arrays A1 to A4, during the exposure to the 5.486 MeV 241 Am α-particle source.

Figure 5 . 18 :

 518 Figure 5.18: Energy deposition spectrum measured with the i3Dm-EG prototype of the fully 3D diamond detectors generation, exposed to the 5.486 MeV α-particles.

Figure 6 . 1 :

 61 Figure 6.1: Illustration of the IBIC characterization technique setup.

Figure 6 . 2 :

 62 Figure 6.2: Outline of IBIC signal processing and acquisition.

Figure 6 . 3 :

 63 Figure 6.3: Generation of a median energy map from microbeam raster scan and IBIC collection.

Figure 6 . 4 :

 64 Figure 6.4: a) Principles of scanning ion transmission microscopy (STIM). b) Spatial calibration of the IBIC system using a metal grid with known dimensions.

  Fig. 6.5 b) presents the microbeam line placed at the 0 • exit of the switching magnet (yellow dashed line), which was used for the IBIC characterization of diamond membrane detectors in this PhD project. The microbeam line enabled a beam diameter of approximately 1 µm (FWHM) to be achieved, providing for a precise mapping of the collected charge from the scCVD diamond detector's µSVs.
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 65 Figure 6.5: The AIFIRA CENBG facility's a) particle accelerator and b) the microbeam line.

Figure 6 . 6 :

 66 Figure 6.6: A view a) of and b) inside the fully automated target vacuum chamber of the experimental microbeam line at the AIFIRA facility.

Figure 6 . 7 :

 67 Figure 6.7: Overview of the 6 MV Sirius tandem accelerator system beam lines at the ANSTO facility.

Figure 6 . 8 :

 68 Figure 6.8: View inside the Sirius microprobe end-station at the ANSTO facility.

Figure 6 . 9 :

 69 Figure 6.9: a) Response of the 4 µm thick p + EG-S diamond membrane microdosimeter to 2 MeV proton microbeam at 0 V externally applied bias. b) An optical microscope image of the exact same spatial region as in the median energy map.

Figure 6 . 10 :

 610 Figure 6.10: Median energy maps from a) 90 × 90 µm 2 and b) 25 × 25 µm 2 µSV of the p + EG-S sensor scanned with a 2 MeV proton microbeam at 0 V applied bias.

Figure 6 . 11 :

 611 Figure 6.11: Energy deposition spectra from different regions of the median energy maps of the p + EG-S sensor as indicated with corresponding colors in Fig. 6.9 a) and Fig. 6.10 a) and b).

Figure 6 . 12 :

 612 Figure 6.12: Energy deposition spectra analysis of the 25 × 25 µm 2 µSV from a 2 MeV proton beam scan. Median energy maps generated from three different intervals of this energy deposition spectrum.

Figure 6 .

 6 Figure 6.13: a) Overlap of the SEM image with the median energy map (IBIC) of the µSV. b) Diamond signal measured along the 25 × 25 µm 2 µSV edge, as indicated by the blue arrow in a).

Figure 6 .

 6 Figure 6.14: a) Response of the 5 µm thick p + EG-C diamond membrane microdosimeter to 2 MeV proton microbeam at 0 V applied bias. b) An optical microscope image of the exact same spatial region as raster scanned image.

Figure 6 . 15 :

 615 Figure 6.15: Energy deposition spectrum measured with the p + EG-C microdosimeter in the 2 MeV proton microbeam.

Figure 6 .

 6 Figure 6.16: a) IBIC vs. c) STIM median energy maps. b) and d) the corresponding energy profiles measured along two µSVs of the p + EG-C diamond sensor.

Figure 6 . 17 :

 617 Figure 6.17: CCE vs. applied bias voltage measured inside single µSV of the p + EG-S sensor for different ion microbeams.

Figure 6 .

 6 Figure 6.18: a) Response of the 7 µm thick GR-OG1 diamond membrane microdosimeter to 2 MeV proton microbeam at -20 V bias corresponding to an electric field of 2.9 V/µm. b) An optical microscope image of the exact same region as the raster scanned image.

Figure 6 . 19 :

 619 Figure 6.19: Energy deposition spectra measured from different spatial regions in the GR-OG1 detector as indicated in Fig. 6.18 a).

Figure 6 . 20 :

 620 Figure 6.20: Energy deposition spectra measured from different µSV, as indicated in the inset.

Figure 6 . 21 :

 621 Figure 6.21: Energy deposition spectra analysis of the GR-OG1 µSVs from a 2 MeV proton beam scan. Median energy maps generated from three different intervals of this energy deposition spectrum.

Figure 6 . 22 :

 622 Figure 6.22: Diamond signal measured across one µSV in the GR-OG1 detector, as indicated with blue arrow in a).

Figure 6 .

 6 Figure 6.23: a) Median energy map measured at -1.0 V, showing structural defects in the GR-OG1 diamond detector. b) An enlarged view of the median energy map.

Figure 6 .

 6 Figure 6.24: a) Response of the 12 µm thick GR-EG1 detector's first readout array (A1) to 2 MeV proton microbeam at +11.7 V bias. b) An optical microscope image of the exact same spatial region as in the raster scanned image.

Figure 6 . 25 :

 625 Figure 6.25: Energy spectra measured with the GR-EG1 detector.

Figure 6 . 26 :

 626 Figure 6.26: Diamond signal measured at the edge of a µSV in the GR-OG1 detector, as indicated in the inset.

Fig. 6 .

 6 Fig. 6.27 a) and b), show the energy deposition spectra measured with the GR-EG1 sensor readout array A1, biased at +1.0 V and +5.0 V, respectively.

Figure 6 . 27 :

 627 Figure 6.27: Energy deposition spectra measured with the GR-EG1 sensor array A1, biased at a) +1.0 V and b) +5.0 V with corresponding median energy maps in the insets.

Figure 6 . 28 :

 628 Figure 6.28: Overlayed optical microscope image and two IBIC median energy maps for the analysis of the origin of the erratic low energy peak observed in the energy deposition spectrum measured with the GR-EG1 detector when operated at very low bias (+1.0 V).

Fig. 6 .

 6 Fig. 6.29 a) shows the CCE characteristics of a single µSV of the GR-OG1 sensor when applying different electric fields ranging from -11.5 V/µm to +11.5 V/µm. The measured pulse-heights were initially calibrated to energy in MeV and the registered peaks fitted with a Gaussian distribution and normalized to a maximum measured value. The corresponding error bars indicate the FWHM of the measured energy spectra. Four different ion microbeams, including 2 MeV protons, 5.5 MeV helium, 25 and 30 MeV carbon ions, fully crossing the detector's µSV were used for these measurements. The energy loss profiles of the tested crosser ions as a function of penetration depth in the 7 µm thick diamond membrane have been calculated by MC code TRIM and are presented in Fig. 6.29 b).

Figure 6 .

 6 Figure 6.29: a) CCE characteristics of the GR-OG1 sensor vs. applied electric field (applied bias) for various projectiles and energies, indicated in the legend. b) Corresponding energy loss profiles of the projectiles crossing the sensor bulk as calculated with MC TRIM simulations.

Figure 6 . 30 :

 630 Figure 6.30: The energy deposition measured with the GR-OG1 as a function of the STIM derived energy for crosser ions. The red dashed red line represents the linear fit of the experimental data.

  The CCE vs. electric field values for ions fully stopping in the diamond GR-OG1 sensor are shown in Fig.6.31 a). The measured pulse-heights were processed in the same way as the data from the crosser experiments. Five different ion beams, including 0.8 MeV protons, 1.47 MeV and 3.0 MeV helium, 6.0 MeV carbon and 12.0 MeV oxygen were used. The energy loss profiles of the stopper ions as function of penetration depth in the 7 µm thick diamond have been simulated with TRIM and are presented in Fig. 6.31 b).

Figure 6 .

 6 Figure 6.31: a) CCE characteristics of the GR-OG1 sensor vs. applied electric field (applied bias) for various projectiles and energies, indicated in the legend. b) Corresponding energy loss profiles of the projectiles crossing the sensor bulk as calculated with MC TRIM simulations.

  6.32 the energy deposition measured with the diamond GR-OG1 detector as function of the initial projectile energy implanted within the 7 µm thick diamond for ions used in these experiments is presented. A good lineal behavior was observed with R2 = 0.999, by fitting the experimental data with a linear function (red dashed line).

Figure 6 . 32 :

 632 Figure 6.32: The energy measured with the GR-OG1 as a function of the initial projectile energy for stopper ions (implanted ions). Linear fit of the experimental data is shown as a dashed red line.

Figure 6 .

 6 Figure 6.34: a) Response of the 8 µm thick p + 3Dm-OG diamond detector to 3 MeV helium ion microbeam biased at +60 V. b) An optical microscope image of the exact same spatial region as the raster scanned median energy map.

Figure 6 .

 6 Figure 6.35: a) Energy deposition spectra measured from different spatial regions in the p + 3Dm-OG detector as indicated in the median energy map in b).

Figure 6 .

 6 Figure 6.36: a) IBIC vs. c) STIM median energy maps. b) and d) the corresponding energy profiles measured along one µSV of the p + 3Dm diamond sensor.

Fig. 6 .

 6 Fig. 6.29 a) shows the CCE characteristics of a single µSV of the p + 3Dm-OG sensor to the 3 MeV helium single ion microbeam when applying different electric fields of -6 V/µm, +2.5 V/µm, +6 V/µm and +7.5 V/µm. The measured pulse-heights were calibrated and the measured distribution peaks fitted with a Gaussian function and normalized to the maximum value. The FWHM of the measured energy spectra are presented as the corresponding error bars. By biasing the detector with +60 V, the electric field (7.5 V/µm) is strong enough to obtain a complete CCE for 3.0 MeV helium ions. This value shows a good agreement with the electric field required for the saturation of the CCE in the GR-OG1, in which the µSVs have a similar thickness (7 µm) and the used diamond material for the microfabrication of the µSVs was of the same optical grade.

Figure 6 . 37 :

 637 Figure 6.37: CCE vs. electric field measured inside one µSV of the p + 3Dm-OG detector.

Figure 6 .

 6 Figure 6.38: a) The TRIM simulated energy loss profiles (solid lines) and the vacancy production rates (black dots) for 2 MeV protons (blue) and 16.6 MeV carbon ions (red). Degradation of the CCE of a µSV of the p + EG-S detector operated at 0 V applied bias after exposure to high a) proton and b) carbon ion fluence.

Figure 6 .

 6 Figure 6.39: a) The TRIM simulated energy loss profiles (solid lines) and the vacancy production rates (black dots) for 6 MeV carbon (red) and 12 MeV oxygen ions (green). Degradation of the CCE of a µSV of the GR-OG1 detector operated at -70 V and -80 V applied bias after exposure to high a) carbon and b) oxygen ion fluence, respectively.

Figure 6 .

 6 Figure 6.40: Energy spectra for the first and last measurements of the 6 MeV carbon ions with the GR-OG1 detector biased at -70 V.

Figure 6 .

 6 Figure 6.41: Energy spectra for the first and last measurements of the 12 MeV oxygen ions with the GR-OG1 detector biased at -80 V.
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Figure 7 . 1 :

 71 Figure 7.1: Plan of the IC-CPO and a view inside the Y1 treatment room. Reproduced from [12].

Figure 7 . 2 :

 72 Figure 7.2: 3D model of the HIMAC facility and a view inside the biological irradiation room. Reproduced from [140].

Figure 7 . 3 :

 73 Figure 7.3: Models available in Geant4 hadronic physics for version 10.5. Taken from[START_REF] Vohradsky | Study in the feasibility of silicon and diamond microdosimetry use in boron neutron capture therapy[END_REF] .
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 31 Measurements with p + EG-S Sensor in DS 103 MeV Proton Beam Experimental Setup and Geant4 Simulation GeometriesIn Fig.7.4 a) a schematic of the Y1 beamline with all primary beam modifying components is illustrated. Based on this geometry layout, a Geant4 simulation with an initial proton energy of 201 MeV and a Gaussian energy distribution with a 0.5% sigma (201±1 MeV) was performed.In the experiments presented in this PhD thesis, only pristine BP were used, thus the range modulation wheel was not included in this beamline simulation. The desired energy degradation in the Y1 proton beamline was mainly performed by means of the range shifter, containing a combination of Lexan and lead layers of different thicknesses available, including 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, 32.0, 6.4, 128.0 mm. For the irradiation of the p + EG-S diamond sensor with a passively delivered 103 MeV proton beam, the energy degradation of the primary 201 MeV proton beam was performed with a total Lexan thickness of 132 mm. The effective ion beam after scattering in the range shifter is located approximately 0.5 m away from the isocenter. Thereafter, multiple bras collimators (C2 to C8) are used to create a homogeneous beam at the beam exit level (C8). A screenshot of the running simulation of the modelled Y1 proton beamline is presented in Fig.7.4 b). The path of the primary protons is displayed in blue, the generated electrons in red and neutrons in light green. Each yellow dot represents an interaction.

Figure 7 . 4 :

 74 Figure 7.4: a) Schematic overview of the Y1 proton beamline at IC-CPO. b) A screenshot of a running Geant4 simulation of the Y1 proton beamline.

Figure 7 . 5 :

 75 Figure 7.5: a) Experimental setup for the p + EG-S microdosimeter in the Y1 proton beamline at IC-CPO. b) View of the p + EG-S sensor mounted inside an Al box.

Fig. 7 .

 7 Fig. 7.6 b), the modelled p + sensor was placed onto a PCB inside an Al box in order to mimic the exact same experimental setup for the p + EG-S microdosimeter at IC-CPO. All dimensions defined in this p + sensor simulation are reported in Fig. 7.6 a) and b). The simulated energy deposition spectra inside the 4 µm thick µSVs were then used as a first approximation of the experimentally measured energy with the actual p + EG-S diamond sensor.

Figure 7 . 6 :

 76 Figure 7.6: a) Geant4 geometry used for the simulation of the p + EG-S sensor in the Y1 proton beamline. b) View of the geometry with the Al box.

Figure 7 . 7 :

 77 Figure 7.7: a) Geant4 simulated and experimentally measured depth-dose distribution for a 103 MeV proton beam in solid water plates. b) Energy distribution of the protons exiting the brass collimator C8.

Figure 7 . 8 :

 78 Figure 7.8: Geant4 simulated and experimentally measured energy deposition spectra with the 4 µm thick diamond p + EG-S sensor in the 103 MeV proton beam for a) 30 mm b) 64 mm and c) 78 mm thickness of solid water plates.

Figure 7 . 9 :

 79 Figure 7.9: a) Geant4 simulated and b) experimentally derived microdosimetric spectra yd(y) in water for the p + EG-S diamond microdosimeter.

Fig. 7 .

 7 Fig.7.10 shows the dose-mean lineal energies ȳD calculated from the Geant4 simulated (red) and experimentally measured (blue) microdosimetric spectra. For reference, the energy deposition from the 103 MeV proton beam within the solid water plates is presented in black. The ȳD values derived from the measurements with the p + EG-S sensor were 2 keV/µm in the entrance region and 3 to 5 keV/µm in the proximal part of the BP. These microdosimetric values have shown a good agreement with the simulation results. Close to the BP a maximum ȳD value of 6.5 keV/µm was observed. No experimental measurements were performed in the downstream part of the BP. The ȳD derived from the Geant4 simulations have shown a slightly higher values in the BP region (+1 keV/µm) and a maximum value of 10 keV/µm for an 85 mm thick solid water plate.As previously described, the significantly high number of low events detected with the p + EG-S diamond sensor in the close proximity to the BP have lowered the ȳD despite the well matching primary proton peaks. Nevertheless, this preliminary test of the self-biased p + EG-S diamond sensor in clinical conditions has shown a fairly good agreement with the simulation results for the entire range of measured microdosimetric spectra along the Bragg curve and thus demonstrated the detector's ability to measure typically expected microdosimetric characteristics of therapeutic proton beam.

Figure 7 . 10 :

 710 Figure 7.10: The calculated dose-mean lineal energy (ȳ D ) values from Geant4 simulations and experimental measurements with p + EG-S sensor in 103 MeV clinical proton beam.

Fig. 7 .

 7 11 a), the experimental setup of this simultaneous measurement system is shown. The diagram in Fig. 7.11 b), gives a detailed overview of the systems components and their location during the measurements. The GR-EG1 sensor mounted onto an in-house developed PCB integrated with multiple independent readout tracks and SMA output connectors was encapsulated in an electrically screened ABS plastic housing. The SMA output for the pulse-height spectra measurements (microdosimetry) was fed into a charge sensitive preamplifier (CSA) Amptek CoolFet. The SMA output for the low current measurements corresponding to the dose rate measurement (Bragg curve) was connected to a high precision Keithley Picoammeter (pAM). Though another SMA output, a positive bias voltage, fixed to 15 V equivalent to an electric field within the µSVs of 1.2 V/µm during the entire experiment, was applied directly to the back electrode of the GR-EG1 diamond sensor. The positive bias voltage was established by a voltage adjustment element (VADJ) powered by a standard 5 V Powerbank (PwBa). Simultaneously, by using the microUSB output of the PwBa, the power supply of the multichannel analyzer LabZY nanoMCA II (MCA) was possible.

Figure 7 .

 7 Figure 7.11: a) A view of the experimental setup for the characterization of GR-EG1 sensor at the Y1 proton beamline at IC-CPO. b) An outline of the simultaneous microdosimetry and dosimetry system approach.

Figure 7 . 12 :

 712 Figure 7.12: Geant4 geometry used for the simulation of the GR-EG1 sensor in the Y1 proton beamline. a) View of an array of µSVs in a GR sensor, b) mounted onto a DIL20 cavity and c) encapsulated in an ABS plastic housing.

Figure 7 .

 7 Figure 7.13: a) Geant4 simulated depth-dose distribution (scored in GR diamond sensor) of a 89 MeV proton beam for different thicknesses of solid water plates. b) Energy distribution of the protons exiting the brass collimator C8.

Figure 7 .

 7 Figure 7.14: a) Induced current curves corresponding to the dose rate in a 89 MeV proton beam for different thicknesses of plastic water plates. b) Depth-dose profiles measured with the GR-EG1 diamond sensor's A1 (green and red) and derived from the Geant4 simulation (blue).

Figure 7 . 15 :

 715 Figure 7.15: Geant4 simulated and experimentally measured energy deposition spectra with the GR-EG1 sensor (A4) in the 89 MeV proton beam for a) 30 mm b) 55 mm and c) 69 mm thick solid water plates.

Figure 7 . 16 :

 716 Figure 7.16: Contribution to the energy deposition spectrum based on a) different scoring volumes in the GR sensor and b) different particles types striking the µSV.

  7.17 b), showing an enlarged view of the microdosimetric spectra measured at the BP and its distal part, the typical "proton edge" corresponding to protons stopping within the 12 µm thick GR-EG1 µSVs can be seen. The same observation was made for the Geant4 simulated microdosimetric spectra at these positions along the Bragg curve. The maximum lineal energy observed at this edge was approximately 35 keV/µm in water. This lineal energy corresponds to a proton energy of 1.3 MeV in diamond with a stopping range of approximately 12 µm. Thereby, this observed proton edge validates the energy calibration performed with the α-particles source and the pulse generator.

Figure 7 .

 7 Figure 7.17: a) Geant4 simulated and b) experimentally derived microdosimetric spectra yd(y) in water from the GR-EG1 diamond microdosimeter.

Figure 7 . 18 :

 718 Figure 7.18: The calculated dose-mean lineal energy (ȳ D ) values from Geant4 simulations and experimental measurements with GR-EG1 (A4) sensor.

Fig. 7 .

 7 Fig. 7.19 a), shows the calculated ȳD profiles obtained from both the p + and GR diamond microdosimeter with a sharp increase in lineal energies at the distal part of the Bragg curve.

Figure 7 . 19 :

 719 Figure 7.19: Comparison of the a) ȳD values and b) RBE D values for HSG cell, obtained from the p + and GR diamond microdosimeters and a SOI Bridge microdosimeter.

  The passively scattered 290 MeV/u 12 C and 230 MeV/u 28 Si ion beams were delivered using the biology beamline. The experiments at the HIMAC facility were conducted as part of a established collaboration with the CMRP of University of Wollongong and thereby the GR-EG1 diamond sensor was characterized together with various types of SOI microdosimeters. A detailed description of the energy deposition spectra measured with the SOI microdosimeters during these experiments maybe be found in the PhD thesis in preparation of James E. Vohradsky (2020).
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 41 Measurements with GR-EG1 Sensor in DS 290 MeV/u 12 C Ion Beam Experimental Setup and Geant4 Simulation GeometriesA 290 MeV/u 12 C ion beam was selected for the first experiment, as it represents the typical energy used at the HIMAC facility for cancer treatments. In Fig.7.20 a) an outline of the biology beamline with its main components is presented. The simulation geometry for this beamline was previously modelled and validated for carbon ions by David Bolst of CMRP[START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF], and used to simulate the microdosimetric response of the GR-EG1 sensor in this PhD thesis. As only pristine BPs were measured in these experiments, the ridge filter was removed from the original simulation.

Figure 7 .

 7 Figure 7.20: a) Outline of the biology beamline at the HIMAC facility. b) A screenshot of a running Geant4 simulation for the biology beamline.
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 721 ) for the second jumper. The output pulses from the µ + probe were then processed by an external analog pulse shaping amplifier with an 1 µs shaping time. The shaping amplifier box was attached to the µ + probe using a D9 pin connector, as shown in Fig.7.21 c). The probe preamplifier and the pulse shaper were biased with +10 V, provided by a battery box. The energy output of the shaping amplifier was digitized with the Amptek MCA 8000A, which generated the pulse height spectra. To keep the readout circuitry out of the primary radiation field and avoid radiation damage to the electronics, the µ + amplifier was located 10 cm away from the DIL20 and the sensor.

Figure 7 .

 7 Figure 7.21: a) µ + probe used at HIMAC with the GR-EG1 sensor. b) Enlarged view of the jumper configurations. c) The external pulse shaper and power supply box.

Figure 7 .

 7 Figure 7.22: a) View of the experimental setup with the movable stage and water phantom at the biology beamline at HIMAC. b) Water proof PMMA sheath for the microdosimeter system.

Figure 7 .

 7 Figure 7.23: a) Geant4 simulation geometry of a GR diamond senor with the µ + probe and PMMA sheath. b) View of the modelled water phantom for experiments conducted at the biology beamline at HIMAC.

  12 µm thick diamond GR sensor at a depth of 56 mm in water. The most dominant fragments contributing to the low energy spectrum were protons (blue) at 10 keV and helium ions (green) at 70 keV in diamond. A small contribution from deutrons (pink), consisting of one proton and one neutron, was also observed within the proton peak. The simulated energy spectrum of the 290 MeV/u 12 C ion beam also displays a well defined peak due to the primary12 C ions (red).

Figure 7 .

 7 Figure 7.24: a) Geant4 simulated and experimentally measured energy deposition spectra of the 290 MeV/u 12 C ion beam at HIMAC. b) Contribution of different fragments to the simulated energy deposition spectrum in diamond at a depth of 56 mm in water.

Figure 7 .

 7 Figure 7.25: a) Geant4 simulated and b) experimentally measured energy spectra with the 12 µm thick diamond GR-EG1 (A1) sensor in the 290 MeV/u 12 C ion beam.

  7.28 a) the energy deposition in the water phantom from the incident 230 MeV/u 28 Si ion beam, as measured with the IC and simulated with Geant4, is presented. A good agreement between the two Bragg curves was found. The normalized maximum energy deposited in the water phantom at the BP was observed for both the simulated and experimentally measured results at a depth of approximately 33.1 mm. The plots presented in Fig.7.28 b) show the Geant4 simulated energy spectra of the main particles contributing to the total dose deposited within a 12 µm thick diamond GR sensor, directly before the BP at a depth of 32.5 mm in water. The purple energy spectrum, corresponding to the primary28 Si ions, is well isolated from the low energy fragments. The most dominant fragments contributing to the low energy spectrum are protons and deutrons (blue and pink, respectively) at 20 keV and helium ions (green) at approximately 100 keV in diamond.

Figure 7 .

 7 Figure 7.28: a) Geant4 simulated and experimentally measured energy deposition spectrum of the 230 MeV/u 28 Si ion beam in water (Bragg curve) at the HIMAC facility. b) Contribution of different fragments simulated in GR diamond sensor at a depth of 32.5 mm in water.

Figure 7 .

 7 Figure 7.29: a) Geant4 simulated and b) experimentally measured energy spectra from the 12 µm thick diamond GR-EG1 (A4) sensor placed at different depths in water during irradiation with a 230 MeV/u 28 Si ion beam.

Figure 7 . 31 :

 731 Figure 7.31: Simulated and experimentally measured dose-mean lineal energies for different depths in water.
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 34 for ion beams delivering an excessive local energy to a given matter, additionally the saturation-corrected dose-mean lineal energy (y ), taking into account the overkilling effect is calculated. Following, the RBE 10 values corresponding to 10% for HSG cell survival were calculated for the 290 MeV/u 12 C and 230 MeV/u 28 Si ion beam.A comparison of the MKM-based RBE 10 values obtained with the 12 µm thick diamond microdosimeter GR-EG1 (red dots) and the 9 µm thick SOI Mushroom[START_REF] Tran | In-field and out-of-file application in 12c ion therapy using fully 3d silicon microdosimeters[END_REF] microdosimeter (blue dots), as well as the Geant4 simulated values for the GR microdosimeter (red dashed line) in a pristine 290 MeV/u 12 C ion beam are presented in Fig.7.32 a). The RBE 10 values obtained from the corrected GR-EG1 microdosimetric spectra and Geant4 simulations shown an impressively good agreement despite not taking into account the contribution of the fragments. The RBE 10 value obtained with the GR-EG1 microdosimeter was 1.3 at the entrance and then rapidly increased to a maximum value of 3.1 at the BP. When compared with the 9 µm thick SOI Mushroom microdosimeter, the values before the BP have shown a good agreement. The maximal RBE 10 value derived from the Mushroom detector was slightly lower 2.9 than the values obtained with the GR-EG1 diamond microdosimeter, however this variation is reasonable as the detectors were tested in the same conditions in the biological beamline at HIMAC but during different beam time experiments. In the distal part and downstream from the BP all calculated RBE 10 values have followed a similar trend with RBE 10 values of approximately 1.3 to 1.5. It is worth to be noted at this stage, that both the measured and simulated maximum ȳD values occurred slightly behind the BP and after the saturation correction the maximum RBE 10 value was measured in the BP. This again confirms the comparable performance of the diamond GR-EG1 detector to that of the SOI Mushroom microdosimeters in a 12 C ion beam.

Figure 7 . 32 :

 732 Figure 7.32: RBE 10 values for HSG cell derived from measurements with GR-EG1 diamond sensor and Mushroom SOI microdosimeter in the same a) 290 MeV/u 12 C and b) 230 MeV/u 28 Si ion beam conditions. For reference, the energy deposition from the given ion beam within the water phantom is presented in black.

  surrounded by non-electrically active resin layer, was developed. The preliminary tests with a helium ion microbeam, have shown an almost ideal definition of the µSVs with a CCE 100%→0% drop of approximately 1 µm which has approached the resolution of the ion microbeam spot. A uniform charge collection over the µSVs entire active area was observed thus providing the best spatial definition for a 16 µm diameter µSV achieved within this PhD thesis (or even the entire community developing diamond-based microdosimeter). Furthermore, a completed CCE for 3 MeV helium ions with a maximum lineal energy (at the BP of approximately 680 keV/µm was observed for an electric field of 7.5 V/µm, which has previously been measured in the same helium ion microbeam for a GR sensor made from the same optical grade diamond material. This performance results of the third generation of the diamond-based microdosimeters are very promising for their use in clinical proton and heavy ion beams.However, due to the limited time of this PhD thesis only characterization measurements of the diamond-based microdosimeter prototypes from the first and second generation were performed in clinical ion beam conditions. Initially, the microdosimetric response of the p + and GR sensor prototypes was investigated in the DS 103 MeV and 89 MeV (or approximately 100 MeV) proton beams at IC-CPO therapy center in France. The 4 µm thick p + sensor and the 12 µm thick GR sensor were both able to measure microdosimetric (lineal energy) spectra with high spatial resolution at different positions along the pristine Bragg curve. The microdosimetric spectra measured with both detector prototypes have shown well-defined energy distribution peaks, corresponding to the primary protons. Furthermore, the typical shift towards higher lineal energies and the spectra broadening along the Bragg curve were observed. The effect of broadening is related to the energy straggling of the charged particles with increasing depth in water (or solid water). When compared with the Geant4 simulation results, the measured microdosimetric spectra have shown a particularly good agreement in the position of the peaks. However, as previously observed for ion microbeams, incomplete CCE signals were additionally observed in both measured spectra, caused by the charge diffusion within the diamond material. Based on the reduced CCE 100%→0% drop region in the GR microdosimeter, its superior performance in terms of less pronounced low lineal energy tail in the measured microdosimetric spectra, was observed. Despite this low lineal energy tail in the measured microdosimetric spectra with the GR microdosimeter, the RBE D obtained for HSG cells in the 89 MeV proton beam has shown a steep (rapid) increase of its values in the proximity of the BP (pristine BP). The highest RBE D value of approximately 1.6 was estimated downstream of the BP. This trend is related to the production of secondary particles with higher charge and lower energy than the primary protons, which translates into higher measured dose-mean lineal energies at these depths. Similar RBE D values for the same HSG cells and similar proton beam conditions (131 MeV PBS) have been measured with the 10 µm thick SOI Bridge microdosimeter[START_REF] Tran | Characterization of proton pencil beam scanning and passive beam using a high spatial resolution solid-state microdosimeter[END_REF]. This good agreement confirms the appropriate performance of the GR diamond detector in clinical proton beams. At this point, more characterization measurements with new prototypes of the GR generation are planned within the DIADEM project in the near future. Especially, characterization measurements of the sensor in SOBPs will have to be investigated in detail as they represent the realistic treatment delivery scenario in hadron therapy.

Finally, to address

  the challenges faced by the microfabrication of all the three generations of scCVD diamond membrane-based detectors presented in this PhD work, a fourth generation of diamond microdosimeters is proposed, as presented in Fig.7.33. The principal advantages of the proposed fourth generation of diamond microdosimeter design are; the HPHT or CVD diamond bulk providing stabilization of the entire sensor, the well-controlled growth of the diamond layers and no effect of pinholes caused by the deep plasma etching of thin membranes. The enhanced stability and thus easier handling of new scCVD 3D diamond bulk microdosimeters will also allow for a single readout of the µSVs, especially of interest in high dose rates ion beams, such as PBS. Furthermore, based on this diamond microdosimeter design it will be possible to created µSVs with different thicknesses and sizes on a single diamond bulk. This variation could improve the overall performance of the microdosimeters as having single readouts with µSVs geometries optimized for different energy deposition gradients measured along the Bragg curve in clinical ion beams..

Figure 7 . 33 :

 733 Figure 7.33: Geometry proposed for the 4th generation of diamond microdosimeters with fully 3D µSVs etched on a diamond bulk. The low-cost HPHT or CVD diamond bulk will provide stabilization of the sensor and has no impact on the measured microdosimetric spectra.

Figure 7 . 34 :

 734 Figure 7.34: Trois g én érations de nouveaux microdosim ètres diamant monocristallins CVD à membrane a) capteur p + , b) Guard Ring (GR) et c) capteur 3D en diamant.

Figure 7 . 35 :

 735 Figure 7.35: G éom étrie propos ée pour 4 ème g én ération de microdosim ètres en diamant 3D avec enti èrement à base des uSVs grav é sur un bloc de diamants. Le diamant HPHT ou CVD à faible co ût assurent la stabilisation du capteur et n'ont aucun impact sur les spectres microdosim étriques mesur és.
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Table 3 .2: Important

 3 electronic diamond properties in relation to detector applications.

	Value	Detector Implications

Table 4 .

 4 

1: PVD thin film deposition parameters.

Table 4 .

 4 

	System Material	Ar (sscm)	O 2 (sscm)	Pressure (mTorr)	RF Power (W)	DC Bias (V)	Etching Rate (nm/min)
	PVD	C*	20	9	12.1	40	480	6.0
	PVD	C*	20	9	10.4	171	1038	15.7
	RIE	C*	20	20	8.7	300	500	30.8
	RIE	Al	20	20	8.7	300	500	3.3
	RIE	Cr	20	20	8.7	300	500	2.5

2: Plasma etching conditions and parameters and estimated etching rates for diamond (C*), Al and Cr.

Table 4 . 3 :

 43 Boron-doped CVD diamond growth parameters as used for all p + sensors.

	Temperature ( • C)	Pressure (mbar)	Microwave Power (W)	H 2 (sscm)	CH 4 (sscm)	TMB (sscm)	Growth Rate (nm/h)	Boron Concentration (atoms/cm 3 )
	850	100	600	300	3	99	452	3×10 20

Table 4 . 4 :

 44 Smart Print objectives and related characteristics.

	Objective	FOV (mm)	Pixel Size / Precision (µm)	Smallest Achievable Structure (µm)	Depth-of-Field (µm)
	× 0.5	25.7 × 14.5	13.4	< 40	2080 ± 220
	× 1.0	13.7 × 7.7	7.1	< 21	1850 ± 50
	× 2.5	5.4 × 3.1	2.8	< 8	155 ± 5
	× 5.0	2.7 × 1.5	1.4	< 4	51 ± 7
	× 10.0	1.4 × 0.8	0.7	< 2	10 ± 5

Smart Print system allow a lithography of big images by stitching smaller FOV exposures and an automatic dose testing for finding the ideal parameters for given photoresist pattern. Another very useful feature of this

  1. Heating up of H 2 SO 4 (sulfuric acid) to 300°C for 10 min 2. Gradually adding of KOH (potassium hydroxide) until the H 2 SO 4 is saturated 3. Boiling of H 2 SO 4 + KOH mixture for ∼ 60 min 4. Post boiling in pure H 2 SO 4 for 15 min (removal of possible crystallization of KOH)

5. Multiple repeated rinse in demonized water 6. Final rinse in isopropanol and drying with compressed air

Table 4 . 5 :

 45 Photolithography parameters used for the microfabrication of p + sensors. For both laser writing modes (filling and contours), the laser stop size of 10 µm was used.

	1. Spin-Coating: 2 µm nLOF-2020 [52]	3. Laser Lithography at 375 nm: DILASE650
	Time (s) Speed (rpm)	Acc.	Mode	Dose (mJ/cm 2 )	Speed (mm/s)
	10	1 000	200	Filling	100	4
	20	4 000	1 000	Contours	120	1
	2	600	1 000			
				4. Post Bake: Hotplate 1:45 s at 110 • C
	2. Soft Bake: Hotplate 1:45 s at 110 • C	5. Developer Solution: AZ 351 B [4] for 40 s

Table 4 . 6 :

 46 Photolithography parameters used for the microfabrication of the GR sensors. Only the laser writing mode "contours" was used here for the GR sensors with two different laser spot sizes.

		Coating: 1.3 µm S1813 [41]	3. Laser Lithography at 375 nm: DILASE650
	Time (s) Speed (rpm) Acceleration	Laser (µm) Dose (mJ/cm2) Speed (mm/s)
	2	500	1000	1	120	1
	60	4000	1000	10	110	1
	2	6000	1000			
				4. Developer Solution: MF319 [30] for 20 s
	2. Soft Bake: Hotplate 3 min at 110 • C	5. Al Etchant: Type A [5] 2 to 7 min	

Table 4 . 7 :

 47 Photolithography process parameters used for the microfabrication step (2) for all 3D diamond sensors.

	1. Spin-Coating: 1.4 µm AZ 1512 HS [3]	3. Beamer Litho. at 435 nm: Smart Print
	Time (s) Speed (rpm) Acceleration	Objective	Time (s)
	5	500	200	x 10	0.14
	10	2 000	500		
	2. Soft Bake: Hotplate 50 s at 100 • C	4. Developer Solution: AZ 351 B for 60 s [4]

Table 4 .

 4 

	1. Spin-Coating: 8 µm SU8-T-6010 [45]	3. Beamer Litho. at 435 nm: Smart Print
	Time (s) Speed (rpm) Acceleration	Objective	Time (min)
	5	500	200	x 2.5	15 min
	10	4 000	500	4. Post Bake: Hotplate 2 min at 110 • C
				5. Dev. Solution: SU-8 Developer 3 min [46]
	2. Soft Bake: Hotplate 5 min at 110 • C	6. Hard Bake: Hotplate 30 min at 150 • C

8: Photolithography parameters used for the microfabrication step

(5)

.

Table 5 . 1 :

 51 Overview of the sensor carriers used in combination with the different scCVD diamond membrane-based sensor prototypes.
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Table 6 .1: CCE

 6 

	Range in Diamond
	(µm)

of p + EG-S detector at 0 V for different ions and energies.

  1 H, 1.47 MeV, 3 MeV and 5.5 MeV 4 He, 6 MeV, 25 MeV and 30 MeV 12 C, as well as 12 MeV 16 O ion microbeams was performed at ANSTO facility. The CCE vs. bias behavior were analyzed and discussed.

Table 6 .

 6 

	Ion	E proj (MeV)	E dep C* IBIC (MeV)	R (%)	E proj -E STIM (MeV)	E dep IBIC/E proj -E STIM Correlation	Lineal Energy (keV/µm)
	1 H	2.0	0.37±0.05	14.5	0.37	1.00	52.94
	4 He	5.5	2.15±0.18	8.4	2.14	1.00	307.14
	12 C	30.0	8.61±0.53	6.2	8.85	0.97	1 262.29
	12 C	25.0	13.05±0.78	6.0	13.12	1.00	1 887.14

2: Summary of measured energies with the GR-OG1 sensor for crossing particles.

Table 6 .

 6 

	. -E dep Al	Max.Lineal Energy
	Correlation	(keV/µm)

3: Summary of measured energies with the GR-OG1 sensor for stopping particles.

Cependant, le partage de charge n'est pas limit é par la taille de la tranch ée mais par la diffusion de la charge. Par cons équent, pour am éliorer la qualit é des spectres de d ép ôt d' énergie des futurs prototypes de microdosim ètre GR, la taille de la tranch ée d'isolation pourrait être r éduite en dessous de la plage de diffusion de la charge pour un capteur donn é. Ainsi, pour les futurs prototypes de GR, une tranch ée de 1 µm à 2 µm pourrait être r éalis ée avec les techniques de

mm avant la BP, avec une valeur maximale d'EBR 10 de 3,4. Un bon accord des valeurs d'EBR 10 d ériv ées exp érimentalement avec la valeur simul ée une fois a prouv é la capacit é des microdosim ètres GR à mesurer des quantit és microdosim étriques dans les faisceaux d'ions 12 C et 28 Si de haute énergie d élivr és passivement sur l'installation HIMAC. Une autre observation importante des deux exp ériences est que, contrairement aux ions 28 Si pr ésent és dans ce travail de th èse et à d'autres ions lourds à haute énergie comme 14 N, 16 O et 20 Ne signal és dans [74], la valeur maximale d'EBR 10 obtenu avec les microdosim ètres GR en diamant et SOI en silicium pour les ions 12 C a ét é mesur ée à la m ême profondeur que le BP dans le fant ôme d'eau. Cette observation d émontre le profil de dose biologique plus pr écis pour un faisceau d'ions 12 C mono-énerg étique et donc son avantage pour le traitement des patients atteints de cancer. En outre, également dans le cas des faisceaux d'ions lourds, des mesures de caract érisation avec le SOBP devront être effectu ées à l'avenir pour étudier la r éponse du microdosim ètre dans la plupart des faisceaux cliniques r éalistes.Enfin, pour relever les d éfis de la microfabrication des trois g én érations de d étecteurs à membrane en diamant CVD pr ésent ées dans ce travail de th èse, une quatri ème g én ération de microdosim ètres en diamant est propos ée, comme le montre Fig.7.35. Les principaux avantages de la quatri ème g én ération de microdosim ètres en diamant propos ée sont la masse de diamant HPHT ou CVD assurant la stabilisation de l'ensemble du capteur, la croissance bien
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Alpha Spectroscopy with GR Sensors

In Fig. 5.16, two α-particle spectra measured with the GR-OG1 sensor are presented. In blue, for the 5.486 MeV 241 Am source and in green for the 3.327 MeV 148 Gd source. The back electrode of the GR-OG1 sensor was biased at -20 V resulting in a 2.5 V/µm electric field within the 7 µm thick diamond membrane for a complete CCE in optical grade diamond [START_REF] Pomorski | Super-thin single crystal diamond membrane radiation detectors[END_REF] as used for this detector.

Both spectra showed a well-defined energy peak. From the peaks of both energy deposition spectra, an energy of 2.2 MeV for the 241 Am source and of 3.2 MeV for the 148 Gd source was estimated. Both estimated energies from the measurements showed a good agreement with the TRIM simulation. In Fig. 5.17, four energy spectra successively measured with the independent readout arrays A1 to A4 of the GR-EG1 sensor, exposed to 5.486 MeV 241 Am α-particle source are presented (in blue). All spectra show a well-defined peak and complete charge collection with an energy peak at 4.6 MeV, when biasing the detector with -6 V. Thus, the electric field induced in the 12 µm thick diamond membrane was 0.5 V/µm, as expected for an electronic grade scCVD diamond material [START_REF] Lohstroh | Ion beam induced charge (ibic) irradiation damage study in synthetic single crystal diamond using 2.6 mev protons[END_REF][START_REF] Manfredotti | A micro-ibic comparison between natural and cvd diamond[END_REF]. The deposited energy within a 12 µm thick diamond was simulated using MC code TRIM [START_REF]For more information about srim/trim see[END_REF] and showed good agreement with the measurements. Additionally, for a final verification of the calibration, the transmitted α-particles were measured with a 300 µm thick diamond detector positioned right behind the membrane, as described in before. This measured energy spectrum is presented in Fig. 5.17 in red. A slightly increased noise level, was observed for the readout array channels A2 and A3 when compared with the two other array signals. This difference could be explained by a different quality of the wire-bonding of the readout electrodes to the DIL20 package, as no other surface irregularities were observed for the GR-EG1 sensor with the optical microscope. These promising preliminary results qualified this prototype for the IBIC characterization experiments, in which single µSVs were studied with an ion microbeam precision.

sensitive preamplifier (CoolFET A250CF) and an analog pulse shaping spectroscopy amplifier (Model 2025 from Canberra), via pin-connectors that were individually soldered to the PCB readout tracks. The shaping time of the amplifier was set to 0.5 µs. The bias voltage of the diamond detector was provided by the same high-precision power supply unit model [START_REF]For more information about the mhv-4 bias supply unit from mesytec see[END_REF] as at the AIFIRA facility. Pulse-height spectra for the incident ion beams were measured using an analog-to-digital multichannel analyzer. For live display during the experiment the data acquisition system was based on the OMDAQ software. For the off-line data analysis, a modified Matlab script developed at CMRP was used to produce median energy maps of the IBIC measurements.

The ion beams and energies used at the ANSTO facility for the IBIC characterization of diamond membrane detectors were 0.8 MeV and 0.9 MeV protons, 1.47 MeV, 3.0 MeV, 5.5 MeV helium, 6.0 MeV, 16.6 MeV, 25.0 MeV, 30.0 MeV carbon and 12.0 MeV, 22.0 MeV, 42 MeV oxygen ions.

Charge Transport Characteristics of p + Sensors

In this section presents the IBIC results obtained from the pioneering and self-biased p + sensors with µSVs defined by a local p + -i-m junction formation. At first the 4 µm thick p + EG-S and then the 5 µm thick p + EG-C scCVD diamond sensor prototypes were irradiated with a 2 MeV single proton microbeam at AIFIRA, CENBG facility. From these raster scans the detectors' median energy maps were generated and the spatial definition of the µSVs studied by analyzing different spatial regions of the µSV arrays and the quality of the corresponding energy deposition spectra. Furthermore, the p + EG-S sensor's CCE response to heavier ions, including 3 MeV and 5.5 MeV 4 He and 16.6 MeV 12 C ion microbeams was investigated and discussed.

Spatial Definition of µSVs and Energy Spectra Quality p + EG-S Sensor

In Fig. 6.9 a), a median energy map resulting from the 2 MeV proton microbeam raster scanned area of 0.8 × 1.0 mm 2 recorded at 0 V applied bias of the p + EG-S microdosimeter is shown. The image in color-coded pixels, represent the detected ion interaction within the diamond membrane.

The color scale blue up to pink, stands for low median energy per pixel and red through orange, for a high median energy detected. Black colored pixels represent no detected interactions.

The energy calibrated color scale is presented in the maps. According to the concept of the p + -i-m and m-i-m junction it can be observed that only the regions of p + and intrinsic diamond (i) µSV covered with Al contacts are active and register ion hits. This result confirms the concept previously explained in section 4.3. Additionally, in Fig. 6.9 b), an optical microscope image of the exact same region of the device as in Fig. 6.9 a) is shown. From directly comparing both images, a very good agreement was found for the shape, size and position of the µSVs.

provided by the CMRP of University of Wollongong [START_REF] Tran | In-field and out-of-file application in 12c ion therapy using fully 3d silicon microdosimeters[END_REF].

The clinical proton beam experiments were performed at the Institut Curie -Proton Therapy Centre in Orsay (IC-CPO) in France, while the heavy ion experiments were conducted at the Heavy Ion Medical Accelerator in Chiba (HIMAC) in Japan. Additionally, Monte Carlo (MC) simulations with the Geant4 toolkit were used to study the complex mixed radiation fields in such conditions and thus allowing a better understanding of the measured energy spectra in the experiments. Geant4 simulations were performed with the same experimental setup as that used at the IC-CPO and HIMAC facilities, ensuring that exact beamlines and diamond microdosimeters geometries were used. The experimentally measured energy deposition spectra with the diamond sensors were then compared to the simulated once for benchmarking. Both simulated and experimentally measured energy deposition spectra were converted to their corresponding microdosimetric spectra yd(y) and microdosimetric values ȳD , and RBE 10 for heavy ions was additionally calculated. Finally, these microdosimetric values were compared to that of the SOI microdosimeters, which were tested under exactly the same or similar ion beam conditions.

The first section of this chapter gives a brief overview of the hadron therapy center IC-CPO and the HIMAC facility. In the second section, a short introduction to the Geant4 toolkit is provided, including information on the simulation parameters used in this PhD project. In sections three and four, the experimental measurements at IC-CPO and HIMAC, respectively, as well as their Geant4 simulations. In these two sections, the experimental setup, together with the simulation geometries, results, and discussion subsections, are presented for each beam type experiment.

Finally, in the last section of this chapter a conclusion and future outlook on the performance of the diamond microdosimeters in clinical proton and heavy ion beams is provided.

Hadron Therapy Facilities -Experimental Sites

The scCVD diamond microdosimeter prototypes p + EG-S and GR-EG1 were characterized in the hadron therapy center IC-CPO in France and the HIMAC facility in Japan. A brief presentation of these facilities is provided in this section. It is to be noted that a detailed outline of both beamline geometries and its energy degradation system are given in the following sections in the "Experimental Setup and Geant4 Simulation Geometries" description.

Institut Curie -Proton Therapy Center in Orsay (IC-CPO)

The IC-CPO in Orsay was created 1991, as a part of the Radiation Oncology Department, which is based on a model initiated by Marie Skłodowska-Curie and is the fifth largest proton therapy facility in the world. In 2010, the facility was upgraded with a cyclotron C230 from the Ion Beam Applications (IBA) company [11]. The compact cyclotron of only 4 m in diameter, delivers 230 MeV protons at the accelerator exit, from where the Y1, Y2 and the Gantry rooms available at the IC-CPO are supplied, as presented in Fig. 7.1. In this PhD thesis, only the results from the partially observed. The inset of Fig. 7.25 b) shows the measured spectrum at 126 mm with two additional energy peaks (red arrows). These peaks are not related to the fragments, as they have also shifted towards higher energies with increasing depth in water, while the energy of the fragments themselves stayed constant. Consequently, the energies must be related to the 12 

C

ions measured with additionally active regions in the GR-EG1 detector, however with lower CCE than the µSVs of A1. It is to be noted that this effect had not been previously observed in the clinical proton beam experiments and is further investigated and discussed in the next section presenting the 28 Si ion beam experiment results.

The simulated and measured energy spectra from the 12 µm thick diamond µSVs from Fig. 7.25 a) and b), have been converted to microdosimetric spectra yd(y) for water by using a diamond-water conversion factor of 0.32. The Geant4 simulated and experimentally derived microdosimetric spectra for eight different positions along the Bragg curve are shown in Fig. 7.26 a) and b), respectively. After converting the simulated spectra into dose-weighted microdosimetric spectra, it can be seen that the contribution from the fragments to the dose is relatively small compared to the primary 12 C ions. In the measured microdosimetric spectra presented in Fig. 7.26 b), the additional two lower energy peaks are still pronounced and thus contribute significantly to the dose-weighted spectra. However, when comparing only the primary simulated and measured 12 C peaks for different depths, a very good agreement could be found. Due to the high spatial resolution of the GR-EG1 microdosimeter's µSVs, measurements with small increments near the BP could be made. It was observed that even with 0.5 to 1 mm increments, the microdosimetric spectra changed dramatically and shifted towards even higher lineal energy regions. At 147 mm (orange) and 149 mm (light green), the maximal lineal energies from the primary 12 C ions went from 100 keV/µm up to 300 keV/µm in water. In both the simulated and measured microdosimetric spectra at 149 mm (light green) the " 12 C edge", corresponding to 12 C ions with a stopping range equal to the thickness of the GR sensor's µSVs was observed.

Further downstream of the BP at 154 mm (brown), after the incident 12 C ion beam has stopped, the microdosimetric spectrum displayed a significantly different shape. The downstream spectrum is gradually dominated by only the secondary mixed radiation field, which includes helium fragments, fragmented protons, and recoil protons produced by neutrons [START_REF] Bolst | Silicon microdosimetry in hadron therapy using geant4[END_REF].

The dose-mean lineal energies (ȳ D ) have been calculated from these simulated (red dashed line), as well as the experimentally (blue triangles) measured microdosimetric spectra. In Fig. 7.27 a), the entire range of the calculated ȳD values is presented and in Fig. 7.27 b), an enlarged view of the BP region is shown. For reference, the energy deposition from the 12 C ions within the water phantom is shown in black. Furthermore, the energy spectra measured with the GR-EG1 diamond sensor were individually corrected by cutting out the energies corresponding to the peaks from additional active regions in sensor. The ȳD values were then calculated for the corrected GR-EG1 spectra (green circles) and compared with the simulated results, as well as with the results from the original spectra. In comparing the ȳD values derived from the measurements before and after the correction, significantly increased values by 50% in the entrance and up to 65% in the BP region were observed for the corrected energy spectra. The ȳD derived from the spectra simulated and measured downstream from the BP have shown less difference, as no contribution from the primary 12 C ions was visible in the spectra. Furthermore, it was observed that the values of the loaded resist (Fig. 6.28). Most likely, these large volumes and additional smaller were also active during irradiation with heavier ions, despite the high biasing of the GR sensor with 10 V (1.2 V/µm) and 23 V (1.9 V/µm). This effect has yet to be fully understood; therefore, in the near future alternative conductive glue solutions will be investigated for this purpose in further detail in single ion beam (IBIC) experiments.

The Geant4 simulated and experimentally derived microdosimetric spectra yd(y) for nine different positions along the Bragg curve are shown in Fig. 7.30 a) and b), respectively. For converting both the deposited energy spectra (Fig. 7.29) into the lineal energy spectra in water, a diamondwater conversion factor of 0.32 and a mean-chord length equal to the µSV's thickness were used.

In the Geant4 simulated microdosimetric spectra in Fig. 7.30 a), the fragments' contribution to the total dose can be seen to be relatively small compared to the primary 28 Si ions. In the microdosimetric spectra (Fig. 7.30 b)), which were derived from the experimental measurement, the lower energy peaks from the additionally activated volumes in the GR-EG1 sensor are very pronounced and contribute thus significantly to the dose-weighted spectra. Furthermore, the primary simulated and measured 28 Si peaks for different depths show a good agreement with each other, and the typical shift towards higher lineal energies with increasing depth in water can also be seen. 

Summary, Conclusion and Outlook for Future Developments

The primary aim of this PhD project was to design, microfabricate and test novel types of diamondbased detectors for a state-of-the-art tool for obtaining microdosimetric measurements with high spatial resolution under clinical conditions in hadron therapy. Three generations of novel scCVD diamond membrane-based microdosimeters have been realized within this work, including the pioneering self-biased p + sensor with µSVs created by a local p + -i junction formation, followed by a more universal externally biased GR sensor, with µSVs formed by pattered metal electrodes, operating as solid-state ionization chambers and the fully 3D diamond sensors, with entirely isolated diamond µSVs surrounded by a non-electrically active resists layer. This development was achieved by successively testing and improving the diamond microdosimeter generations in three major steps. First, using various microfabrication techniques the diamond-based microdosimeter prototypes were fabricated in the cleanrooms of the LCD and SPEC facilities of CEA Saclay. Secondly, the response of the fabricated microdosimeters was successively investigated in mono-energetic ion microbeams with the IBIC technique at the AIFIRA and ANSTO facilities in France and Australia, respectively. In the final third step, the diamond prototypes from the first and second generations were integrated with suitable charge sensitive readout electronics and their microdosimetric response experimentally tested in mixed-radiation fields of clinical ion beams at the IC-CPO center in France and the HIMAC facility in Japan. The response of the tested microdosimeters was benchmarked using MC Geant4 simulations and compared to that of SOI microdosimeters tested in the same or similar clinical ion beam conditions.

For an accurate measurement of the extremely steep energy deposition gradients at the Bragg peak used in the hadron therapy, a measurement equipment of high spatial resolution with at least micrometer resolutions is required. Thus, for all diamond sensors, super-thin scCVD membranes were produced. Microfabrication techniques, such as plasma etching, CVD growth, thin films deposition and photolithography have been mainly used for the diamond microdosimeters prototyping. Comparing all three generations of the microdosimeters, the GR detector with the µSVs formed by photolithography patterned Al electrodes interconnected with bridges and surrounded by the GR electrode was the easiest one to fabricated. The fabrication of the p + sensor, which required an additional CVD growth of the p + layer and a multi-stage plasma
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