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Motivation: Microbeam radiation therapy (MRT) is a novel radiotherapy approach for cancer treatment and neurological diseases based on spatially fractionated fields at micrometric scale.

MRT is performed with orthovoltage X-rays and fields are typically generated as array of 50 µm wide planar beams spaced by a 400 µm pitch. MRT provides better healthy tissue sparing and tumor control compared to conventional radiotherapy based on homogeneous field irradiations.

Reliable and robust dosimetry protocols are the basis of any radiation therapy because a precise and accurate dose definition is mandatory for a positive treatment outcome. Dosimetry in MRT is challenging due to the extreme conditions under which it is performed. Differences between simulated and measured dose values in MRT are typically well above the 3% limit used in conventional radiotherapy. Improvements in MRT dosimetry are required for both experimental and computational methods to make this innovative radiotherapy technique available for clinical application.

Methods: Radiochromic films have several useful properties for MRT dosimetry and a readout protocol for their analysis at micrometric scale was developed using an optical microscope.

The definition of some critical factors influencing film dosimetry and, more in general, dosimetry in MRT was possible. The energy dependence of Gafchromic ® HD-V2 films was characterized for X-rays in range 30 -100 keV and a procedure was defined to overcome the problem of the read-out delay due to the stabilization time of the film after the irradiation.

Monte Carlo (MC) radiation transport simulations, implemented with the Geant4 toolkit, were used to improve MRT dosimetry models. When films are placed between the plastic slabs of a phantom for irradiation with an array of microbeams, the presence of air gaps between film and plastic may influence the dose distribution and this factor was quantified. The interaction of X-rays with a multislit collimator (MSC), i.e. a machined block of metal that spatially fractionates the homogeneous X-ray beam, is one of the most critical elements for the correct description of the dose profile of the microbeam array. Radiation reflection from the inner surface of the MSC was investigated as cause of dose distribution variations in the valley regions (between the microbeams). Furthermore, the radiation leakage through the metal iv sections of the MSC was studied to understand the differences between calculated and experimental valley dose values.

All these factors were included to benchmark MC simulation versus film dosimetry for the dose evaluation in a water-equivalent cubic phantom and a cell flask.

Results:

The characterization of the components of the optical microscope and of the image processing protocol provided total uncertainty (2σ) for the film read-out of 3.8%. Gafchromic ® HD-V2 films show a negligible energy dependence for the photon energies used in MRT. Film read-out can be done after a few hours if the same time interval between irradiation and analysis is respected for all the used films.

The presence of air gaps between the slabs of the utilized phantom degrades the dose distribution when arrays of microbeams are used: 30 µm air gaps increase the valley dose by up to 12%. The air gap was reduced from 14 µm to 6 µm by machining the plastic slabs, thus obtaining a better, less rough, surface. The study of the photon-MSC interaction shows that radiation reflection can bring between 5% and 15% more dose into the valley region, with the effect being largest for small fields. The radiation leakage through the MSC is a further important factor, increasing valley doses from 5% to 30%; this contribution is more relevant for small fields and when using a harder X-ray spectrum in the clinical configuration.

Considering all these factors in MRT dosimetry, agreement between MC simulations and film dosimetry has been significantly improved from the 10-30% range obtained so far. Differences between calculated and measured doses are now less than 5% for dosimetry in a waterequivalent phantom and less than 10% for the cell flask study.

Conclusion:

This work has improved MRT dosimetry, establishing a robust and reliable protocol for radiochromic film dosimetry at micrometric scale using an optical microscope.

Factors such as the presence of air gaps between film and phantom slabs during irradiation, and the photon-MSC interactions have proven to be critical for a precise and accurate dose evaluation in MRT. Several problems of MRT dosimetry have been solved and agreement between simulated and measured dose is now close to the radiotherapy requirements in medicine, bringing MRT closer to clinical applications.
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ABSTRACT IN FRENCH

But de l'étude : La radiothérapie par microfaisceaux (Microbeam Radiation Therapy: MRT) est une nouvelle approche de la radiothérapie pour le traitement du cancer et de certaines maladies neurologiques basée sur des champs spatialement fractionnés à l'échelle micrométrique. La MRT est réalisée avec des rayons X d'orthovoltage, les faisceaux sont classiquement des faisceaux plans de 50 µm de large espacés de 400 µm. La MRT permet de mieux ménager les tissus sains et de mieux contrôler les tumeurs par rapport à la radiothérapie conventionnelle basée sur des irradiations homogènes. Des protocoles de dosimétrie fiables et robustes constituent la base de toute radiothérapie, car une définition précise de la dose est indispensable pour la mise en oeuvre de toute radiothérapie. La dosimétrie en MRT est difficile en raison des conditions extrêmes dans lesquelles elle est effectuée. Les différences entre les doses simulées et mesurées en MRT sont généralement bien supérieures à la limite de 3% utilisée en radiothérapie conventionnelle. Des améliorations de la dosimétrie en MRT sont nécessaires sur les plans méthodologique, expérimental et de simulation informatique, afin de rendre cette technique de radiothérapie innovante disponible en clinique.

Méthodes : Les films radiochromiques ont plusieurs propriétés utiles pour la dosimétrie en MRT et un protocole de lecture pour leur analyse à l'échelle micrométrique a été développé en utilisant un microscope optique. La détermination des facteurs critiques influençant la dosimétrie sur film et, plus généralement, la dosimétrie en MRT a été réalisée. La dépendance énergétique des films Gafchromic® HD-V2 a été caractérisée pour des rayons X compris entre 30 et 100 keV et une procédure a été définie pour résoudre le problème du délai de lecture dû au temps de stabilisation du film après irradiation.

Les simulations de transport de rayonnement de Monte Carlo (MC), mises en oeuvre avec le code Geant4, ont été utilisées pour améliorer les modèles de dosimétrie en MRT. Lorsque des films sont placés entre les plaques de plastique d'un fantôme afin de les irradier avec un ensemble de microfaisceaux, la présence d'espaces d'air entre le film et le plastique peut influencer la distribution de la dose et ce facteur a été quantifié. L'interaction des rayons X avec un collimateur à plusieurs lames (MultiSlit Collimator : MSC), c'est-à-dire un bloc de métal usiné qui fractionne spatialement le faisceau homogène de rayons X, est l'un des vi éléments les plus critiques pour la description correcte du profil de dose de l'ensemble des microfaisceaux. La réflexion du rayonnement à partir de la surface interne du MSC a été étudiée comme une cause possible des variations de distribution de dose dans les zones appelées vallées (entre les microfaisceaux). En outre, la fuite de rayonnement à travers les sections métalliques du MSC a été étudiée pour comprendre les différences entre les valeurs de dose calculées et les doses mesurées expérimentalement dans la vallée.

Tous ces facteurs ont été pris en compte pour comparer la simulation Monte Carlo à la dosimétrie sur film pour l'évaluation de la dose dans un fantôme cubique d'équivalent eau et pour une flasque de culture cellulaire.

Résultats : La caractérisation des composants du microscope optique et du protocole de traitement d'image a fourni une incertitude totale (2σ) pour la lecture du film de 3,8%. Les films Gafchromic® HD-V2 montrent une dépendance énergétique négligeable pour les énergies des photons utilisés en MRT. La lecture du film peut être effectuée après quelques heures si le même intervalle de temps entre irradiation et analyse est respecté pour tous les films utilisés.

La présence d'espaces d'air entre les plaques du fantôme utilisé dégrade la distribution de la dose déposée par les microfaisceaux : ainsi des espaces d'air de 30 µm augmentent la dose dans la vallée jusqu'à 12%. L'espace d'air a pu être réduit de 14 µm à 6 µm en usinant les plaques de plastique, obtenant ainsi une meilleure surface, moins rugueuse. L'étude de l'interaction photon -MSC montre que la réflexion du rayonnement peut amener entre 5% et 15% de dose supplémentaire dans la vallée, l'effet étant plus important pour les petits champs. La fuite de rayonnement à travers le MSC est un autre facteur important, en augmentant les doses dans la vallée de 5% à 30% ; cette contribution est plus pertinente pour les petits champs et lors de l'utilisation d'un spectre de rayons X plus dur dans la configuration clinique.

Compte tenu de tous ces facteurs dans la dosimétrie en MRT, la concordance entre les simulations MC et la dosimétrie sur film a été significativement améliorée par rapport à la plage de 10-30% obtenue jusqu'à présent. Les différences entre les doses calculées et mesurées sont désormais inférieures à 5% pour la dosimétrie dans un fantôme équivalent eau et à moins de 10% pour l'étude sur flasque cellulaire.

Conclusion :

Ce travail a amélioré la dosimétrie des MRT en établissant un protocole robuste et fiable pour la dosimétrie sur film radiochromique à l'échelle micrométrique, à l'aide d'un microscope optique. Des facteurs tels que la présence d'espaces d'air entre le film et les plaques vii du fantôme pendant l'irradiation et les interactions photon-MSC se sont révélés essentiels pour une évaluation précise et exacte de la dose en MRT. Plusieurs problèmes de dosimétrie en MRT ont été résolus et la concordance entre les doses simulées et mesurées est maintenant proche des exigences de la radiothérapie en médecine, rapprochant ainsi la MRT de ses potentielles applications cliniques. The different positions inside the patient's body and different biological characteristics of tumors demand the development of several RT techniques because a unique approach is not able to cover all the cases. Improvements in treatment outcomes using different radiation types were possible developing conformal irradiation, time fractionated plan, multi-port geometries, intensity modulation and real time treatment able to compensate the physiological movements that organs naturally show during the irradiation time [1].

However, cancer remains among the most common cause of decease worldwide. Despite the availability of different techniques to fight cancer such as surgery, radiotherapy, chemotherapy and others, further improvements are necessary to be more effective, also in RT.

Spatial fractionation of the radiation field in RT was first suggested in 1909 by Alban Köhler to improve irradiation quality by reducing side effects in the skin [2]. However, this brilliant intuition, suggested only a few years after the discovery of X-rays, was not deeply developed in the past century and dose fractionation is still considered an innovative approach for many people working in RT. A more recently rediscovered interest in spatially fractionated RT, also related to the development of new technologies and facilities, brought research teams to investigate the potential of this approach using sub-millimetric or micrometric beams created by proton or X-ray radiation sources [3][4][5][6][7][8][9].

Microbeam radiation therapy (MRT) is using beamlets of radiation only few tens of micrometers wide to improve the therapeutic effect in radiotherapy. Although MRT can be performed with both proton and X-ray radiation, the present work debates some critical aspects of MRT performed with synchrotron X-ray radiation.

Microbeam radiation therapy -MRT

In the 1960s, a team composed by W. Zeman, H.J. Curtis and C.P. Baker reported an interesting medical study on the effects of cosmic radiation [10]. A deuteron beam of only 25 µm wide delivering 4000 Gy of dose passing through a mouse brain tissue preserves the tissue architecture with minimal damage while a 1 mm deuteron beam delivering 140 Gy completely degrades the same type of tissue. This dose-volume effect clearly showed how healthy biological tissues tolerates a high radiation dose if confined in micrometric volumes.

Only in the 1990s, D. Slatkin applied the potential of the dose-volume effect in the first MRT experiments at the Brookhaven National Laboratory [11]. After a few years, J. Laissue repeatedly demonstrated the high tolerance of healthy tissues to microbeam irradiations [START_REF] Laissue | The weanling piglet cerebellum: a surrogate for tolerance to MRT (microbeam radiation therapy) in pediatric neuro-oncology[END_REF][START_REF] Laissue | Neuropathology of ablation of rat gliosarcomas and contiguous brain tissues using a microplanar beam of synchrotron-wiggler-generated X rays[END_REF]. Since the beginning, MRT experiments have been mainly performed using synchrotron X-ray that are able to deliver the best microbeam quality available nowadays (further details will be presented in section 1.4). The number of synchrotrons with a beamline able to produce microbeam remains even today small. These synchrotrons are: ESRF -the European Synchrotron (France), ANSTO -the Australian Synchrotron (Australia), the Canadian Light Source (Canada) and the SPring-8 (Japan). The creation of compact sources able to deliver microbeams is under development [START_REF] Bartzsch | A preclinical microbeam facility with a conventional x-ray tube[END_REF][START_REF] Hadsell | Pilot study for compact microbeam radiation therapy using a carbon nanotube field emission micro-CT scanner[END_REF] and this will promote the growth of MRT outside synchrotron centers which remain nowadays the best source of microbeams [11].

MRT is developed using spatially fractionated beams at micrometric scale arranged in an array with a defined periodicity [START_REF] Bräuer-Krisch | Effects of pulsed, spatially fractionated, microscopic synchrotron X-ray beams on normal and tumoral brain tissue[END_REF]. A typical beam has a rectangular shape with 25 -100 µm width and length in the order of millimeters or centimeters, defined by the extent of the irradiation field. The microbeam array is created putting near each other several beamlets, with distances between 100 µm and 1000 µm separating the center of a microbeam to the center of its first neighbors. Compared to irradiation with a homogeneous beam, or broad beam, where variations of a fraction of a Gray occur on a millimeter scale, an MRT field presents dose variations in the order of tens or hundreds of Gy over a few micrometers. Inside "peak" regions, corresponding to the volumes crossed by primary photons, the typical dose is in the order of a few hundred Gy [START_REF] Laissue | Response of the rat spinal cord to X-ray microbeams[END_REF][START_REF] Ibahim | An evaluation of dose equivalence between synchrotron microbeam radiation therapy and conventional broadbeam radiation using clonogenic and cell impedance assays[END_REF][START_REF] Schültke | Memory and survival after microbeam radiation therapy[END_REF][START_REF] Serduc | Characterization and quantification of cerebral edema induced by synchrotron x-ray microbeam radiation therapy[END_REF] to take advantage of the dose-volume effect. Between peak regions, "valley" regions are characterized by the dose contribution due to scattered radiation inside the target volume; valley dose values are therefore significantly lower than peak doses. While high peak doses are well tolerated by healthy tissues [START_REF] Laissue | Prospects for microbeam radiation therapy of brain tumours in children to reduce neurological sequelae[END_REF][START_REF] Van Der Sanden | Tolerance of arteries to microplanar X-ray beams[END_REF], the valley dose appears to be the limiting parameter to be controlled for effective MRT irradiations [START_REF] Smyth | Comparative toxicity of synchrotron and conventional radiation therapy based on total and partial body irradiation in a murine model[END_REF]. A parameter often used to characterize MRT is the peak to valley dose ratio (PVDR) that provides an indication for the difference between peak and valley dose for a specific configuration.

What makes MRT a promising technique with high potentials for cancer treatment is the increased ability to preserve healthy tissues compared to conventional radiotherapy, but also improved results in tumor control and shrinkage [START_REF] Laissue | Neuropathology of ablation of rat gliosarcomas and contiguous brain tissues using a microplanar beam of synchrotron-wiggler-generated X rays[END_REF][START_REF] Bouchet | Synchrotron microbeam radiation therapy induces hypoxia in intracerebral gliosarcoma but not in the normal brain[END_REF][START_REF] Dilmanian | Response of rat intracranial 9L gliosarcoma to microbeam radiation therapy[END_REF][START_REF] Regnard | Irradiation of intracerebral 9L gliosarcoma by a single array of microplanar x-ray beams from a synchrotron: Balance between curing and sparing[END_REF]. The biological causes and mechanisms at the origin of MRT's improved effectiveness are still under investigation but numerous components seem to contribute to the result. Healthy tissues are able to better preserve their structural architecture after microbeam irradiation, presenting the ability to efficiently repair the localized cellular damage [START_REF] Crosbie | Tumor Cell Response to Synchrotron Microbeam Radiation Therapy Differs Markedly From Cells in Normal Tissues[END_REF]. By contrast, tumor tissues are more radiosensitive to MRT irradiations [START_REF] Bouchet | Synchrotron microbeam radiation therapy induces hypoxia in intracerebral gliosarcoma but not in the normal brain[END_REF][START_REF] Bouchet | Preferential effect of synchrotron microbeam radiation therapy on intracerebral 9l gliosarcoma vascular networks[END_REF]. Furthermore, a different inflammation and immune response was observed for tissue irradiated with microbeams compared to broad beam irradiation [START_REF] Sprung | Genome-Wide Transcription Responses to Synchrotron Microbeam Radiotherapy[END_REF][START_REF] Yang | In Vitro Study of Genes and Molecular Pathways Differentially Regulated by Synchrotron Microbeam Radiotherapy[END_REF][START_REF] Ibahim | Eosinophil-Associated Gene Pathways but not Eosinophil Numbers are Differentially Regulated between Synchrotron Microbeam Radiation Treatment and Synchrotron Broad-Beam Treatment by 48 Hours Postirradiation[END_REF].

In addition, in MRT a short irradiation time in the order of fractions of a second is possible because of the use of synchrotron sources which have the characteristic of being extremely intense. Quick irradiations of fractions of a second are the main characteristic of Flash RT [START_REF] Durante | Faster and safer? FLASH ultra-high dose rate in radiotherapy[END_REF][START_REF] Bourhis | Treatment of a first patient with FLASH-radiotherapy[END_REF], an emerging technique that has shown improvements compared to more conventional treatments. With the discovery of the Flash effect, the MRT community is investigating if also in MRT performed at synchrotron sources the same "Flash factor" is present and contribute as well to the positive outcome. The spatial fractionation at micrometric scale of the delivered dose in MRT seems to have anyway an important role and it is not present in Flash therapy.

Arrays of spatially fractionated beams at micrometer scale can be applied for tumor treatment but other diseases also seem to be sensitive to microbeams. Chronic pain could potentially benefit from treatments involving microbeams [START_REF] Zippo | Removal of behavioural and electrophysiological signs of chronic pain by in vivo microsections of rat somatosensory cortex with parallel X-ray microbeams[END_REF], and epilepsy was also suggested as disease to be potentially cured with microbeams [START_REF] Zippo | Removal of behavioural and electrophysiological signs of chronic pain by in vivo microsections of rat somatosensory cortex with parallel X-ray microbeams[END_REF][START_REF] Romanelli | Synchrotron-Generated Microbeam Sensorimotor Cortex Transections Induce Seizure Control without Disruption of Neurological Functions[END_REF][START_REF] Studer | Synchrotron X-ray microbeams: A promising tool for drug-resistant epilepsy treatment[END_REF][START_REF] Pouyatos | Synchrotron Xray microtransections: A non invasive approach for epileptic seizures arising from eloquent cortical areas[END_REF][START_REF] Anschel | Microbeam radiosurgery using synchrotrongenerated submillimetric beams: A new tool for the treatment of brain disorders[END_REF][START_REF] Pouyatos | Synchrotron X-ray interlaced microbeams suppress paroxysmal oscillations in neuronal networks initiating generalized epilepsy[END_REF][START_REF] Romanelli | Synchrotron-generated microbeam radiosurgery: A novel experimental approach to modulate brain function[END_REF].

Microbeam properties for effective MRT irradiation

To perform an effective irradiation, the microbeam array must satisfy some criteria: quasiparallel beamlets, delivery of a high dose rate, and preservation of a steep penumbra along its passage through the target.

Low divergence of the X-ray beam is mandatory to maintain the array geometry of the field throughout the target, preserving beam shape and distance between the beams. To satisfy this requirement, an increased distance between X-ray source and target is necessary. Nowadays, only synchrotron sources are sufficiently powerful radiation sources able to provide a low divergent and highly collimated beam [START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF].

The need to maintain the microbeam shape inside the target requires the analysis and compensation of factors influencing dose distribution inside the target. Organ motion strongly affects the dose distribution if tissue displacements occur on a range equal or larger than the beam dimension during the irradiation time. Motion ranges of hundreds of micrometers occur in the human brain with a velocity that can reach 2 mm/s [START_REF] Soellinger | 3D cine displacement-encoded MRI of pulsatile brain motion[END_REF]. Fast irradiations limit the degradation of the dose distribution inside the target due to its movement, therefore a short irradiation time is necessary. At the ESRF ID 17 beamline, dose rates of 14 kGy/s are delivered using homogeneous beams [START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF] allowing MRT irradiations in fractions of a second, facilitating the preservation of microbeam dose distribution in moving tissues.

A spatial fractionation of the dose distribution is ensured if steep and quantitatively significant dose variation is present between irradiated and non-irradiated volumes. Orthovoltage X-rays are therefore used for microbeam irradiations because in biological tissues primary photons 

Synchrotron source of X-ray radiation

Third-generation synchrotrons represent the best X-ray source for MRT today, able to satisfy all the requirements for the production of microbeams [11]. Synchrotrons are large scale research infrastructures optimized to produce high-flux photon beams by accelerating electrons to relativistic energies.

Before the radiation emission, electrons undergo a sequential process of acceleration. A linear accelerator produces and accelerates electrons up to some MeV. Electrons are then injected into a circular booster ring, where they are accelerated up to their final energy of a few GeV.

Finally, electrons are injected into the storage ring, where they are kept flowing for as long as possible. Radiofrequency cavities maintain the electrons at constant energy, dipole magnets deflect the electron trajectory to make particles travel in a closed loop (and intrinsically produce radiation from the bent trajectory of the electrons) and focusing magnets force electrons to move along their nominal trajectory.

Synchrotron storage rings have a circumference of hundreds of meters and produce continuous radiation for tens of independent laboratories, called beamline, which can perform experiments with highly customized beam characteristics according to their specific needs. This flexibility in radiation production is possible because insertion devices (IDs) are installed in the straight sections of the storage ring. At the core of the ID is an array of magnets with alternating polarity that makes electrons oscillate in the horizontal plane. The repetitive acceleration and deceleration of high-energy electrons along this undulating path produces the emission of a narrow cone of radiation that is transported down the beamlines. IDs are divided into two groups, depending on their characteristics. Undulators generate X-ray radiation from coherent superimposition of individual undulations of the electrons, leading to a very narrow cone of radiation in both directions and a spectrum characterized by spikes, the so-called undulator harmonics. Wigglers, by contrast, deliver a continuous spectrum with a much higher intensity and a broader fan in the horizontal direction. Therefore, a wiggler is the more suited device to produce X-ray radiation in MRT.

The ESRF ID17 Biomedical beamline

The European Synchrotron Radiation Facility (ESRF), is one of the few synchrotrons in the world were a beamline is available for the creation of microbeams with properties respecting MRT requirements. The ESRF ID17 Biomedical beamline was designed with the main aim to support new discoveries and innovative works in radiation therapy and medical imaging. Two experimental stations, or hutches, are available at the ID17 beamline: the first is located at around 40 meters from the X-ray source point in the storage ring. A polychromatic beam is available with dose rates up to 14 kGy/s, offering a favorable location for MRT irradiations;

the second hutch is located around 150 meters away from the radiation source and here a monochromatic beam can be tuned using monochromator crystals with energies in the range of 20 -130 keV and dose rates of hundreds of Gy/s [START_REF] Requardt | The clinical trials program at the ESRF biomedical beamline ID17: Status and remaining steps[END_REF][START_REF] Elleaume | Instrumentation of the ESRF medical imaging facility[END_REF][START_REF] Suortti | Fixed-exit monochromator for computed tomography with synchrotron radiation at energies 18-90 keV[END_REF]. In MRT experiments, the X-ray radiation interacts with several components which define the beam quality and shape sent to the target. Two pairs of primary slits define a beam of rectangular shape. A sequence of filters is used to cut the contribution of photons with energies below 50 keV which are strongly attenuated close to the target surface without being effective for microbeam treatments. The specific peaks of absorption of each material, typically below 15 keV, become negligible in the resulting spectra. In particular at ID17, a combination of five different filters made of carbon, aluminum and copper with variable thickness allow spectrum tuning [START_REF] Martínez-Rovira | Development and commissioning of a Monte Carlo photon beam model for the forthcoming clinical trials in microbeam radiation therapy[END_REF][START_REF] Crosbie | Energy spectra considerations for synchrotron radiotherapy trials on the ID17 biomedical beamline at the European Synchrotron Radiation Facility[END_REF]. The possibility to move from the conventional MRT spectrum used in most of the experiments performed in MRT to a spectrum with harder energies for upcoming pre-clinical experiments was assessed to reduce dose delivery in hard tissues like bone, but maintaining the conventional MRT properties. To obtain this pre-clinical configuration, thicker copper and carbon filters were used along the beam path reducing the intensity of low energy photons. The spectrum mean energy and intensity peak were shifted to energies of around 15 keV higher to improve the dosimetry plan quality.

In addition, irradiations are also performed at ID17 in a clinical scenario to test the entire procedure and follow more rigorous safety constraints designed to minimize the risk of wrong irradiations. In this clinical set-up, two ionization chambers are used to monitor the beam and a krypton filter is added along the beam path with the purpose to avoid accidental radiation overexposure of the target [START_REF] Requardt | A new gas attenuator system for the ID17 biomedical beamline at the ESRF[END_REF]; this further hardens the X-ray spectrum.

The spectra used for these three different configurations are obtained starting from the raw spectrum of the ID17 produced using XOP software version 2.3 [START_REF] Río | XOP 2.1 -A New Version of the X-ray Optics Software Toolkit[END_REF]. To consider the spectrum attenuation due to the passage of the beam through the filter train, the Beer-Lambert law was used with the absorption coefficients provided in the NIST database [START_REF] Hubbell | Tables of X-Ray mass attenuation coefficients and mass energy-absorption coefficients 1 keV to 20 MeV for Elements Z=1 to 92 and 48 Additional substances of Dosimetric Interest[END_REF]. To best control the exposure time of the target to high dose rate radiation, a precise and reliable fast shutter was designed with the possibility to provide a minimum opening time of 5 ± 0.5 ms [START_REF] Renier | A white-beam fast-shutter for microbeam radiation therapy at the ESRF[END_REF]. A safety-fast shutter is located between the optical cabin, where the previous described components are mounted in a pipe under vacuum condition, and the experimental hutch, where components are placed in air.

In the experimental room, two parallel plate ionization chambers are placed before and behind the target and are used to monitor the total radiation intensity during irradiations. A couple of mechanical slits define the beam width with micrometric precision, while four vertical apertures of fixed height are available with an aperture of 51 µm, 102 µm, 520 µm, and 795 µm, measured at the target position. Only the central portion of the generated X-ray beam is selected for irradiation because it has an almost flat intensity profile. The maximum vertical dimension of the beam is not high enough to cover large targets. The following approach is therefore used to overcome this limitation.

To increase the vertical irradiation field dimension, the target is scanned vertically in front of the beam [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT)[END_REF]. In this way, the maximal 40 mm width of the beam can be extended vertically up to several tens of millimeters, with height limited only by the motion range of the stage on which the target is placed for the irradiation. At the ID17 beamline, a kappa-type goniometer is available for MRT irradiations and it has three rotational degrees of freedom allowing a tilted sample position; full rotation movement is possible around its vertical axis and a translation stage is used to shift the target in front of the beam. A vertical range movement of around 14 cm defines the maximal vertical extension of the irradiation field that can be covered with a speed between 1 and 100 mm/s, resulting in a homogenous field of radiation.

Microbeams creation is possible by placing in the beam and before the target a multi slit collimator (MSC), i.e. a machined block of metal with equidistant apertures that define width and periodicity of the microbeams. Therefore, the laminated beam impinging on the MSC is transformed to a linear, comb-like array of radiation resulting in the linear microbeam shape Since the origin of MRT, attentions were focused on the optimal geometry for microbeams irradiation. Different combination of 25-100 µm wide beams spaced by a 100-1000 µm pitch were tested in biological experiments [START_REF] Laissue | Neuropathology of ablation of rat gliosarcomas and contiguous brain tissues using a microplanar beam of synchrotron-wiggler-generated X rays[END_REF][START_REF] Bräuer-Krisch | Effects of pulsed, spatially fractionated, microscopic synchrotron X-ray beams on normal and tumoral brain tissue[END_REF][START_REF] Dilmanian | Response of rat intracranial 9L gliosarcoma to microbeam radiation therapy[END_REF][START_REF] Serduc | Synchrotron microbeam radiation therapy for rat brain tumor palliation -Influence of the microbeam width at constant valley dose[END_REF][START_REF] Griffin | Microbeam Radiation Therapy Alters Vascular Architecture and Tumor Oxygenation and is Enhanced by a Galectin-1 Targeted Anti-Angiogenic Peptide[END_REF] and the final 50 µm slit with a 400 µm pitch configuration was selected as favorable solution. The definition of a specific configuration facilitated the design of MSCs with fixed geometry that allows a more controlled creation of microbeams.

Therefore, the MSC used in this work has a fixed geometry of 50 µm wide apertures with a 400 µm pitch [START_REF] Bräuer-Krisch | New technology enables high precision multislit collimators for microbeam radiation therapy[END_REF][START_REF] Bräuer-Krisch | Characterization of a tungsten/gas multislit collimator for microbeam radiation therapy at the European Synchrotron Radiation Facility[END_REF]. This MSC was realized by combining single machined blocks of metal inside a rigid frame with sub-micron precision. The metal used is a tungsten carbide alloy with a density of 14.08 ± 0.10 g/cm 3 and its chemical composition is reported in Table 1. This tungsten carbide alloy allowed a machining process with the required sub-micrometric precision for the MSC creation. Before microbeam irradiation, absolute dosimetry is performed in a homogeneous field following as close as possible the International Atomic Energy Agency -IAEA -for reference dosimetry using medium energy kilovoltage X-rays [59]. Ionization chambers are the favorite dosimeter for absolute dosimetry [START_REF] Ma | AAPM protocol for 40-300 kV x-ray beam dosimetry in radiotherapy and radiobiology[END_REF] and they are standard dosimeters in conventional RT used for the validation of treatment plan. Consequently, dosimetry protocols have been developed at the ID17 beamline using ionization chambers for reference dosimetry [START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF][START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT)[END_REF].

More details about the absolute dosimetry protocol are presented in section 3.2.

For dosimetry at micrometer scale, ionization chambers do not provide enough spatial resolution. Several detectors have been suggested for the quantification of delivered dose in MRT, with different characteristics and pros and cons for MRT application. An overview of the main detector developments for MRT is available in the literature [START_REF] Bräuer-Krisch | Potential high resolution dosimeters for MRT[END_REF][START_REF] Bräuer-Krisch | Medical physics aspects of the synchrotron radiation therapies: Microbeam radiation therapy (MRT) and synchrotron stereotactic radiotherapy (SSRT)[END_REF]. In the following, a short summary is presented and an overview of the characteristics of the detectors discussed is presented in Table 2 -Overview of the main detectors used for dosimetry in MRT.Table 2.

MOSFET detectors were intensively developed [START_REF] Rosenfeld | Feasibility study of online high-spatial-resolution MOSFET dosimetry in static and pulsed X-ray radiation fields[END_REF][START_REF] Brauer-Krisch | MOSFET dosimetry for microbeam radiation therapy at the European Synchrotron Radiation Facility[END_REF][START_REF] Siegbahn | MOSFET dosimetry with high spatial resolution in intense synchrotron-generated x-ray microbeams[END_REF] but their energy dependence at keV photons energies makes the use in MRT difficult [START_REF] Kron | Dose response of various radiation detectors to synchrotron radiation[END_REF][START_REF] De Felici | Dose distribution from x-ray microbeam arrays applied to radiation therapy: An EGS4 Monte Carlo study[END_REF][START_REF] Cheung | Energy dependence corrections to MOSFET dosimetric sensitivity[END_REF]. Recent silicon strip detectors (SSD) constitute the latest advance in silicon-based detectors with the possibility of a 5 µm resolution along one direction when operating in passive mode and edge-on configuration [START_REF] Lerch | Dosimetry of intensive synchrotron microbeams[END_REF][START_REF] Fournier | X-Tream quality assurance in synchrotron X-ray microbeam radiation therapy[END_REF][START_REF] Davis | Characterisation and evaluation of a PNP strip detector for synchrotron microbeam radiation therapy[END_REF].

The MicroDiamond™ detector by PTW (PTW, Freiburg, Germany) is a novel solid state detector with an active volume created by a single crystal of synthetic diamond with a cylindrical shape of 2 mm diameter and 1 µm thickness [START_REF] Marinelli | Experimental determination of the PTW 60019 microDiamond dosimeter active area and volume[END_REF][START_REF] Almaviva | Chemical vapor deposition diamond based multilayered radiation detector: Physical analysis of detection properties[END_REF]. This detector has the sufficient spatial resolution to resolve microbeam features but, as the SSD detector, it is very sensitive to alignment issues. Today, there is no established routine available to easily and quickly align these high-resolution detectors and measurement preparation requires time. In addition, these detectors offer only a point measurement and to obtain a dose profile or a 2-dimensional dose map in MRT irradiation, several scans are necessary, increasing the data acquisition time.

In the last years, fiber-optical dosimeters were implemented and nowadays they are able to offer a 20 µm resolution [START_REF] Archer | X-ray microbeam measurements with a high resolution scintillator fibre-optic dosimeter[END_REF][START_REF] Archer | Synchrotron X-ray microbeam dosimetry with a 20 micrometre resolution scintillator fibre-optic dosimeter[END_REF].

PRESAGE® dosimetry detectors are passive devices made out of opaque plastics able to visualize the entire irradiated field inside their volume, providing a useful 3-dimensional information of the dose distribution [START_REF] Doran | Establishing the suitability of quantitative optical CT microscopy of PRESAGE®radiochromic dosimeters for the verification of synchrotron microbeam therapy[END_REF]. Currently, the limited resolution of the PRESAGE® plastic combined with the available resolution of the optical system used for the analysis of the detector does not allow dose resolution in the peak regions of the microbeams [START_REF] Mcerlean | Assessment of optical CT as a future QA tool for synchrotron x-ray microbeam therapy[END_REF].

Radiochromic film is another type of passive detector that is widely known and used in conventional RT for relative dosimetry and quality assurance [START_REF] Mack | High precision film dosimetry with GAFCHROMIC® films for quality assurance especially when using small fields[END_REF][START_REF] Devic | Radiochromic film dosimetry: Past, present, and future[END_REF]. The active component present in radiochromic films undergoes optical variation when interacting with ionizing radiation and the quantification of this variation provides indication of the delivered dose.

Films with a resolution of less than 5 µm in both directions are commercially available; a neartissue equivalence and a relative facility to handle them during experiments [START_REF] Devic | Reference radiochromic film dosimetry: Review of technical aspects[END_REF] dimensions increase considerably with resulting increase of machine time for data creation and management. In addition, the reliability of MC simulations is related to the number of simulated processes, therefore accurate and precise expectation values can only be obtained increasing the number of histories. To have a small estimated variance, each voxel must score a sufficiently high number of histories [START_REF] Seco | Monte Carlo Techniques in Radiation Therapy[END_REF]. In MRT simulation, the voxels of interest are divided into two categories. Voxels located within the peak dose regions, mainly influenced by the primary photon beam, show a rapid increase in scoring particles. By contrast, voxels located in the center of valley dose regions receive only the contribution from scattered radiation, up to hundreds of times less intense than peak radiation. Therefore, the number of histories to be run increase considerably when studying the valley dose distribution. Dose calculation in MRT may require days of simulation time if a powerful compute cluster is not available.

In the literature, the work done by several groups using different MC models for MRT dose calculation is well described. The first MC simulation for MRT done by Slatkin et al. [11] using an old version of EGS4 [START_REF] Nelson | The EGS4 Code System[END_REF] was followed by works performed with more accurate EGS4 models including distribution for scattering angles and energies [START_REF] De Felici | Dose distribution from x-ray microbeam arrays applied to radiation therapy: An EGS4 Monte Carlo study[END_REF][START_REF] Orion | Monte Carlo simulation of dose distributions from a synchrotron-produced microplanar beam array using the EGS4 code system[END_REF]. Later, PENELOPE [START_REF] Salvat | PENELOPE-2011 , a code system for Monte Carlo simulation of electron and photon transport[END_REF] started to be used in MRT [START_REF] Siegbahn | Dosimetric studies of microbeam radiation therapy (MRT) with Monte Carlo simulations[END_REF][START_REF] Nettelbeck | Microbeam radiation therapy: A Monte Carlo study of the influence of the source, multislit collimator, and beam divergence on microbeams[END_REF] and Spiga et al. presented a first comparison between PENELOPE and Geant4 codes [START_REF] Spiga | The GEANT4 toolkit for microdosimetry calculations: Application to microbeam radiation therapy (MRT)[END_REF]; it was proved that the Geant4-Penelope physics model provides equivalent results compared to PENELOPE simulations. A full comparison between several MC codes was performed by De Felici et al. [START_REF] De Felici | Monte Carlo code comparison of dose delivery prediction for microbeam radiation therapy[END_REF]. More recently, an ID17 model was created using PENELOPE and Geant4 codes, showing minor differences between the results [START_REF] Martínez-Rovira | Development and commissioning of a Monte Carlo photon beam model for the forthcoming clinical trials in microbeam radiation therapy[END_REF][START_REF] Cornelius | Benchmarking and validation of a Geant4-SHADOW Monte Carlo simulation for dose calculations in microbeam radiation therapy[END_REF]. These papers cannot be considered an exhaustive literature review but illustrate the efforts necessary to develop reliable simulations in MRT.

At the start of this work, the MC model in use at the ID17 beamline for MRT was developed with the Geant4 toolkit and based on the Geant4-Penelope physics model for the radiation and particle transport inside matter. Compared to the real experimental setup, a simplified radiation source model was created, allowing the improvement of calculation speed and to facilitate data

analysis. An ideal source of perfectly parallel microbeams organized in an array with the defined periodicity was created as model. Therefore, this ideal scenario does not consider the real case of a weakly divergent beam interacting with the MSC.

The simplified model was justified as initially efforts were focused on improving the agreement between calculated and experimental values in the central portions of the peak and valley regions because variations up to 30% were often measured. Peak and valley doses are indeed the main observables for the definition of MRT irradiations. With MC simulations, it was observed that the variations in modelling the real case of a weakly divergent microbeam compared to an ideal scenario of a perfectly parallel microbeam are minimal in the center of peak and valley regions [START_REF] Nettelbeck | Microbeam radiation therapy: A Monte Carlo study of the influence of the source, multislit collimator, and beam divergence on microbeams[END_REF]. Therefore, the simplified model is based on an ideal X-ray source emitting perfectly parallel photons.

Before reaching the target, the laminated beam interacts with the MSC and two main interactions should be considered. The first is connected to the photons impinging perpendicularly on the metal component of the MSC. Most of these photons are absorbed within the MSC, but a very small fraction of photons may pass through and deliver dose to the target. The second is related to the interaction of the photons with the inner surfaces of the MSC that may lead to a total reflection or scattering of the radiation, causing changes in the dose distribution. These two factors were investigated with MC simulation for the conventional experimental setup used in MRT and an array of microbeams with 30 × 30 mm² of area, finding that their contribution can be considered negligible [START_REF] Bartzsch | Influence of polarization and a source model for dose calculation in MRT[END_REF]. For these reasons, all the scattering contributions of the primary beam were neglected in the simulated model and microbeams were generated by an ideal source emitting perfectly parallel photons only in correspondence to microbeams position.

During the development of the project, different phantoms and smaller fields were often used.

In addition, harder spectra were defined compared to the conventional spectrum and were used to better satisfy medical requirements of dose distribution inside the biological tissues (see section 1.5 for details on spectra definition). After the development of the dosimetry protocol for MRT based on radiochromic films that proved to be reliable and robust, significant dose variations between simulated and measured values were still present and it became clear that such a simplified model cannot be considered valid for all the relevant experimental setups performed nowadays at the ID17 beamline. These unexpected results motivated the research of factors not properly implemented in the MC model and the intuition of further characterize the radiation-MSC interaction was able to explain most of the variations. The reevaluation of the reflection of photons from the inner surfaces of the MSC and the radiation leakage through the metal blades of the MSC showed that these factors cannot be neglected for all the configuration used.

Aim of the project

MRT is a promising radiotherapy technique that has shown its potential in overcoming some limits of conventional RT and preserving, or increasing, tumor control ability. To make MRT an effective technique, one of the challenges is to define a precise and accurate dosimetry protocol able to provide reliable prediction and measurements of the delivered dose during treatments. Compared to conventional RT where uncertainties and differences between simulated and experimental dose values are below 3%, dosimetry in MRT often shows higher uncertainties and variations between calculated and measured dose up to 10 -30%. This level of uncertainties is a limiting factor when MRT is proposed for medical applications because it is significantly far from the 3% required in conventional RT

Valley doses due to scattered radiation inside the target creates a plateau of dose between microbeams and must follow the limit established by conventional RT. Uncertainties on delivered doses below 10% may be considered acceptable in MRT only if the approved protocol defines that the best MRT outcome is reached when valley dose is substantially below the limits used in conventional RT. This possibility must be discussed between the entire community, including the medical and biological parts.

Therefore, dosimetry protocols must be further developed to define the remaining critical factors and improve their robustness. A precise dose calculation and verification supports a correct evaluation of the relation between delivered dose and biological response, the base of an effective patient treatment plan. The aim of this project is therefore the implementation of dosimetry technique in MRT to reduce dose evaluation uncertainties and close the gap between experimental and simulated data. Such improvements will strongly support the understanding of biological aspects and help in the definition of optimized MRT irradiations.

Section 1.6 presented an overview of the detectors used and developed for MRT dosimetry.

The use of radiochromic films offers several advantages such as high spatial resolution, 2dimensional dose mapping and near-tissue equivalence properties and, for these reasons, they are routinely used for dosimetry in MRT. Film read-out at micrometric scale requires adequate instrumentation able to resolve the micrometric structure of the microbeams. In the past, this was done using a microdensitometer. The main limits of this instrument were recently overcome using an optical microscope. The raw data obtained by the instrument read-out must be correctly processed following a dedicated protocol that is not yet well defined for the microscope readout. The present work focuses on the definition of an updated protocol able to provide more precise and accurate results, with increased reliability.

Outline of the thesis

Chapter 2 presents the main characteristics and limits of radiochromic films, clarifying their potential and properties making them useful detectors for MRT dosimetry.

Chapter 3 begins with the description of how films are prepared before the irradiation. The irradiation procedure is described including the reference dosimetry protocol used at the ID17 beamline. At the end, the irradiation uncertainty budget is reported. Chapter 9 provides the main conclusions of the work.

RADIOCHROMIC FILM DETECTOR

This chapter is dedicated to the description of radiochromic films (RCF), presenting the properties and characteristics which make them a valid detector for dosimetry on the micrometric scale, and outlining their potential limitations in MRT dosimetry. Focus is placed on the properties of RCF which will be discussed, investigated and analyzed in the following chapters of this work.

Starting from a brief historical introduction presented in section 2.1, section 2.2 describes the underlying physical principles of radiochromic materials, and in section 2.3 the models of some of the most used RCF available today are presented. The introduction of the optical density (OD) quantity used for the film analysis is reported in section 2.4; the absorption spectra of the film are presented in section 2.5; the film resolution is described in section 2.6, and the energy dependence is reported in section 2.7. RCF require a calibration procedure before being used and the general approach is described in section 2.8. In section 2.9 the influence of the external and ultraviolet (UV) light on the film OD is presented; the post-irradiation time necessary for the chemical stabilization of RCF is described in section 2.10. An introduction to the neartissue equivalence property, the temperature and humidity influence and dose rate dependence of radiochromic film is reported in section 2.11. A conclusion section closes the chapter with some general considerations on RCF.

Origin and history

The origin of RCF can be dated back to 1826, the origin of photography, when one of the first radiochromic processes was discovered by J. Niépce [START_REF] Gernsheim | The 150th anniversary of photography[END_REF]. Some bitumen of Judea was used to sensitize a polished pewter plate to obtain a camera picture because this material has a weak light sensitivity that hardens the bitumen. It was necessary to wait 10 hours under sunshine light to obtain the permanent image on the plate.

In 1965 W. McLaughlin and L. Chalkley published the discovery of a particular dye, a derivate of the triphenyl-methane molecule, which decreases the problems of energy dependence, instability and sensitivity to impurities of the previous generation of aromatic dyestuffs [START_REF] Mclaughlin | Measurement of Radiation Dose Distributions with Photochromic Materials[END_REF].

This was the birth of modern RCF dosimeters.

Subsequently, the National Institute of Standard and Technology (NIST) worked on the development of RCF and the first useful prototype had a sensitivity dose range between 10 3

Gy and 10 6 Gy [START_REF] Humphreys | NIST high-dose calibration services[END_REF][START_REF] Buenfil-Burgos | Thin plastic radiochromic dye films as ionizing radiation dosimeters[END_REF]. Such sensitivity at high doses was mainly applied in food irradiation processes [START_REF] Saylor | A thin film recording medium for use in food irradiation[END_REF], medical instrument sterilization and more generally in industrial applications.

The application of RCF in RT was possible only later when a new and more sensitive dye was developed around 1986 allowing dose measurements down to 5 Gy [START_REF] Mclaughlin | Sensitometry of the response of a new radiochromic film dosimeter to gamma radiation and electron beams[END_REF][START_REF] Muench | Photon energy dependence of the sensitivity of radiochromic film and comparison with silver halide film and LiF TLDs used for brachytherapy dosimetry[END_REF]. The innovative film was produced by the International Speciality Products Inc. (ISP) and called GAFchromic ® , using the GAF acronym from the previous company's name General Aniline and Film

Corporation [START_REF] Williams | Radiochromic film dosimetry and its applications in radiotherapy[END_REF]. This film found rapidly applications in different fields such as stereotactic radiosurgery [START_REF] Mclaughlin | The use of a radiochromic detector for the determination of stereotactic radiosurgery dose characteristics a)[END_REF], electron and proton dosimetry [START_REF] Mclaughlin | Sensitometry of the response of a new radiochromic film dosimeter to gamma radiation and electron beams[END_REF][START_REF] Uribe | Electron and Proton Dosimetry with Custom-Developed Radiochromic Dye Films[END_REF] and RT [START_REF] Soares | Calibration of ophthalmic applicators at NIST: A revised approach[END_REF][START_REF] Soares | Measurement of Radial Dose Distributions Around Small Beta Particle Emitters Using High Resolution Radiochromic Foil Dosimetry[END_REF][START_REF] Farahani | New method for shielding electron beams used for head and neck cancer treatment[END_REF].

Physical principles of the radiochromic films

At the heart of modern RCF is a crystalline polyacetylene material, usually diacetylenes such as the pentacosa-10,12-diyonic acid that is used in recent Gafchromic ® film [START_REF] Rink | Temperature and hydration effects on absorbance spectra and radiation sensitivity of a radiochromic medium[END_REF]. The material undergoes a polymerization process under exposure to heat or radiation, creating polymer chains that increase in length with an increase in the level of exposure and consequently, turning to a blue or red color depending on the specific chemical composition [START_REF] Tsibouklis | Pentacosa-10,12-diynoic acid/henicosa-2,4-diynylamine alternatelayer Langmuir-Blodgett films: synthesis, polymerisation and electrical properties[END_REF][START_REF] Watanabe | Evaluation of a new self-developing instant film for imaging and dosimetry[END_REF].

The scheme of the polymerization chemical reaction is presented in several works [START_REF] Tsibouklis | Pentacosa-10,12-diynoic acid/henicosa-2,4-diynylamine alternatelayer Langmuir-Blodgett films: synthesis, polymerisation and electrical properties[END_REF][START_REF] Mclaughlin | Radiochromic Solid-State Polymerization Reaction[END_REF][START_REF] Rink | Suitability of radiochromic medium for real-time optical measurements of ionizing radiation dose[END_REF] and one example is reported in Figure 2.1. The length of the monomer used in the Gafchromic ® film is in the order of 0.75 µm [START_REF] Rink | Temperature and hydration effects on absorbance spectra and radiation sensitivity of a radiochromic medium[END_REF]. The end groups R1 and R2, reported in 

Models and design

Between the main companies producing RCF, Ashland™ is one of the most known in the RT field with its line of products called Gafchromic ® film. In the past years, several models were developed and reviewed, replacing earlier products with an overall worse quality: Gafchromic ® EBT series was developed for low doses studies, up to 20 Gy, and nowadays the third generation of film, EBT3, is commercially available. Gafchromic ® HD films were developed by Ashland™ for high dose measurements and the first film version, HD-810, was replaced a few years ago by the HD-V2 model, nominally able to measure doses between 10 Gy and 1 kGy.

Due to the dose range that best fits the requirements of conventional RT, EBT films are often used for scientific studies and daily routine measurements, and many publications can be found discussing their characterization and properties [START_REF] Fiandra | Clinical use of EBT model Gafchromic TM film in radiotherapy[END_REF][START_REF] Lindsay | Investigation of energy dependence of EBT and EBT-2 Gafchromic film[END_REF][START_REF] Su | Dosimetry characteristics of GAFCHROMIC® EBT film responding to therapeutic electron beams[END_REF][START_REF] Huet | Characterization and optimization of EBT2 radiochromic films dosimetry system for precise measurements of output factors in small fields used in radiotherapy[END_REF][START_REF] Butson | Dose and absorption spectra response of EBT2 Gafchromic film to high energy x-rays[END_REF][START_REF] Arjomandy | Energy dependence and dose response of Gafchromic EBT2 film over a wide range of photon, electron, and proton beam energies[END_REF][START_REF] Butson | Energy response of the new EBT2 Radiochromic film to X-ray radiation[END_REF][START_REF] Reinhardt | Comparison of Gafchromic EBT2 and EBT3 films for clinical photon and proton beams[END_REF][START_REF] Sorriaux | Evaluation of Gafchromic® EBT3 films characteristics in therapy photon, electron and proton beams[END_REF][START_REF] Borca | Dosimetric characterization and use of GAFCHROMIC EBT3 film for IMRT dose verification[END_REF][START_REF] Huet | Characterization of the gafchromic EBT3 films for dose distribution measurements in stereotactic radiotherapy[END_REF]. Conversely, high dose measurements in RT are not so common and the literature on HD films is not complete as for the EBT series.

As the "film" definition indicates, the RCF is a thin flexible sheet made of plastic and coated with an active material, typically an emulsion. The main difference between the structure of The advantages of the double plastic layer structure are first, a perfect symmetry in the geometry reducing the problem of film orientation during the irradiation and second, increased protection of the active layer that is not exposed to possible contamination or scratches during the film handling. EBT films were also tested when totally immersed in real water and dosimetry protocol under these conditions were suggested [START_REF] Aldelaijan | Evaluation of EBT-2 model GAFCHROMIC TM film performance in water[END_REF][START_REF] León-Marroquín | Investigation of EBT3 radiochromic film's response to humidity[END_REF].

The main drawback of the EBT3 film structure appears when the read-out is performed at the micrometric scale using an optical microscope, as presented in section 4.1. At micrometric resolution, all small plastic defects are visible, and the double and thicker plastic layer introduces more image artefacts. In addition, the microscope focusing on the active layer presents more difficulties to the user because the contribution of scattered light from the film plastic is increased, leading to less sharp images.

With HD-V2 film the focus position can be defined directly on the active layer which is exposed to air and the digital images appear sharper. The non-symmetrical structure and the absence of the second protective plastic layer of the active material are problems which can be easily solved marking the film to define the orientation and carefully handling the film with cotton gloves.

Optical density

The variation of film absorbance after its irradiation is the quantity to be measured to determine the delivered dose. In several works, the quantification of this change starts with the definition of the optical density (OD) as, OD = log10 (I0 / I), where I0 is the initial transmitted intensity and I is the transmitted intensity after the film irradiation.

The OD is often measured as transmitted light through the film and can be recorded with various densitometry techniques. As presented in section 2.5, the film absorbance depends on the source wavelength used for the measurement; therefore, the OD values are related to the specific instrument and set-up used during the analysis. In this work, the transmitted light through the film has been studied using an optical microscope equipped with a light-emitting diode (LED) source and digital images of the film were acquired with a charged coupled device (CCD) camera. Therefore, the film OD is defined as the color value of the acquired digital image. The full specific setup and protocol used for the film analysis is presented in chapter 4.

Absorption spectra

The characteristic that makes RCF useful for dosimetry studies is the change of color that develops after irradiation. The darkening of the active layer is directly related to the dose absorbed by the film because the optical density increases due to the polymerization, which is in turn proportional to the absorbed dose. However, the absorbance spectrum is not constant, neither before nor after irradiation, and it varies as a function of the transmitted wavelength.

Several studies have been published on the spectral absorption properties of RCF irradiated with different radiation sources and dose ranges. The absorption spectra of EBT2 and EBT3 films irradiated with 6MV X-rays is presented in the work of Butson et al. [START_REF] Butson | Dose and absorption spectra response of EBT2 Gafchromic film to high energy x-rays[END_REF]; the spectral calibration of EBT3 and HD-V2 films using 20 MeV proton beams was recently performed by Feng et al. [START_REF] Feng | Spectral calibration of EBT3 and HD-V2 radiochromic film response at high dose using 20 MeV proton beams[END_REF]; variation of the absorption spectra for EBT2 films after immersion in water was presented by Aldelaijan et al. [START_REF] Aldelaijan | Evaluation of EBT-2 model GAFCHROMIC TM film performance in water[END_REF].

For the HD-V2 film, an absorption spectrum for wavelengths between 400 nm and 700 nm and doses between 0 Gy and 500 Gy is also presented by Ashland™ in the official datasheet of this film [123], and it is reported in Figure 2.3. Thanks to the collaboration with Doc. Yasser S.

Soliman, from the National Center for Radiation Research and Technology (NCRRT) and the Atomic Energy Authority (AEA) in Cairo, Egypt, the absorption spectrum of EBT3

Gafchromic ® films irradiated with a synchrotron X-ray source at the ID17 beamline, using a polychromatic spectrum with mean energy of 100 keV, was obtained. The films used were irradiated with 5 Gy and 10 Gy, and a non-irradiated film was considered as well for the analysis with the spectrophotometer. The absorption profiles of the EBT3 film are reported in The analysis for both HD-V2 and EBT3 film spectra show an increasing absorbance for wavelengths below 500 nm due to the presence of a yellow dye in the active layer material.

Moving to higher wavelengths, the spectra show two main absorption peaks, for the HD-V2 film the most significant absorption is at around 675 nm and a second less intense peak is visible around 612 nm; for the EBT3 film the peaks are shifted to smaller wavelengths, respectively at around 635 nm and 585 nm. This variation in the spectrum absorbance gives the possibility to analyze irradiated films in a limited wavelength range, improving the read-out quality [START_REF] Micke | SU-E-I-63: Multi-Channel Film Dosimetry with Non-Uniformity Correction[END_REF]. The selection of wavelengths in the red color range allows the maximum read-out sensitivity to better resolve small dose variation; the selection of wavelengths in the blue color range can be useful for the homogeneity study of the active layer. This selective analysis is not always possible due to the limits in the image acquisition system of the instrument used for the read-out. More details about the read-out setup and procedure are presented in section 4.1.

Resolution

In MRT, the use of X-ray radiation beamlets only 50 µm wide requires the use of detectors The verification of the dosimetric spatial resolution of Gafchromic ® HD-V2 films was performed by Bartzsch et al. [START_REF] Bartzsch | Micrometer-resolved film dosimetry using a microscope in microbeam radiation therapy[END_REF] following the method proposed by Buscombe et al. [START_REF] Buscombe | A universal approximation of grain size from images of noncohesive sediment[END_REF] and it was proved to be around 2 µm. Such a high spatial resolution is mandatory to resolve the 50 µm wide microbeams and HD-V2 films are preferred compared to EBT3 film for MRT dosimetry because the latter has a nominal resolution close to microbeam dimensions.

Energy dependence

When ionizing radiation measurements are performed using a non-monochromatic source, the energy dependence of the detector used is a fundamental factor to consider. In an ideal case, the detector response is constant over the entire energy range. In reality, this is not the case because the materials used for the detector construction can have an energy-dependent response.

RCF are not an exception and their energy dependence must be considered. The energy dependence for photons down to 30 keV has been reported in the literature for the Gafchromic ®

EBT series [START_REF] Arjomandy | Energy dependence and dose response of Gafchromic EBT2 film over a wide range of photon, electron, and proton beam energies[END_REF][START_REF] Rink | Energy dependence (75kVp to 18MV) of radiochromic films assessed using a real-time optical dosimeter[END_REF][START_REF] Sc-T-Ij Of ; Chiu-Tsao | Energy Dependence of the New Gafchromic EBT3 Film:Dose Response Curves for 50 KV, 6 and 15 MV X-Ray Beams[END_REF][START_REF] Richter | Energy dependence of EBT-1 radiochromic film response for photon (10 kVp-15 MVp) and electron beams (6-18 MeV) readout by a fla tbed scanner[END_REF][START_REF] Butson | Weak energy dependence of EBT gafchromic film dose response in the 50 kVp-10 MVp X-ray range[END_REF][START_REF] Villarreal-Barajas | Energy response of EBT3 radiochromic films: Implications for dosimetry in kilovoltage range[END_REF], with some variation in the results for the different models used.

The critical energy range where RCF start to have significant response variation is typically below 100 keV because the use of high-Z elements, even if present in a small fraction in the active material, modifies the film's photoelectric absorption.

The energy dependence of the Gafchromic ® HD-V2 film has not been reported in the literature, therefore, an experimental evaluation was performed at the ID17 beamline using a monochromatic beam between 30 keV and 100 keV and the results are reported in section 5.1.

Film calibration

The definition of a calibration curve is a necessary step to perform if relative dose measurements are desired using RCF. Therefore, the dose response of the RCF needs to be established and characterized using the same radiation source defined for the irradiation.

Practically, some RCF are irradiated with a known dose and the change of OD is measured to create a calibration curve. The delivered doses and the number of films used for the calibration must be chosen to adequately cover the dose region of interest. There is no general rule for the definition of these parameters and to have some experience in film dosimetry is important to define the irradiation scheme.

In general, there is no linear dependence between the delivered doses and the film OD, therefore, the relationship is defined by various methods. The calibration curve definition and realization performed for the MRT irradiation are presented in more detail in the chapters 3 and 4.

External light influence

The sensitivity of the RCF active material to UV radiation is a factor to consider when handling films [START_REF] Feng | Spectral calibration of EBT3 and HD-V2 radiochromic film response at high dose using 20 MeV proton beams[END_REF][START_REF] Mclaughlin | Novel radiochromic films for clinical dosimetry[END_REF][START_REF] Butson | Measuring solar UV radiation with EBT radiochromic film[END_REF][START_REF] Butson | Ultraviolet radiation dosimetry with radiochromic film[END_REF][START_REF] Butson | Effects of read-out light sources and ambient light on radiochromic film[END_REF]. Even though the Ashland™ company states that the introduction of a yellow dye in the most recent Gafchromic ® film models reduces the UV sensitivity [123], the film exposure to UV and ambient light influences the overall OD of the film. An extended study on the influence of ambient light, UV radiation and the other light sources used for film read-out is presented in the paper of Butson et al. [START_REF] Butson | Effects of read-out light sources and ambient light on radiochromic film[END_REF].

As described in section 3.1, it is important to handle the film in a room with the dimmed light condition to preserve the film OD, but the light source used for the film read-out can also potentially affect the measurement. In section 5.2, the influence of the LED source installed on the optical microscope used for the film analysis is presented, giving indications of the maximum exposure time after which OD variation cannot be considered negligible.

Post-irradiation optical density stabilization

During film irradiation, the OD change of the film is rapid and typically most of the variation develops within a few milliseconds [START_REF] Mclaughlin | Radiochromic Solid-State Polymerization Reaction[END_REF], but some chemical reactions can continue up to hours and days after the irradiation [START_REF] Cheung | Post-irradiation colouration of Gafchromic EBT radiochromic film[END_REF][START_REF] Niroomand-Rad | Radiochromic film dosimetry: Report No. 63[END_REF]. Several studies have been published on the postirradiation time necessary to complete the color change of the film [START_REF] Mclaughlin | Sensitometry of the response of a new radiochromic film dosimeter to gamma radiation and electron beams[END_REF][START_REF] Mclaughlin | Radiochromic Solid-State Polymerization Reaction[END_REF][START_REF] Klassen | GafChromic MD-55: Investigated as a precision dosimeter[END_REF][START_REF] Danchenko | Delayed Darkening of Radiation-Exposed Radiochromic Dye Dosimeters[END_REF],

presenting the general tendency of increasing darkening over time for earlier models of Gafchromic ® EBT and MD-55 films.

This film behavior demands attention during the post irradiation analysis because, if the OD stabilization cannot be considered concluded, the direct comparison of film measurements performed at different post-irradiation times between films can lead to a wrong analysis. The definition of the film stabilization time remains a fundamental point in the characterization process for any type of film and the definition of a method to reduce the waiting time prior the film read-out is useful to obtain a reliable dose analysis a few hours after the irradiation. Section 5.3 addresses the post-irradiation stabilization time of the Gafchromic ® HD-V2 film and develops the proof of validity for a film analysis performed a few hours after the irradiation.

Near tissue equivalence, temperature and humidity influence and dose rate dependence

When measuring doses in a RT context, the chemical composition of the detectors is an important factor to consider because the materials used should behave as a biological tissue.

RCF are nominally good detectors for dose measurement in medical applications because they are considered near-tissue equivalent [123,125,[START_REF] Niroomand-Rad | Radiochromic Film Dosimetry: Recommendations of AAPM Radiation Therapy Task Group 55[END_REF] and their chemical composition is reported in literature [START_REF] Devic | Reference radiochromic film dosimetry: Review of technical aspects[END_REF][START_REF] Bekerat | Improving the energy response of external beam therapy (EBT) GafChromicTM dosimetry films at low energies (≤100 keV)[END_REF].

Amongst the factors not yet mentioned which can influence the film OD, temperature and humidity have an important role [START_REF] Rink | Temperature and hydration effects on absorbance spectra and radiation sensitivity of a radiochromic medium[END_REF][START_REF] Girard | Reference dosimetry using radiochromic film[END_REF]. All the films used in this work have been maintained in controlled room condition with a temperature between 20°C and 22°C.

As presented in section 1.5, synchrotron sources are powerful sources able to provide X-ray beams with a dose rate in the order of thousands of Gy/s. The dose rate independence of the detector used in MRT measurements is a fundamental requirement. Studies have been published on a demonstrate minimal dose rate dependence for several film [START_REF] Yao | A study of four radiochromic films currently used for (2D) radiation dosimetry[END_REF] and dose rates up to 8 × 10 6 Gy/s [START_REF] Jaccard | High dose-per-pulse electron beam dosimetry: Usability and dose-rate independence of EBT3 Gafchromic films: Usability[END_REF], allowing reliable dose measurements in MRT.

Consideration on radiochromic film as dosimeter in MRT

Some of the main properties and characteristics of RCF have been presented in this chapter.

The possibility to provide 2-dimensional dose maps with a spatial resolution below 5 µm is the main feature that promotes Gafchromic ® HD-V2 film as a suitable detector for MRT measurements. Following some advice for film handling, RCF can be easily irradiated in plastic phantoms and used for instrumentation tests or RT plan verification.

Near tissue equivalence, small dose rate and energy dependence, decreased light sensitivity and stability at standard temperature and humidity conditions are all interesting properties which increase the usability of RCF in MRT. The OD variation of the film occurring after the irradiation can be recorded with an optical microscope and variation in the film absorption spectra can be used to improve the dose analysis, as will be presented in chapter 4. Even if some protocols have been developed for real time radiochromic film dosimetry [START_REF] Rink | Suitability of radiochromic medium for real-time optical measurements of ionizing radiation dose[END_REF][START_REF] Casolaro | Realtime dosimetry with radiochromic films[END_REF], it is not possible to apply them in MRT and films need to be analyzed after irradiation.

Gafchromic ® HD-V2 film has been chosen over EBT3 film for the better resolution; the higher and larger dose range able to cover the typical doses used in MRT, and the simpler structure leading to an increased image quality during the read-out. Unfortunately, the HD-V2 model is not often used in conventional RT application and few properties have been previously investigated. The energy dependence, OD stabilization after irradiation and OD variation during the read-out procedure were selected as critical properties for MRT measurements and have been characterized; these results are presented in chapter 5.

RADIOCHROMIC FILM PREPARATION AND IRRADIATION IN MRT

This chapter describes the film handling and the irradiation procedure. In section 3.1 the film preparation is described and in section 3.2 the reference dosimetry for MRT is presented with the definition of the procedure for measurements of the dose rate. Sections 3.3 and 3.4 are dedicated to the description of broad beam irradiation and microbeam irradiation, respectively.

The uncertainty budget related to the irradiation procedure is reported in section 3.5.

Film preparation

The handling of the radiochromic film requires particular attention to avoid any possible source of error due to their manipulation during processing, from the preparation to the final analysis, including the irradiation. The use of gloves to avoid fingerprints which can affect the light transmission measurement is the first important recommendation. Cotton gloves are preferred to latex or nitrile gloves because the latter can leave marks on the film plastic. To limit the deposition of dust and contamination components on the film, the preparation of a clean desk on which to work is suggested.

In section 2.9 the influence of external and UV light on the film OD was presented, therefore, to work in a room with dimmed light is important. Before extracting radiochromic film from the box, make sure to protect the film from any direct source of light, especially sun light.

The irradiation fields used in MRT have typically an area smaller than 10 cm 2 therefore one single sheet of RCF is cut into several pieces, one piece for each irradiation. It was observed that the sensitivity layer has more significant variation along the short edge of the film sheet due to the manufacturing process [START_REF] Niroomand-Rad | Comparison of uniformity of dose response of double layer radiochromic films (MD-55-2) measured at 5 institutions[END_REF] therefore it is recommended to take the set of film from the same column as defined by the long sheet edge.

The definition of the dimension of the piece of film is connected to the field size. It is useful to The use of a permanent marker to draw a grid on the plastic layer of the film and to simplify film cutting is possible. Furthermore, each piece of film should be marked to make possible unique identification and to determine film orientation. An alphanumeric code is written in one film corner to index the films and a dot in another corner is used to define the orientation. The film cut can be performed with sharp scissors or a guillotine cutter. After the preparation and between the steps of the dosimetry procedure, the film must remain in the dark and be placed in a safe place. To this purpose, each piece of film is wrapped in a single aluminum foil previously marked with the same film code.

Reference dosimetry in MRT

Before proceeding with microbeam irradiation, absolute dosimetry must be performed under reference conditions. A reference dosimetry protocol using homogeneous beams was developed for MRT using an ionization chamber (IC) [START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF] following the recommendations of the International Atomic Energy Agency -IAEA -for reference dosimetry using medium energy kilovoltage X-rays [59].

An IC is the gold standard in conventional RT and it is suggested in the IAEA -TRS 398 code of practice [59] as the detector to be used for the calibration of the radiation source. The core of an IC is an air cavity undergoing ionization when the incident radiation interacts with the air. The electrons produced are collected by an electrode placed in the center of the cavity and the electric signal is read by an electrometer. At the ID17 beamline this is the UNIDOS webline Dosimeter (PTW, Freiburg).

For synchrotron stereotactic radiation therapy (SSRT) experiments, where a monochromatic beam with energies of tens of keV is used, a PTW semiflex 31010 chamber with a sensitive volume of 0.125 cm 3 was used [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT)[END_REF]. A PTW PinPoint 31014 chamber was chosen for MRT reference dosimetry due to its small sensitive volume of only 0.015 cm 3 that allows measurements of radiation fields down to 20 × 20 mm 2 . The PinPoint IC is calibrated at PTW with a TH200 beam quality, having a mean energy of 109 keV and a spectrum quality closest to the MRT spectrum used during the experiments at the beamline. PTW provides the calibration factor for the TH 200 beam quality. For measurements performed with an IC, temperature, pressure and ion recombination corrections are considered as well [START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF].

The TRS 398 protocol was adapted for the MRT routine of reference dosimetry due to limits of the synchrotron beam horizontal extension (around 40 mm), and a plastic water equivalent phantom is used instead of a water tank to simplify operational aspects of the measurements.

As presented in the beamline description in section 1.5, the natural beam height is on the order of 2 mm and for the irradiation only the central part is selected by a fixed aperture. Therefore, the definition of an extended homogeneous field is obtained scanning vertically the phantom in front of the beam [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT)[END_REF]. The reference field size was defined equal to a square of 20 × 20 mm 2 of area.

At the ESRF -ID17 beamline, two LAP water equivalent RW3 plastic phantoms are available:

(i) LAP EASY SLABs of 300 × 300 mm 2 area; different slab thicknesses can be assembled to create a 300 × 300 × 120 mm 3 volume and (ii) a LAP EASY CUBE with a total dimension of 180 × 180 × 180 mm 3 and removable slabs. All these phantoms have a dedicated slab with a machined hole used for the insertion of ICs. The reference position was fixed at 20 mm from the surface of the phantom, as recommended in the TRS 398 protocol.

The IC is aligned with the air cavity in the center of the 20 × 20 mm 2 field and the beam dose rate Ḋ (Gy/mA/s) for the specific beamline setup is defined as:

𝐷 ̇= 𝐷 • 𝑣 ℎ • 𝐼
Where D is the dose measured by the IC (Gy), v is the vertical speed of the stage (mm/s), h is the beam height (mm) and I is the actual machine current at the moment of the irradiation inside the synchrotron storage ring (mA). The dose rate evaluation under reference conditions is a fundamental quantity used for detector calibration and for relative irradiation defined from reference dose using output factors (OF) values.

Broad beam irradiation

Broad beam irradiations are performed under reference or relative conditions in MRT:

irradiations under reference conditions are used for detector calibration while the reference dose is converted to relative dose using precalculated OF when the reference conditions are not satisfied.

Under reference conditions, a detector can be irradiated for the definition of the calibration When a different field size or phantom is used, the reference conditions are no longer valid, and the reference dose needs to be scaled by an output factor (OF) to obtain the desired dose at the target position. The OF is defined as the ratio between the maximum dose measured for the used field size at the defined target position and the dose measured under reference condition.

OF can be calculated experimentally or through Monte Carlo radiation transport simulations when the experimental setup does not allow the use of a detector.

Microbeam irradiations

Microbeam irradiations are realized by introducing a multi-slit collimator (MSC), i.e. a machined metal block with apertures placed at a regular distance, along the beam path and before the target. While the radiation can pass through the apertures, it should be completely stopped when impinging on the metal. The combination of the MSC with the vertical aperture used to define the beam height creates an array of rectangular beams sent to the target.

Microbeams are therefore created by vertically scanning the target in front of the beam, as described in section 1.5.

After the beamline alignment, the evaluation of the beam dose rate and the definition of the OF necessary to deliver the desired dose in non-reference condition, films are placed in the phantom for the irradiation. Some factors must be considered to plan the irradiation: the lower dose sensitivity limit for the HD-V2 film is 10 Gy; the significant variation between the dose in a typical MRT irradiation where the peak dose is up to some hundreds of Gy and the valley dose only a few Gy; the microscope has a dynamic range that allows a dose range of around 200 Gy to be resolved. For these reasons, the study of the peak and valley values cannot be done simultaneously on one single film because one of the two quantities would not be analyzed properly.

The adopted solution was to apply a double exposure approach, where the same investigated To date, none of the existing film is able to resolve dose ranges between a fraction of Gy to some hundreds of Gy. Therefore, the double exposition approach is the only available method to obtain valid data in MRT dosimetry using radiochromic films.

Irradiation uncertainty budget for reference dosimetry

The factors considered for the evaluation of the irradiation uncertainty were the variation of the stage vertical speed compared to the nominal speed selected, the electron current in the ESRF storage ring and the uncertainty in the dose measurement of the Pinpoint ionization chamber. The evaluation of the vertical speed of the stage was performed by a laser interferometer system with the support of Mr. H.-P. Van Der Kleij, from the ESRF -ISDD, Mechanical Engineering Group, Advanced analysis and precision unit. Speeds from 2 mm/s to 80 mm/s were tested, corresponding to the typical velocity range used for the irradiations. The measured average speed has a variation smaller than 0.06% compared to the nominal speed defined in the user interface, with a percentage standard deviation (1σ) between 0.10% and 0.16%. The value of the electron current in the synchrotron storage ring is given with a 0.05% precision.

For the PinPoint ionization chamber the uncertainty estimated by P. Fournier et al. [START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF] was used, and it was obtained considering all the correction factors applied to obtain a measurement with the detector. These corrections factors are: beam quality correction factor, kQ,Qo ; ion recombination factor, ks; polarization factor, kpol; electrometer calibration, kelec; pressure and temperature corrections, kT,P; detector positioning, kp. The ionization chamber is periodically calibrated at PTW with a TH200 beam quality that is the radiation source closer to MRT spectra (the kQ,Qo factor and its related uncertainty is provided by PTW). Table 3 presents all the values.

Being conservative for all the factors, the combined standard uncertainty (1σ) for the irradiation procedure defined by summing in quadrature all the uncertainties was 2.2%, with corresponding expanded uncertainty (2σ) equal to 4.4%.

Uncertainty parameter Standard uncertainty [%]

Stage vertical speed 0. 

RADIOCHROMIC FILM READ-OUT USING AN OPTICAL MICROSCOPE

The film read-out is one of the fundamental components for the development of the MRT dosimetry protocol at micrometric scales using radiochromic film. In MRT, the use of beams only tens of microns wide requires a non-conventional approach with more powerful instrumentation to overcome the resolution limit of conventional flatbed scanners.

In conventional RT, the dose resolution along the field in the target typically needs to be of the order of millimeters. The film read-out is performed with flatbed scanners which can be considered a reliable instrument. Several protocols for film scan and analysis have been suggested [START_REF] Chung | High-precision GAFCHROMIC EBT film-based absolute clinical dosimetry using a standard flatbed scanner without the use of a scanner non-uniformity correction[END_REF][START_REF] Lynch | Important considerations for radiochromic film dosimetry with flatbed CCD scanners and EBT GAFCHROMIC® film[END_REF][START_REF] Lewis | Correcting lateral response artifacts from flatbed scanners for radiochromic film dosimetry[END_REF][START_REF] Mathot | Gafchromic film dosimetry: Four years experience using FilmQA Pro software and Epson flatbed scanners[END_REF][START_REF] Matney | Evaluation of a commercial flatbed document scanner and radiographic film scanner for radiochromic EBT film dosimetry[END_REF][START_REF] Mersseman | Characteristics of a commercially available film digitizer and their significance for film dosimetry[END_REF]. Recent flatbed scanners can work in reflection or transmission mode [START_REF] Richley | Evaluation and optimization of the new EBT2 radiochromic film dosimetry system for patient dose verification in radiotherapy[END_REF][START_REF] Kalef-Ezra | Radiochromic film dosimetry: Reflection vs transmission scanning[END_REF][START_REF] Alva | The use of a reflective scanner to study[END_REF], depending on the type of analysis requested. The use of a CCD allows RGB image acquisition and consequently a dose analysis shaped around the different absorption spectra areas of the film [START_REF] Devic | Optimizing the dynamic range extension of a radiochromic film dosimetry system[END_REF][START_REF] Hupe | A novel method of radiochromic film dosimetry using a color scanner[END_REF]. The main drawback of the flatbed scanner for MRT measurements is the limited resolution available because the nominal resolution of the CCD of 4800 dots-perinch (dpi), corresponding to a 5 µm resolution, does not consider that the experimentally evaluated resolution can be substantially worse, in the order of 50-100 µm [START_REF] Morri | Experimental dosimetry of high dose rates X-ray microbeams fields for the MRT[END_REF]. Digitalized images at 12800 dpi (corresponding to 2 µm resolution), are obtained through software interpolation which does not correspond to the system resolution. For film dosimetry at the micrometric scale more powerful instruments are necessary to resolve the microbeam dose.

The first solution adopted for quantitative measurements in film dosimetry for MRT was the use of a microdensitometer [START_REF] Martínez-Rovira | Development and commissioning of a Monte Carlo photon beam model for the forthcoming clinical trials in microbeam radiation therapy[END_REF][START_REF] Crosbie | A Method of Dosimetry for Synchrotron Microbeam Radiation Therapy Using Radiochromic Films and Microdensitometry[END_REF]. Based on a true double-beam light system, microdensitometers have been designed for optical density measurements and therefore a use for film read-out was developed. With a spatial resolution of around 25 µm along one direction [START_REF] Crosbie | A Method of Dosimetry for Synchrotron Microbeam Radiation Therapy Using Radiochromic Films and Microdensitometry[END_REF], the microdensitometer is at the limit of the usability for the investigation of 50 µm wide microbeams. While dose profile measurements are possible along the direction perpendicular to the microbeams, the determination of dose maps along the microbeams (in the orthogonal direction) is not possible due to a poor resolution of around 2 mm. In addition, time consuming procedures such as the necessity to repeat the measurement to obtain valid data and high uncertainty values prevent its use for medical applications with the requested precision and accuracy. Thus, the microdensitometer cannot be used for reliable analysis and future developments.

For these reasons, the use of an optical microscope was suggested as a replacement for the microdensitometer [START_REF] Bartzsch | Micrometer-resolved film dosimetry using a microscope in microbeam radiation therapy[END_REF][START_REF] Nariyama | Spectromicroscopic film dosimetry for high-energy microbeam from synchrotron radiation[END_REF]. Compared to a microdensitometer, the optical microscope is nominally able to provide film analysis at micrometer resolution as required in MRT, with smaller uncertainties, and higher precision and accuracy. The microscope is a more reliable solution compared to the microdensitometer and the agreement between the measurements done with both instruments has been recently demonstrated [START_REF] Pellicioli | High resolution radiochromic film dosimetry: Comparison of a microdensitometer and an optical microscope[END_REF].

This fourth chapter is dedicated to the description of the inverted optical microscope used and the protocol developed for film read-out. Focus is placed on the critical components most affecting the film analysis and the characterization of some components is presented.

Inverted optical microscope

The film read-out presented in this work has been performed using an inverted optical microscope. The inverted adjective is related to the fact that the light source is placed at the top of the instrument and pointing down to the optical system placed at the base of the microscope.

Between the light source and the optics, a stage holds the sample that is analyzed through light transmission. The concept of this microscope setup was presented for the first time by J. L.

Smith in 1850 [START_REF] Smith | The inverted microscope-a new form of microscope[END_REF]. Since then, inverted optical microscopes have undergone several improvements and nowadays are often used for medical and biological analysis.

At the ESRF ID17 biomedical beamline a Zeiss® Axio Vert.A1 inverted optical microscope is available for film read-out. Light is emitted by a temperature independent LED source in the range between 400 and 700 nm, and working with an applied voltage between 1.5 V and 12 V.

Following the light source, a variable condenser can be adjusted between 2 µm and 45 µm to select the microscope aperture and therefore define the quantity of light reaching the sample.

The film is mounted for the analysis onto a scanning stage able to move with 0.1 µm resolution and a reproducibility of ±1 µm. Below the stage, the optical system collects the light transmitted through the film and a manual vertical adjustment of the objective lenses allows the definition of the optimal focal point for the read-out. At the end, the light is collected by a Zeiss® AxioCam MRm Rev.3 FireWire [START_REF] Imaging | Microscopy from Carl Zeiss AxioCam MRm from Carl Zeiss -More Information at Low Light Intensities[END_REF] camera that acquires a film image using a Sony ICX 285 sensor with a chip area of 8.9 mm × 6.7 mm, equivalent 2/3". The CCD sensor is composed of an array of 1388 × 1040 pixels (equivalent to 1.4 megapixels) and a square pixel shape of The results of the LED source were compared to the same study performed on a halogen lamp (Philips, Projection Lamp, type 7023). In Figure 4.2 the comparison between the stability of the two different light source is presented. In both cases, an initial warm-up time of around 60 minutes is necessary before reaching a stabilized situation with small variations. It is therefore good practice to turn on the light in advance of the film read-out. After the first hour and for the following two hours, the LED has light variations of only ±0.02% while the halogen source has an overall intensity decrease of 0.5%, thus a significantly higher variation than the LED.

The LED variation can be considered negligible overall while the halogen lamp variation should be taken into account, especially if the film read-out is longer than one hour. Halogen light source intensity variation

Sample holder and interference fringes

The film must be held flat onto the motorized stage for the analysis, but the thin plastic structure of the film is subject to bending and this entails distortions in the acquired images due to the distance variation. Sandwiching the film between two glass slides keeps the film flat for the analysis, but some side-effects occur. The contact between the plastic layers of the film with the glass can produce an interference pattern due to multiple light reflection between the two interfaces. This pattern, known as Newton's rings, is not reproducible and leads to light intensity modulations in the acquired images, affecting the film analysis. Diffusion glass plates [START_REF] Dempsey | Quantitative optical densitometry with scanning-laser film digitizers[END_REF] are not a suitable solution because the specific surface manufacturing of the glass introduces "scratches" on the micrometric scale which create small air cavities, and they are visible under the microscope magnification, causing significant artefacts in the images.

The use of a customized metal mask has been suggested for film read-out using flatbed scanners to avoid contact between the scanner glass and the film [START_REF] Zhu | Quantitative evaluation of radiochromic film response for two-dimensional dosimetry[END_REF][START_REF] Saur | GafChromic EBT film dosimetry with flatbed CCD scanner: A novel background correction method and full dose uncertainty analysis[END_REF]. The same concept was developed to place films on the microscope stage. Two metal masks were designed with a central hole and were used to hold the film between them; rubber rings were used to keep the masks in tight contact and to avoid film displacements. The film is secured along the edges while the entire region of interest in the center is exposed to air. The use of two masks reduces the risk of film bending but this setup only works well for films with dimension of 40 × 40 mm 2 or less; bigger films potentially bend in the central part because the lateral fixation is not able to compensate for the film curvature or the effect of gravity. In this case, the double plastic structure of the Gafchromic ® EBT3 film helps to maintain the film flatter compared to the HD-V2 film model. The film curvature causes a rapid loss of the microscope optimal focus position when the film is scanned for an acquisition over large areas; this problem needs to be avoided and digital correction can be used to mitigate the problem (see section 4.2.2).

In addition, the use of glass slides implies the addition of material around the film and along the microscope light path. More dust and defects are present in the images if the utilized glass is not perfectly clean and the light interaction with the glass increases scattering effects which can lead to reduced resolution.

Image acquisition and processing protocols

The image acquisition and image processing protocols are tasks which must be addressed carefully to obtain valid data from the film read-out. As presented in the previous section, the analyzed film is placed on a motorized stage for the scan of the region of interest. The first step of the acquisition process is the definition of the LED source working voltage and the digital camera exposure time to obtain good quality images. The dynamic range of the camera must be able to resolve the film transmitted light around the OD, and therefore the doses, of interest.

The images must not have any saturated region due to the acquisition of excessive light and at the same time, must be free of any dark region where the signal intensity is comparable to the noise.

In the definition of the calibration curve, one non-irradiated film is used as baseline and is considered as well for the definition of the largest value that the dynamic range can resolve, because it corresponds to the film with the smallest OD.

Noise and flat field correction

The acquired raw image requires a correction process to remove the noise contribution and the imperfections introduced by the microscope. The noise contribution is due to the CCD thermal noise and the background light present in the room. While the camera noise is something that we cannot control, working in dimmer light conditions is useful to decrease the contribution of the background light. The light aberration introduced by the optics of the microscope that leads to a non-uniform light distribution in the image formation is compensated with a flat field correction.

To correct the noise contribution, one hundred single black images are collected switching off the LED source, and the final black image used for the processing is the pixel-by-pixel average of all the acquisitions. The black image is subtracted pixel-by-pixel from all the film images thus allowing the correction of hot pixels as well. For the flat field correction, the acquisition of a white image is necessary. This is obtained using the microscope setup defined for the film read-out and placing a non-irradiated film on the stage. A non-irradiated film is used because the interaction of the light with the film plastic layer must be considered; to leave the stage empty, without any film, will result in a wrong flat field correction. One hundred single images are acquired, and the pixel-by-pixel average is used for the correction.

In more detail, the raw image correction is performed in two steps. The first step is the noise 

Focus position verification

During the film read-out, the focus position adjustment is necessary after the positioning of a new film on the stage because the focus position must be carefully optimized on the thin active layer of the film. The ability of the user to manually select the precise focus point position needs to be checked because it is fundamental to obtain the same image quality for different films, allowing a valid comparison. To quantify this factor, ten consecutive images were acquired from a non-irradiated film and a film irradiated with 100 Gy broad beam. After each single image acquisition, the microscope was moved to an evidently non-focused position and then brought back to the correct position, corresponding to a sharp image on the monitor. The mean grey value of each image was compared to the average value of all the images, and the percentage variation was calculated. For both films, non-irradiated and irradiated with 100 Gy broad beam, the percentage variation was found to be ±0.1%, therefore a minimal variation.

Another problem can occur if the translation stage, holding the film, does not move perfectly perpendicular to the optical axis, or the film is bent. This brings the film out of the optimum focus position with a consequent image degradation. These displacements are estimated to be in the order of a few micrometers on an active layer that is around 12 µm thick; therefore, they are impossible to be controlled in a practical way. It was evaluated that for a 30 × 30 mm 2 film and a focus position defined in its center, the film read-out at around 6 mm from the center brings a minimal 1% variation of the average image intensity compared to the image in the focus position, but a significant 30% increase of the standard deviation evaluated on the image pixel values. This means that the intensity information is not comparable between images acquired at different positions on the film.

To solve the problem, the image acquisition of the entire film was performed several times, changing after each scan the definition of the focus position to a different spot of the film. From all the images, only the region around the focus point position was selected and combined with the other optimized regions to compose the final image, i.e. one single image entirely under optimal focus condition. Even if this method is slow and laborious, it constitutes the only way to overcome the problem when the microscope allows only a manual adjustment of the focus position.

Microbeams alignment

The film positioning on the microscope stage is done manually and the microbeam irradiation field should be vertically aligned in the image to facilitate the analysis of the dose profile.

Practically, it is very difficult to align the film with micrometric precision and the vertical microbeams appear tilted by a small amount in the acquired image most of the time. A precise alignment of the beams in the image is necessary to preserve the analysis of the penumbra at the edge of the microbeams, and to avoid mixing regions with different dose values during the integration of the dose over several pixels (see section 4.2.5).

To compensate for imperfections in the manual alignment made by eye of the film on the stage, the field is aligned digitally by selecting the correction angle from the image on the computer monitor. Enlarging the acquired image on the screen, the determination of even a small tilt angle is possible, and the image is then digitally rotated to align the microbeam vertically. The user's ability to properly detect and select the tilt angle was checked and it is precise to within ±0.1 degrees; such a small variation introduces fluctuations of around 0.5% in the final data.

Calibration curve definition

A quantitative dose evaluation of microbeams using radiochromic film is possible after the creation of a calibration curve defined by irradiating a set of films under reference conditions.

The general concept of the calibration curve definition has been presented in section 2.8; here more details are given on the specific approach used. After the preparation of a set of films for irradiation (section 3.1) and the dose rate definition (section 3.2), films are irradiated in a water equivalent phantom (section 3.3). The films are placed at 20 mm depth from the phantom surface and are irradiated with a 20 × 20 mm 2 homogeneous beam to satisfy the absolute dosimetry condition.

The number of films used to define the calibration curve must cover adequately the dose range established for the microbeam irradiation. 100 Gy is the typical dose value around which the calibration curve is defined for the HD-V2 film because it is far enough from the 10 Gy minimum dose limit for this film type and the OD variation is not too high, allowing the film read-out with the microscope. The dose range is typically defined between 0 and 250 Gy with a dose step every 25 Gy.

The central region of the field is considered and used to match the OD obtained after the film read-out with the delivered dose, because along this area the dose can be considered constant.

The area considered is equivalent to four camera acquisitions, around 2.4 × 3.6 mm 2 , very close to the ionization chamber section of the Pinpoint detector. The calibration curve is created fitting a rational function suggested by Lewis et al. [START_REF] Lewis | An efficient protocol for radiochromic film dosimetry combining calibration and measurement in a single scan[END_REF]:

D(x) = 𝑎 + 𝑏 / (x -𝑐)
where x is the grey value from the image and D(x) the delivered dose; a, b, c are constants to be determined by the fitting. The suggested function describes the OD change of the film well, with a coefficient of determination higher than 0.99.

Microbeams analysis definition

The microbeam dose profile is the main useful information to be retrieved from the film readout. After the noise and flat field correction, and the digital alignment of the microbeams, the image can be considered for the analysis. The 5× optics and the CCD geometry of the camera mounted on the microscope define the correspondence between one image pixel and the corresponding sample area that, in the present case, is 1.29 × 1.29 µm 2 . Such a high resolution is even better than the film resolution, therefore a pixel-by-pixel analysis would result in useless and noisy data. To obtain valid data, the dose values must be integrated over several pixels.

The gradient of the dose variation is extremely high in the direction perpendicular to the microbeams where in a few tens of micrometers the dose changes from a few Gy to hundreds of Gy. A high-resolution analysis along this direction is therefore necessary. Conversely, along the microbeam direction, the dose variation is weaker and can be considered on the scale of millimeters. For these reasons, the acquired image is divided into rectangular blocks with long edges (parallel to the microbeam length) of 1040 pixels, equivalent to the CCD vertical extension and corresponding to about 1.3 mm distance on the film; the short edge length of the block is equal to 4 pixels, corresponding to 5.16 µm. Each block contains 4160 pixels for the analysis. In the next section, a detailed uncertainty budget will be presented.

Averaging over all the block's pixels, a single dose value is obtained from each block for the definition of the dose profile. The resolution of around 5 µm along the direction perpendicular to the microbeams is useful to resolve the beams profile and gives indications about the beam penumbra but the resolution of the image re-binning can be adjusted in relation to the desired analysis. In the valley region, dose variation occurs on a larger scale and the analysis can be performed using wider blocks. If a detailed analysis of the beam penumbra is requested, the block width can be reduced to only one pixel. Also, the block dimension along the microbeam length can be adjusted if a comparison between film dosimetry and other detectors with a fixed geometry is required. It is important to consider that the level of uncertainty is inversely proportional to the block extension. In fact, a smaller block area corresponds to higher uncertainties and vice versa, because the microscopic film heterogeneities are more significant when a small block is considered.

Read-out uncertainties

The uncertainty budget related to the dose values retrieved from the film analysis has to take into account the read-out procedure and the film heterogeneities. For the read-out procedure the uncertainties were quantified as 0.02% for the LED source stability, 0.1% for the variation in the definition of the focus position and 0.5% for the error in the microbeam alignment with the digital procedure.

For the film homogeneities, the film provider guarantees an uniformity response better than 3% from the mean [123]; using a flatbed scanner it is possible to scan rapidly the film before the irradiation and establish the regions where the film sheet has only minor variations. In this way the film non-homogeneities at millimeter scale due to the production process can be limited, improving the uniformity with a variation of around 1%.

For the response variation on the micrometric scale, the uncertainty was calculated using the images acquired for the calibration curve definition, i.e. from the film irradiated with broad beams. The images were partitioned in blocks with the same dimension used for the analysis of the film irradiated with microbeams (see section 4.2.5), to relate the uncertainties at the same dose profile resolution. From each image block, the dose value is calculated averaging over the pixels of the block. Ideally, all the blocks should provide the same dose value but the film nonhomogeneities on the micrometric scale introduce variation in the measured dose.

Consequently, this uncertainty contribution was evaluated from the standard deviation between the dose values of the blocks. Typical relative values for the contribution of non-homogeneities at micrometric scale are around 1.5%

Summing in quadrature the contribution of all the independent variables according to the theory of the propagation of uncertainties, the combined standard uncertainty (1σ) of the read-out operation and film non homogeneity is typically 1.9%, with corresponding expanded uncertainty (2σ) equal to 3.8%. Table 4 summarizes the uncertainty contributions related to the read-out procedure.

Considering in addition the irradiation uncertainty, the overall combined standard uncertainty (1σ) is equal to 2.9%, with corresponding expanded uncertainty (2σ) equal to 5.8%.

Uncertainty parameter Standard uncertainty [%]

LED stability 0.02

Focus position definition 0.1

Microbeams alignment 0.5

Non-homogeneity over the film sheet 1.0

Film non-homogeneity at micrometric scale 1.5

Combined standard uncertainty (1σ) 1.9

Expanded uncertainty (2σ)

3.8

Table 4 -Uncertainty budget for the film read-out procedure using an optical microscope.

FACTORS INFLUENCING RADIOCHROMIC FILM DOSIMETRY IN MRT

Reliable measurements of the dose delivered during irradiation involve the study and investigation of many factors which must be considered to obtain precise and accurate data.

Between the numerous variables involved in developing a dosimetry protocol for MRT based on radiochromic film dosimeters, some factors are reported in the following sections because they are considered critical for dose analysis. The presented list does not claim to be exhaustive, but its items must be considered for improvements in precision that are currently sought.

The energy dependence of the HD-V2 film, the film model used in this work, was evaluated and is presented in section 5.1. The influence of the LED light on the film OD during the readout operation is shown in section 5.2. Section 5.3 is focused on the evaluation of the film stabilization after irradiation and on the validation of a protocol to obtain valid data from the film read-out directly after irradiation without waiting for the stabilization to complete. A factor that must be considered when films are placed on the plastic slabs of the phantom is the presence of air gaps between the film and the slab surface. The presence of air gaps a few tens of micrometers wide significantly affects the dose distribution in the array of microbeams the results are presented in section 5.4.

Energy dependence of the film

The energy dependence of a detector is a critical factor to be considered because variation in the sensitivity on the investigated energy range brings an erroneous dose evaluation. The energy dependence of radiochromic films was introduced in section 2.7 where the energy response of the EBT film series was mentioned. Gafchromic ® films are provided by Ashland™ with a nominal minimal response differences between 100 keV and the MeV range, but the typical MRT spectrum comprises a significant amount of photons below 100 keV and the sensitivity investigation of HD-V2 films is fundamental to validate the measurements. No reference was found in the literature for this property of the HD-V2 model.

At the ESRF -the second experimental station of the ID17 Biomedical beamline allows the definition of a monochromatic beam using dedicated crystals (see section 1.5). The monochromatic photon beam was tuned between 30 keV and 100 keV allowing the sensitivity characterization of HD-V2 film. The dosimetry protocol described by Prezado et al. [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT)[END_REF] was followed to define the beam dose rate at each selected energy using a PTW Semiflex 31010 ionization chamber. The dose rates were less than 1 Gy/s because for irradiations with monochromatic beam only a small fraction of photons is selected by the spectrum. The energy dependence of the PTW Semiflex 31010 ionization chamber is provided in the official datasheet of the detector. Absolute dosimetry and film irradiation were both performed in air; the use of plastic phantoms was avoided to overcome the problem of energy spectrum variations due to photon-plastic interaction. Ionization chamber and films were held in front of the photon beam using a metal frame.

Eight films were irradiated with a 30 × 30 mm² broad beam at different photon energies, from 30 keV to 100 keV with steps of 10 keV; 30 Gy of dose was delivered on each film and after 20 days the films were scanned with the microscope for analysis. Image color intensity was used to quantify the sensitivity variation at different energies and data were normalized to 1 at 100 keV, the lower limit of the range inside which the company guarantees minimal sensitivity variations. The results reported in Figure 5.1 show minimum variations of film response in the range between 50 keV and 100 keV while the sensitivity increases by approximately 5% at 40 keV and 30 keV. The analysis was performed on a region of 1 × 1 cm 2 to avoid film variation at micrometric scale. Total uncertainties related to irradiation procedure and ionization chamber read-out were quantified to be 3% of the measured dose [START_REF] Prezado | Dosimetry protocol for the forthcoming clinical trials in synchrotron stereotactic radiation therapy (SSRT)[END_REF]. The polychromatic spectra used for MRT irradiations have typically a mean energy in the 100 keV -110 keV range with the peak of intensity between 80 keV and 90 keV. Scattered radiation inside the water equivalent phantom that contributes to valley dose has a similar profile as the primary radiation with a 10 keV shift to lower energies [START_REF] Siegbahn | MOSFET dosimetry with high spatial resolution in intense synchrotron-generated x-ray microbeams[END_REF]. In both cases, only a small portion of the spectrum presents photons with energy below 50 keV; HD-V2 film is therefore able to measure properly the dose under MRT conditions.

Microscope LED source influence during film read-out

Optical density changes of the film active material occur also under UV and ambient light (see section 2.9). To measure film OD, a light source is necessary; for microscope read-out a LED source is used. As described in section 4.1, the film is held on a stage during the read-out and the light transmitted through the film is collected from the microscope optics for the image acquisition. Ideally, the light sent to the film during the read-out should not vary significantly, otherwise data cannot be considered valid.

Possible OD variation during film read-out has been investigated for a non-irradiated film and 10 minutes, film OD is not significantly affected by the microscope light interaction, but prolongated film exposure introduces variations up to 1% for every 10 minutes for the nonirradiated film and every 15 -20 minutes for the irradiated one. 

Post-irradiation stabilization

Diacetylene materials, out of which the active layer of radiochromic film is made, requires time to reach a stable condition after irradiation. The OD stabilization time was significantly reduced thanks to recent developments, but it remains a factor to be considered if film read-out is requested quickly, e.g. only a few hours after their irradiation.

Stabilization time of the HD-V2 film was measured for three films irradiated with a 2 × 2 cm 2 homogeneous field at 50 Gy, 100 Gy and 150 Gy. A film image was acquired every few hours after irradiation and after that for increasing time intervals in the following days, concluding The stabilization time of two weeks found for HD-V2 film is significantly longer compared to the 24 hours or less suggested by the company. One possible explanation is related to the use of a band pass filter at 675 nm able to select precisely the absorption peak of the HD-V2 films and therefore the system is very sensitive to small OD variations. If high sensitivity to small OD variation is important to detect precisely small dose variations as well, it is necessary to find a solution to have reliable data a few hours after irradiation.

Radiochromic film dosimetry protocols are based on the comparison between films irradiated under reference conditions used to create calibration curves and films irradiated under nonreference conditions. Ideally, all films must be in the same stable state after the irradiation to compare properly their OD. To avoid the long stabilization time, the alternative is to read-out each film of the set at the same interval of time after irradiation; in that case all the polymers chains of the active material that received the same amount of dose are in the same chemical state. Film with different delivered dose will be in different stabilization state and therefore we cannot create a relation between them, but we can expect that the regions of films which receive the same amount of radiation will be in the same stabilization time if analyzed after the same interval.

To make possible this read-out approach and to obtain valid measurements within 24 hours from film irradiation, a scheduled timetable must be organized with a precision in the order of minutes because, as witnessed in Figure 5. The data analysis was performed on the 5 central peaks and valleys in the field center, and the average of the values obtained during the interval of observation was used as reference value for the read-out comparison. In Figure 5.4, the relative variation of peak and valley dose film read-out performed in the first 16 hours after irradiation is reported. Changes in the final values are less than ±0.5%, less than the uncertainties related to the read-out procedure that were evaluated to be 1.9% (see section 4.3). One last read-out was performed 20 days after irradiation to compare dose values under stable OD status and the results confirm a 0.54% variation for the peak dose and -0.48% for the valley dose. The long stabilization time for HD-V2 film, potentially a limitation for film read-out within 24 hours after irradiation, has been proved to be negligible if a precise timing between film irradiation and read-out is maintained constant between all the films analyzed. A reliable radiochromic film analysis can therefore be performed a few hours after film irradiation.

Phantom air gaps influence on film dosimetry

From the perspective of developing a precise and accurate dosimetry protocol based on the use of radiochromic film detector, a lot of attention must be placed on many small details because they can significantly affect dose measurements. Data provided by Monte Carlo simulations are too often far off measured data and this discrepancy must be reduced to provide a reliable radiotherapy protocol. This section is dedicated to the investigation of the influence of air gaps, present between phantom plastic slabs and the film, have on film dosimetry, especially when performed with Gafchromic ® HD-V2 film.

Chapter 3 presented film preparation and irradiation inside the LAP EASY CUBE phantom.

This phantom is mainly used for MRT experiments at the ID17 beamline and has been present in the laboratory for several years. It is composed of RW3 plastic slabs which constitute a 180 ×180 × 180 mm 3 volume when put together. using the Penelope physics model. The polychromatic beam spectrum was used in its preclinical configuration for the irradiation (see section 1.5) and the 12 µm thick active volume was divided into blocks 1 mm height (along the vertical beam extension) and 5 µm width (perpendicular to the beam extension). To provide a reliable micrometric dose scoring, the production threshold for secondary particles was defined as 1 µm and the maximum step size for electron propagation was set to 5 µm. A total number of 5 × 10 11 photons was simulated and for analysis, the average value of 5 central peaks and valleys was considered, integrating the dose over the central 10 µm region for the peak and over the central 50 µm region for the valley. The corresponding error corresponding to 2 standard deviations was found to be less than 0.5% for peak dose and less than 1.0% for valley dose.

Figure 5.9 presents simulation results. The peak dose decreases with increasing air gap.

Compared to the ideal case without air gap, a 0.87% decrease in peak dose is observed for an air gap of 10 µm while a 2.49% decrease is observed for a 30 µm wide air gap. Variations are higher for valley dose: 3.10% increase in the valley dose is obtained for a 5 µm wide air gap, while the value increases to 12.39% for a 30 µm wide air gap. Consequently, a significant PVDR reduction is observed in all cases mainly related to the increased valley dose value.

PVDR values are reported in Table 5. Table 5 -Relative variation of peak and valley doses and corresponding PVDR variation for different air gap thickness with respect to ideal case without air gaps.

These variations, in particular the significant increase of radiation reaching the center of the valleys, are due to the larger path lengths in air of secondary electrons produced at the airphantom interface. In the ideal case (without air gap) a secondary electron, produced by primary photons inside the peak region, travels only in the water and is absorbed close to the microbeam trace. In the presence of an air gap, electrons created in the vicinity of the air gap can travel in air and reach the valley dose center before being absorbed. This concept is represented in Figure 5.10. From the NIST database, tabulated values of the electron range via the continuous-slowingdown-approximation (CSDA) can be used to calculate the average path length that an electron with a specific kinetic energy travels before slowing down to rest. Ranges were calculated in liquid water (9.97 × 10 -1 g/cm 3 density) and dry air (1.23 × 10 -3 g/cm 3 density) for electrons with a kinetic energy in the range of 10 keV and 80 keV. The ratio between the CSDA range, which has the dimension of a density thickness, g/cm², and the material density provides path lengths for a given electron energy; these are reported in Table 6. Considering the conventional MRT configuration with 50 µm wide beams, spaced by a 400 µm pitch, secondary electrons produced inside micro beam regions and travelling in water never reach the center of valley regions while the ones travelling in air do.

Electron kinetic energy [keV]

CSDA range in water The investigation of the phantom plastic slab was not possible using the AFM because the movement range of the cantilever was limited to around 7 µm, suggesting that higher roughness was present on the surface. In the ESRF Crystallography Laboratory, the use of a DektakXT stylus profilometer from Bruker was possible thanks to the collaboration of Mr. Francois Perrin and Ing. Amparo Vivo. Like an AFM, the stylus profilometer uses a sharp tip on a cantilever for surface topological characterization, however, it is able to evaluate vertical displacements up to tens of micrometers due to the more robust tip that is put in contact with the surface. The phantom plastic is less exposed to damage compared to the film active material, therefore the stylus profilometer tip does not perturb the surface. An area of 1 × 1 mm² of the phantom's plastic was scanned and the topography is presented in Figure 5.12. The slab surface shows a repetitive pattern similar to a sequence of waves with a period of 250 µm and a peak to valley amplitude of around 10 µm; this structure is related to the production process and is observed for every slab. Combining the roughness of the film active material with the phantom plastic, air gaps of up to 14 µm are possible and referring to the MC results presented in Figure 5.4, such an air gap will influence film dosimetry bringing a peak dose reduction of around 1% and a valley dose increase of around 6%. While peak doses undergo small variations that are difficult to measure with film dosimetry due to the higher level of uncertainties, valley dose variations are significant, and a solution has to be found. To modify the film active material layer is not possible due to its delicate, only 12 µm thick structure. The only solution possible is therefore to reduce the air gap by improving the roughness of the phantom slab. Plastics are typically difficult materials to machine compared to metals because a high-speed rotating cutter will melt the plastics. However, at the ESRF workshop, a milling machine was specifically designed for unconventional surface treatment.

[g/cm²]
Thanks to the support of Mr. Keith Baldock, a cutter with 50 mm radius, operating at 120 rotations per minute under a water jet, allowed smoothening the center region of one phantom slab. After the machining, the slab was scanned again by the stylus profilometer and Figure 5.13 shows the resulting topography characteristics of the surface. Measuring at the edge of the machined and non-machined area, a step corresponding to a removal of around 20 µm layer of plastic is visible. Moving towards the center of the machined area, where film is typically placed, the surface roughness was decrease by 8 µm, from 10 µm to no more than 2 µm. The obtained surface appears visibly smoother by eye and no roughness is felt sliding a finger on the plastic. A nominal reduction of the air gap was thus possible, from 14 µm to 6 µm.

Following the air gap reduction, an estimation of peak and dose variation for an array of microbeams can be estimated from the MC simulations. A linear approximation was considered sufficient for the range of relevant air gaps and was therefore used to fit the MC data for both peak and valley values. The updated plot with the linear functions used to fit the calculated MC points is presented in Figure 5.14. Moving from a 14 µm to a 6 µm wide air gap, an increase of around 0.7% is expected for peak dose values while valley doses should decrease slightly less than 3.8%.

A film dosimetry experiment was conducted with the purpose to verify the simulations, considering that the level of uncertainties for film dosimetry are comparable or higher than the dose variation searched for. After the film irradiation with broad beams for the definition of the calibration curve, two films for peak and valley dose were irradiated with a non-machined phantom slab facing the film active layer while two films were irradiated under the same conditions using the machined slab. A 20 × 20 mm² field was used for all the irradiations and 50 µm wide microbeams spaced by a 400 µm pitch were used for the definition of a microbeam array.

Film dosimetry revealed no variation in peak dose between the two measurement sets, while a 3.2% valley dose reduction is observed when the machined slab is utilized. Table 7 shows the dose variation comparison between simulated and experimental data. Although film uncertainties are in the order of the variation values measured with film dosimetry, the experimental variation confirms the behavior derived from MC simulations.

If not properly controlled and considered, air gaps affect film dosimetry especially for measurements performed with HD-V2 films that present an active layer at their surface. Air gaps less than 5 µm are suggested not to affect significantly film dosimetry. The machined plastic seems to reduce the problem but is not always an easy solution in practice. The phantom used is several years old and nowadays more recent products have smoother plastic slabs. A more recent EASY CUBE phantom appears to have a better surface quality, but a more detailed analysis could not be performed in the frame of the present work. 

FACTORS INFLUENCING MRT DOSIMETRY

The use of radiochromic films allows the definition and characterization of some factors which influence MRT dosimetry independently from the detector type used. For example, the possibility to visualize the entire irradiated field with micrometric resolution was useful to identify imperfections in the vertical movements of the stage, reported in section 6.1.

The interaction of the synchrotron photon beam with the multi-slit collimator is another critical aspect that must be investigated in detail. From the film analysis it was possible to identify a significant dose increase for some valleys of the microbeam array. The quantification of this contribution, due to the photon interaction with the inner surfaces of the MSC, is presented in section 6.2. In section 6.3 the radiation leakage, i.e. the small part of radiation that is not absorbed inside the metal and reaches valley regions in the target, is quantified and presented for the different spectrum configurations.

Stage wobbling

The possibility to detect the entire irradiated fields with micrometric resolution using radiochromic films is a powerful tool to resolve and characterize the dose distribution. This feature can also be used to check the straightness of the microbeams. Films irradiated with a microbeam array show an undulating shape of the microbeams, rather than a straight line. This is due to a non-precise, wobbling, vertical movement of the stage on which phantoms are placed for the irradiation.

The synchrotron source cannot be moved around the target and the components along the Furthermore, a second issue was identified, related to the fast shutter used in the irradiation process. After ~3 mm from the beam top position, corresponding to an interval of ~43 ms after the irradiation starting, a dose gap of ~500 µm is present along the beam. This was caused by a malfunction of the fast shutter due to a quick bounce of the slab while moving out of the beam. Using radiochromic films as part of a check protocol before irradiation gave the possibility to verify the beam quality and fix the problem before the irradiation.

The undulating shape of the microbeam influences the dosimetry in MRT because the peak dose value is determined by integrating vertically the dose along the beam, selecting a central region typically less than 20 µm wide. From the 2-dimensional digital image of an irradiated film it is possible to follow the beam path and try to compensate for the oscillation, but this is not achievable using point detectors which integrate dose during the vertical scan. For example, a PTW microDiamond detector has an active volume of cylindrical shape, with 1.1 mm radius and 2 µm thickness. The detector is aligned to the center of the beam, but a displacement from the beam center leads to a slightly decreased dose as the microbeam profile is not perfectly flat, and therefore the data is compromised. The characterization of this undulation is a crucial point for the quantification of possible effects in MRT dosimetry. Films were irradiated with a single microbeam using different stage vertical speeds and a film image was acquired at micrometric resolution using the microscope.

The quantities observed are the wavelength of the oscillation and the horizontal displacement (twice the amplitude). The results of the first wobbling analysis are reported in Table 8. A more important beam shift is observed for 70 mm/s speed where a 51 µm beam displacement occurs with a wavelength of 4.5 mm; for lower speeds, displacements in the order of 20 µm were observed with a periodicity of 8.9 mm, 1.6 mm and 1.1 mm respectively at 63 mm/s, 24 mm/s and 17 mm/s.

After a thorough maintenance with cleaning and greasing of the air pistons and the central screw of the stage, the study of the beam shape was repeated and Table 9 reports the results.

Even if a 40% reduction of the horizontal displacement could be achieved, horizontal shifts in the order of tens of micrometers were still observed and considered not to satisfy MRT requirements. With the aim of further improving the situation, the stage central screw was replaced, and a third beam analysis was performed. The results are reported in Table 10. After the screw substitution, improvements were observed and less than 5 µm wobbling was observed for speeds below 50 mm/s; a 17 µm displacement was still observed for 91 mm/s vertical speed.

The influence on dosimetry of the remaining beam oscillation depends on the detector used because this is strictly related to the vertical distance over which the dose is integrated. During his PhD project, Dimitri Reynard modelled a wobbling microbeam using Monte Carlo simulations, starting from the data of Table 9 and Table 10 to determine the wobbling influence when dosimetry is performed using the PTW microDiamond detector. For displacements in the order of 5 µm, the simulated peak dose variation with respect to the ideal case with straight beams is less than 1%. For wobbling with horizontal displacement of 17 µm and 28 µm over a wavelength of around 5 mm, the peak dose is reduced by 2.6% and 2.7% respectively.

Using radiochromic films as a dosimeter, the non-straight beam shape can be compensated by working on the digital images acquired at high resolution with the microscope. As presented in section 4.2.5, dose profiles from film read-out are obtained by integrating vertically the dose over one camera image, around 1.3 mm high, to reduce uncertainties. However, it is possible to slice the image into smaller horizontal blocks, find the center of the beam for each slice with single pixel resolution and align the blocks with one-pixel precision to create a straight microbeam for a dose integration along its center. The wobbling shape of the microbeam is therefore compensated but remains a factor to consider during irradiations because increasing displacements of the order of 100 µm can be considered comparable to the motion of biological tissues in a body and entail a variation in dose distribution. The effect of tissue motion during MRT irradiation was proved to significantly change the dose distribution in MRT if the motion exceed some range values during the irradiation time and it was presented in previous works [START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF][START_REF] Martínez-Rovira | Monte Carlo dosimetry for forthcoming clinical trials in X-ray microbeam radiation therapy[END_REF][START_REF] Duncan | First experimental measurement of the effect of cardio-synchronous brain motion on the dose distribution during microbeam radiation therapy[END_REF] Vertical 

Multi-slit collimator inner surfaces reflection

One phenomenon repeatedly observed during dose profile analysis in MRT is the presence of some valleys with an asymmetric profile between the two peaks that define their edges. While these anomalies may be associated at the first sight to film non-homogeneities or defects, from a comparison with the PhD work of P. Fournier performed using silicon strip detector [171],

the same valley profile behavior was observed. P. Fournier observed satellite peaks at the edge of the beam array which shift if the MSC is slightly rotated. This effect is due to reflections of photons from the MSC walls which define the beam apertures. This reflection may deviate some photons from the ideal path into the valley region and consequently affect the valley dose. A precise and accurate MSC collimator alignment is therefore fundamental to avoid this phenomenon and technically it is performed by selecting the rotation angle that maximizes the total photon flux transmitted by the MSC apertures, measured by an ionization chamber placed downstream the MSC. Even if the best alignment position is defined with a precision below 0.01°, shape differences in the dose distribution between different valley regions is regularly observed.

In the PhD work of D. Reynard, an MSC with ideal smooth and parallel apertures of 50 µm wide and perfect alignment was modeled to simulate the interaction with the ESRF ID17 beamline photon source, taking into account the small, but finite horizontal divergence. A total reflection was assumed for photons impinging on the internal MSC wall and beam profiles were acquired in a water phantom. Minimal variations were observed in the simulated dose profile, suggesting that pure and ideal total reflection of the photon beam cannot explain the dose anomalies detected by experimental measurements.

The work of D. Reynard can be considered a significant starting point for further investigations.

These have to comprise the inclusion of the micro-roughness of the MSC walls and small angular misalignments of the individual MSC walls. At the moment, an implementation of these factors in simulations is not planned due to its extreme complexity in defining the real characteristics of the MSC, however a non-ideal dose profile is confirmed by several dosimeters during experimental dosimetry. How can experimental values be matched in a reasonable way with ideal simulated values?

A series of film irradiations were performed to quantify valley dose defects related to photon-MSC interaction and to suggest a method for dose profile analysis that considers this factor.

The study was conducted in a water equivalent phantom for an array of 50 µm wide beams spaced by a 400 µm pitch. Three different field sized were used with an area of 5 × 5 mm², 10 × 10 mm², and 20 × 20 mm². Dose profiles where evaluated at 5mm, 10 mm, 20 mm, 30 mm, 50 mm and 80 mm depth from the phantom surface.

A first experiment can be done to prove that the deformation of some valleys is not due to random film non-homogeneities. Valley dose profiles for the 5 × 5 mm² fields acquired at different depths were compared. Each film was placed in a phantom adjusting by eye its position in the center of the slab with a precision of about 1 mm. Figure 6. In order to go further in the analysis, we calculate the average dose over the central 50 µm of each valley and then calculate the average of the five central valleys. A valley will be considered "good" if its value is lower than the average value and considered "distorted" if its value is higher than the average value. After the classification of each valley, two average values can be calculated separately for the "good" and "distorted" valley groups, and % deviations from the "five-valley average". Table 11 reports the results of the analysis for the 5 × 5 mm² array at different depths.

Relative variations of the average between valleys of the same category with respect to the average of all the five central valleys considered without any distinction show that the "good" valleys average is between 7.0% to 8.8% less than total average, while the "distorted" valleys average is between 4.7% and 5.9% higher. Extending the same approach for the 10 × 10 mm² field and the 20 × 20 mm² field, results are presented in Table 12 and Table 13, respectively.

Comparing the results between different field sizes, variations between averaged dose of "good" and "distorted" valleys with an average over all the five central valley decrease with the increase of field dimension, as clearly witnessed in Figure 6.4. The reason for these variations is related to the different weight that the dose contribution, related to the photon-MSC interaction, has compared to the contribution of the dose related to the scattered radiation.

While the photon-MSC interaction can be considered a constant contribution, dose related to scattered radiation inside the target increases its contribution for larger fields. The scattered radiation may therefore partially hide the effect of the reflected radiation from the MSC walls.

Inspection of the dose profiles for the five central valleys at 20 mm depth of the three fields is reported in Figure 6.5, the influence of scattered radiation compared to the photon-MSC reflection contribution can be easily compared.

Even if these values must be considered only related to the specific case under analysis, with three out of five valleys presenting an extra dose contribution, it has been shown how photon-MSC interaction is a factor influencing valley dose distribution and a valley differentiation must be done to have a better characterization of dose distribution inside an array of microbeams. 14 shows the spectra weighted average energy, spectra peak energy and maximum intensity variation with respect to the conventional MRT spectrum. The mean energy and peak intensity value move to higher energies moving from conventional to pre-clinical and clinical configuration.

In addition, a peak intensity reduction by a factor of two between conventional and pre-clinical spectra, and a peak intensity reduction by a factor of four between conventional and clinical spectra are present.

MC simulations were performed for the three spectra to calculate the dose profile in a cube of water for an array of microbeams. As presented in section 1.7, MC simulations were performed modelling an ideal source of parallel microbeams of 50 µm wide and spaced by a 400 µm pitch. The model therefore does not consider the real photon-MSC interaction and complete absorption of photons impinging on the MSC metal is assumed. The experimental results for the harder x-ray spectra suggest that this is not the case and photon leakage might occur.

Using the NIST database, total attenuation coefficients were therefore calculated for the MSC material in the relevant photon energy range 1 -600 keV. Based on the Beer-Lambert law, the ratio between transmitted radiation, I, and initial intensity radiation, I0, can be easily calculated knowing the linear attenuation coefficient µ for the specific material and the thickness of material x:

𝐼 𝐼 0 = 𝑒 (-𝜇𝑥)
The percentage of transmitted radiation by the MSC material is reported in Figure 6.6. The MSC absorbs most of the photons with energies below 200 keV, but increasing transmission is present for photons above 200 keV. Even if the number of photons with energies above 300 keV represents only a small fraction of the photon spectrum, their leakage represents a source of primary photons reaching the valley regions, thus affecting MRT dosimetry. The insertion of additional filters to harden the x-ray spectrum mostly affects the region below 250 keV by cutting the spectral components at lower energy and attenuating the peak intensity, but photons at high energy are less influenced by the changes. For a defined delivered dose, the proportion of high-energy photons reaching the target is in fact higher for the clinical spectrum than for the conventional one. To better visualize the contribution of high-energy photons, the relative variation of pre-clinical and clinical spectra with respect to the conventional spectrum is reported in Figure 6. simulations were implemented following the same approach described in section 5.4 and depth dose profiles were extracted for comparison.

Fixing the spectrum profile, the differences between ideal and realistic cases with MSC radiation leakage were investigated with varying fields size. PVDR values are routinely used as clinical quality parameter for MRT irradiations. Higher PVDR means higher differences between peak and valley doses therefore the ability to bring the desired therapeutic dose by microbeams reducing the valley dose can be considered to be a limiting factor in MRT [START_REF] Smyth | Comparative toxicity of synchrotron and conventional radiation therapy based on total and partial body irradiation in a murine model[END_REF]. For a 10 × 10 mm² field, the gain in using a harder spectrum is minimal and only for a 20 × 20 mm² field a positive effect on the PVDR is observed.

Radiation leakage from regions where the MSC should be able to completely absorb radiation plays a critical role in microbeam dosimetry with the spectra available at the ESRF. The 8 mm thick alloy used to shape the MSC is not able to block photons efficiently and its contribution must be considered also in simulation. To decrease this radiation contribution a thickness increase of the MSC may be useful to absorb more radiation, but in this way, an augmented surface for the photon interaction with MSC inner walls may introduce extra radiation reflection and degrading dose distribution as presented in section 6.2.

A solution to moderate radiation leakage consists in finding an alternative material compared to the tungsten-carbide alloy (see Table 1) used for the actual ID17 MSC, with a higher absorption coefficient in the photon energy range used. A study of an MSC made out of tungsten carbide alloy and pure tungsten was performed for the three different fields defined above and the pre-clinical spectrum case. Improvements in PVDR values are substantial moving from the current ID17 MSC to the one made out of tungsten carbide and pure tungsten material. PVDR differences between the ideal scenario and simulations including leakage from a pure tungsten MSC are less than 3% for a 20 × 20 mm² field, less than 5% for 10 × 10 mm² field and less than 8% for a 5 × 5 mm².

Percentage of transmitted radiation for a MSC created with the three simulated material is reported in Figure 6.22 and it can be used as indication for the machining of a new MSC with a different material to improve radiation absorption. µm wide beams spaced by a 400 µm pitch. 20 days after irradiation, the protocol developed for film read-out using an optical microscope was used to acquire dose profiles (see chapter 4).

Monte Carlo simulations were performed following the same approach described in section 5.4

to simulate the dose distribution in a cube of water with the same dimensions of the LAP EASY CUBE phantom. For the simulations, the corresponding error equal to two standard deviations was found to be less than 0.5% for peak dose and less than 1.0% for broad beam and valley doses.

Results of the MC simulations and film dosimetry are presented as output factor values with respect to the dose measured under reference conditions as defined in section 3.3. Figure 7.1 presents MC depth dose profiles in comparison with film dosimetry for broad beam configuration and Table 15 presents numerical values for comparison at the film position, reporting as well the percentage variation between simulated and experimental data, where simulation data are considered as reference. The central 2 × 2 mm² of the field was considered for the analysis. Differences of less than 3% are present between MC values and film dosimetry confirming an overall good agreement. Experimental data are higher than simulated values for doses up to 40 mm depth while they are smaller at larger depths suggesting that there might be small differences between the simulated and the real x-ray spectrum. Due to the small dimensions and thickness of the object involved, dosimetry for such a complex system is complicated. 19. Table 20 presents relative variations of film dosimetry with the two sets of MC simulations, and relative variations between the two sets of MC simulations.

PVDR values obtained for flask irradiations are higher compared to values found at the entrance of the cubic phantom presented in section 7.1. In a uniform cubic phantom such as the LAP EASY CUBE, the photon scattering contribution into valley regions is more significant compared to the scattering contribution occurring in the plastic wall of the flask only 1.2 mm thick.

Film dosimetry is in closer agreement with MC simulations which include beam divergence and MSC leakage. In this case, the experimental peak dose is 2.9% smaller and the valley dose 8.0% higher compared to simulations, resulting in a 10.1% reduction in PVDR. MC simulations which do not include beam divergence and MSC leakage show data which are significantly different compared to experimental data: the experimental peak dose is 8.8% smaller and the experimental valley dose is 33.9% higher. The simplified MC model is therefore not able to correctly predict the delivered dose for cell flask irradiations. Considering the more precise MC model, a reasonable estimation of the dose profiles is obtained for cell flask irradiations.

Peak and valley doses variations between experimental and simulated data are higher compared to the values obtained in the water cube scenario but a cell flask is a more complicated phantom and any small variation in the experimental setup can significantly affect the dose distribution. 

DISCUSSION AND OUTLOOK

The studies presented in the previous chapters describe the utilized approach to implement and develop a dosimetry protocol for MRT able to evaluate dose distribution at the micrometer scale using radiochromic films. As presented in chapter 0, dosimetry in MRT is still a challenge and it must be understood and mastered to allow the translation of MRT from pre-clinical studies to clinical trials.

In the previous sections, several aspects of film dosimetry and dosimetry in MRT have been 

Radiochromic film read-out

The protocol developed for film read-out using an inverted optical microscope was presented in chapter 4. The microscope provides significant improvements compared to microdensitometers used previously, and reliable dose data are obtained if microscope components and image protocols are carefully chosen and defined.

LED sources have proved to be more stable than halogen sources and should be used to reduce variation in the read-out due to intensity fluctuations of the light. The motorized stage on which the film is placed is another critical component that must provide a position reproducibility with submicrometric precision to guarantee a precise image creation without wrong overlaps.

The difficulty to maintain the focus position on areas up to some centimetres square necessitated the definition of a procedure based on several scans and image treatment. This method is not efficient and the upgrade to a motorized stage along the vertical direction, able to automatically maintain the film in focus position by software control would constitute a significant update. Even the ability of the operator to focus properly the film image for image acquisition is a source of minor uncertainties, and an automated software would significantly help the read-out procedure and make this operation user independent.

The available black and white camera with 12-bit resolution resolves well the intensity variation of the light transmitted through the film. A red filter was used to select the peak of absorption of the film and to maximise the sensitivity to dose variations, but it is not capable to provide the combination of RGB (red-green-blue) images for a multi-channel analysis. The best scenario would be the use of a black and white camera equipped with a monochromatic filter at a specific wavelength, in combination with a RGB camera, providing the possibility to use blue and green channels to extend the dynamic dose range of the analysis and, if possible, implement heterogeneity corrections of the films. Heterogeneity is one of the main uncertainty contributions in film read-out and its compensation would significantly improve measurement reliability.

Overall, the microscope characterization and the image processing protocol developed have proved to be reliable and robust, providing uncertainties for the read-out procedure of 3.8% (2σ).

Factors influencing film dosimetry

Several factors contribute to the definition of a dosimetry protocol; some of them are specifically related to the detector and configuration of radiation used. Materials and geometry of the detector may influence the radiation detection and chapter 5 presents the characterization of some properties of radiochromic films particularly important when used in MRT.

A negligible energy dependence of the Gafchromic ® HD-V2 film for photons between 50 keV and 100 keV was verified with a slight increase in dose response for photons at 30 keV and 40

keV. This result confirms the suitability of Gafchromic ® HD-V2 film for dose measurements in MRT where orthovoltage X-rays are used and only a very minor fraction of the spectrum has energies below 50 keV.

During the read-out procedure, attention must be given to the quantity of microscope light received by the film. An extended illumination time will lead to film darkening, compromising the measurements. In the specific case studied, film darkening under a LED source occurs after 10 minutes of constant light on the same spot. Typically, each film is scanned in less than 5 minutes, avoiding the problem.

The stabilization time shown by the active material after the irradiation is a limiting factor for real-time dosimetry. A complete stabilization of the chemical reaction activated by the radiation was measured to lasts several days, in disagreement with the convention that films reach the stable state 24 hours after the irradiation. This creates a problem if dose determination is required within a few hours. The use of a band-pass filter (mentioned above) in the microscope for the film read-out increases the sensitivity in dose variation measurements and smaller optical density variations during the stabilization process of the active materials are easily observed. It may be also possible that some Gafchromic ® film models are not so quick in their stabilization as stated in the datasheet. To compensate for this limitation, a procedure was defined and verified allowing film readout right after film irradiation. If the same time interval is respected between film irradiation and image acquisition for all the analysed films, the stabilization process of the films can be considered in the same status and a valid data set can be obtained. A precise and realistic timing of the irradiation plan must match the read-out plan; therefore, the bottleneck of both plans must be identified.

When films are placed between the plastic slabs of a phantom for irradiation, the presence of air gaps between film and plastic influences the valley dose in MRT. This occurs because the secondary electrons produced on the plastic-air interface can travel in air reaching the centre of the valley region, while they would be absorbed before if travelling in water. Air gaps must be reduced because if not controlled they may influence dose measurements up to 10%, or more. The main cause of the air gap is the micro-roughness of the plastic, creating gaps up to 10 µm high. Plastic machining was used to smooth the surfaces and to decrease the effect of the gap during the irradiation, but this cannot be considered a definitive and ultimate solution. 

Factors influencing MRT dosimetry

Film dosimetry was useful in the determination of factors which influence MRT dosimetry, independently from the detector used, and they were presented in chapter 6. With the possibility to resolve the entire irradiated field, radiochromic films allow the characterization of the stage vertical movement during irradiation procedures. The microbeam shape, instead of being perfectly linear, shows an undulating shape with resulting variation of the dose distribution inside the target (see section 6.1). The cause is attributed to a degradation of mechanical components of the stage; the replacement of some parts only partially reduced the oscillations.

Stage oscillations should be constantly checked, as they are dependent on the selected vertical speed and the load. Using film, a control of the beam shape can be done before an experiment but a permanent system such as a laser interferometer would be a more useful and practical solution.

The interaction of the radiation with the MSC was further investigated. Photon reflection on the inner surfaces of the MSC was well observed and resolved with film dosimetry. This 

Benchmarking of MC simulations against film dosimetry

The investigated aspects of film dosimetry in MRT where applied to benchmark MC simulations against film dosimetry. Dose profiles for a water-equivalent cube of water and a cell flask were presented in chapter 7.

Good agreement was achieved between MC and experimental data for dosimetry in the EASY CUBE phantom, with less than 3% variation for broad beam irradiations and less than 5% in microbeam configuration. Only the valley dose at 10 mm depth showed a 7.8% increase. This is likely related to the increased effect of the air gap presence compared to the scatter contribution. Overall, all differences between MC and film values are below 10%; a significant improvement, considering that so far differences up to 20-30% are often observed for valley doses.

Furthermore, dosimetry in a cell flask was successfully improved, an important achievement, considering the challenge of performing dose measurements for thin plastics. MC simulations including beam divergence and MSC radiation leakage provided an improved agreement with film measurements, matching closely the valley dose values measured inside the flask.

The improved agreement between MC simulations and experimental values found in the centre of the field is an excellent starting point for the definition of an extended analysis over the entire field. The intensity profile along the horizontal direction of the beam is a parameter that must be implemented in the simulation, in addition to the photon polarization that plays an important role at the border and outside the field [START_REF] Bartzsch | Influence of polarization and a source model for dose calculation in MRT[END_REF]. Peak and valley doses are the main parameters to be checked in MRT but also beam penumbra must be verified. Definition of the gamma index at the micrometric scale to resolve the steep dose gradient may be really challenging but film dosimetry in combination with a precise MC model may address this issue.

CONCLUSIONS

This thesis has improved dosimetry protocols for dose evaluation at the micrometric scale, a mandatory step for the passage to clinical application in MRT. A robust protocol for radiochromic film dosimetry has been established based on the use of an optical microscope for film read-out.

Thorough studies of factors influencing radiochromic film dosimetry in MRT allowed significant improvements in the understanding of the differences between Monte Carlo and experimental film dosimetry which were higher than 10% at the beginning of the project. The 
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Figure 1 .

 1 1 presents an example of array of microbeams defined with one of the most used geometry in MRT: 50 µm wide beams and spaced by a 400 µm pitch, or center-to-center distance.

Figure 1 . 1 -

 11 Figure 1.1 -Radiochromic film irradiated with a 10 × 10 mm² array of 50 µm wide beams spaced by a 400 µm pitch. Image from Pellicioli et al. [17].

  have minimal lateral scattering and the secondary electrons, mainly produced at these energies by Compton scattering and photoelectric absorption in relation to the specific atomic composition of the tissue, thermalize close to their origin position. The photon attenuation coefficients for liquid water are shown in Figure 1.2. In MRT, beam penumbras at the edge of the irradiated field are around 20 µm wide and PVDR values range between 20 and 150 depending on the target used and field dimensions.

Figure 1 . 2 -

 12 Figure 1.2 -Plot of X-ray mass attenuation coefficient against photon energy for water[START_REF] Donzelli | Improving dose calculation and treatment planning techniques for microbeam radiation therapy with computational methods[END_REF].

Figure 1 .

 1 3 shows the global view of the ESRF ID17 biomedical beamline.

Figure 1 . 3 -

 13 Figure 1.3 -Global view of the ESRF ID17 biomedical beamline. The experimental station 1, used for MRT experiments, is located in the experimental hall. A beam transfer tunnel is present to bring radiation to the second hutch located 150 m from the wiggler source (courtesy of the ESRF).

Figure 1 .

 1 Figure 1.4 presents intensity profiles of the conventional, pre-clinical and clinical spectra.

Figure 1 . 4 -

 14 Figure 1.4 -Spectrum profile for three ID17 beamline configuration: conventional, preclinical and clinical MRT setup.

  Photon plux [photon/s]

presented in Figure 1 . 1 .

 11 The schematic drawing of a MSC is shown in Figure1.6.
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 15 Figure 1.5 -Technical drawing of the instrumentations present in the experimental room and used for MRT experiments and associated pitcure (courtesy of the ESRF).

Figure 1 . 6 -

 16 Figure 1.6 -Schematic drawing of a ESRF MSC used for the creation of microbeams [55].

Chapter 4

 4 presents the instrumentation used and the protocol developed for films read-out. The optical microscope used for the acquisition of digital images of the films is described and characterized. The image processing protocol developed to analyze the raw image is presented together with the uncertainties budget related to the read-out procedure. Chapter 5 describes the analysis of some factors influencing film dosimetry in MRT. Film energy dependence, influence of the light source on the film, and film stabilization time after irradiations are all factors to be considered for a reliable film read-out. Another important factor, influencing film dosimetry when irradiations are performed with microbeams, is related to the presence of air gaps between films and plastic slabs of a phantom which modifies significantly valley dose values. Chapter 6 presents the studies of factors discovered during film dosimetry experiments which influence dose measurement in MRT. The characterization of the goniometer vertical movement was performed and an undulating microbeam pattern with horizontal oscillations was observed and quantified. Furthermore, the investigation of the reasons why experimental and simulated data are typically in disagreement, lead to the reevaluation of two important factors in MRT which were considered of minor importance in previous works. These are the reflection of photons from the inner surfaces of the MSC and the radiation leakage through the metal blades of the MSC leading to increased radiation in the valley dose regions. Chapter 7 shows the benchmark of MC simulated data versus film dosimetry for two experimental setups, a water-equivalent phantom of cubic shape and a cell flask. The results have been obtained considering all the developments implemented in both experimental and simulation dosimetry. Chapter 8 discusses the results obtained, providing an overview of possible further developments for film dosimetry and MC simulations in MRT. These results are encouraging and testify the quality of the developed protocols.
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 2121 Figure 2.1, are responsible for the radiation sensitivity of the polymer [98]. Gafchromic ® EBT3

  EBT3 and HD-V2 films is related to the presence of a different number of plastic layers. While the EBT3 model encloses the 28 µm thick active layer between two 125 µm thick clear polyester layers, the HD-V2 film is made by only one 97 µm thick clear polyester layer used as the base for the coated 12 µm thick active layer. The scheme of the films' structure is reported in Figure 2.2.

Figure 2 . 2 -

 22 Figure 2.2 -RCF's structure of Gafchromic ® (a) EBT3 and (b) HD-V2 films.

Figure 2 . 4

 24 Figure 2.4

Figure 2 . 3 -

 23 Figure 2.3 -Absorption spectrum of HD-V2 film provided by Ashland™ company [123].

Figure 2 . 4 -

 24 Figure 2.4 -Absorption spectrum of EBT3 Gafchromic ® film obtained by spectrophotometry analysis. Collaboration with Dr. Yasser S. Soliman.

  able to resolve the dose distribution at micrometer scale. RCF are among the most suitable detectors that are able to provide 2-dimensional dose maps with a resolution of a few micrometers. From the Ashland™ datasheet, Gafchromic ® EBT3 film has a nominal resolution of at least 25 µm [125] while HD-V2 film has a nominal resolution of at least 5 µm [123].

  Polynomial fitting does not correspond to the real behavior of the RCF while a rational function fits well the experimental points [123,133].

Figure 2 .

 2 5 shows an example of calibration curves provided in the Gafchromic ® HD-V2 datasheet.

Figure 2 . 5 -

 25 Figure 2.5 -Example of calibration curves defined for a red, green and blue (RGB) analysis using a flatbed scanner. Image from the Gafchromic ® HD-V2 film datasheet [123].

leave between 5

 5 mm to 10 mm of extra film edge outside the irradiated area to avoid film defects introduced by the cutting process. For a 20 × 20 mm 2 field, a film dimension between 30 × 30 mm 2 and 40 × 40 mm 2 is suggested. Including a generous edge to the film outside the irradiated region of interest allows easy handling of the film without touching the irradiated part and to properly place the film on the stage for the analysis without affecting the results.

  curve. Following the MRT protocol, the detector is placed inside the water equivalent plastic phantom at 20 mm from the surface, aligning the active volume to the center of the 20 × 20 mm 2 field. Knowing dose rate, beam height and the synchrotron storage ring current at the moment of the irradiation, the desired dose Dx in the center of the field is obtained by setting the stage vertical speed to 𝑣 = 𝐷 ̇ •ℎ •𝐼 𝐷 𝑥 .

  field is delivered with two different intensities to two separate films. One field intensity is defined to deliver the peak dose centered in the middle of the calibration range of the first film; the second field intensity is defined to deliver the valley dose centered in the middle of the calibration range of the second film. A peak dose of the order of thousands of Gy will contribute a large scattered dose contribution into the valley region. The final results are obtained by matching the peak dose values from the first film with the valley dose values from the second, where the valley doses have been rescaled by the ratio of the two irradiation peak intensities.

6 .

 6 [START_REF] Requardt | The clinical trials program at the ESRF biomedical beamline ID17: Status and remaining steps[END_REF] µm. The camera is a black & white type with 12-bit grey level resolution; therefore, the output raw image is a 2-dimensional array with integer grey values between 0 and 4095. The sensor has a spectral sensitivity range approximately between 350 nm and 900 nm with a sensitivity peak between 500 and 575 nm; the relative spectra sensitivity is shown in Figure4.1. The exposure time of the camera integration time is adjustable between 1 ms and 60 s.
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 41 Figure 4.1 -Relative spectral sensitivity plot of the Zeiss® AxioCam MRm Rev.3 FireWire camera as presented in the Zeiss® datasheet [164].

Figure 4 . 2 -

 42 Figure 4.2 -Microscope light source stability plot for the (a) LED source and (b) halogen lamp source

  compensation: 𝐼 𝑏 (𝑘, 𝑖) = 𝐼 𝑟𝑎𝑤 (𝑘, 𝑖) -𝐵(𝑘, 𝑖) where the corrected image, Ib, is obtained by subtracting pixel-by-pixel from the raw image, Iraw, the black image, B; the argument (k,i) defines the pixel position. The second step is flat field correction: 𝐼 𝑓𝑖𝑛 (𝑘, 𝑖) = 𝐼 𝑏 (𝑘, 𝑖) 𝐹(𝑘, 𝑖) 𝐹(𝑘, 𝑖) where the final image, Ifin, is obtained by dividing pixel-by-pixel the previous Ib image by the white field image, F, and multiplying the result by the average of the F image pixels. The corrected raw image can now be used for the analysis.
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 51 Figure 5.1 -Sensitivity response variation of Gafchromic ® HD-V2 film to photon energies in the 30 keV and 100 keV range.

for a film irradiated with 100

 100 Gy broad beam, for the HD-V2 model. Each film was continuously illuminated for 80 minutes by the microscope source light under a conventional read-out configuration and an image was acquired every 5 minutes. The relative variation between the first image acquired and subsequent ones is reported in Figure5.2. During the first

Figure 5 . 2 -

 52 Figure 5.2 -Relative variation of HD-V2 film OD due to continuous microscope light exposure.

  film the study after 22 days. In Figure5.3 it is observed that a stable state of the film OD is reached only 15 days after irradiation. Considering the stable film state as the final value obtained averaging the OD measurements acquired after the fifteenth day, it is possible to normalize the previous data for a clearer analysis.Looking at Figure5.3, the stabilization curves undergo a steep variation in the first 24 hours, in the following 7 days the OD variation is still significant and 196 hours after irradiation all the films reach the 95% of the final stable states. Only 360 hours after irradiation, the films reach the 99% of the final OD value and the stabilization process due to the irradiation can be considered concluded.

Figure 5 . 3 -

 53 Figure 5.3 -Relative OD variation after film irradiation. Values are normalized to 1 at the last three measurements average value.

3 ,

 3 the film irradiated with 150 Gy has a 10% variation in OD in the first 12 hours after irradiation. For the irradiation schedule organization, the definition of bottleneck steps inside the dosimetry protocol must be identified. The main point to consider is that the minimum interval of time between the irradiation of two consecutive films must be longer or equal to the minimum interval of time between the readout of two consecutive films. If necessary, the read-out procedure must be slowed down to keep the irradiation -read-out time interval strictly constant.The proof of validity for this procedure to overcome the film stabilization problem was performed by planning a read-out of a set of films including calibration films and films irradiated with microbeams every few hours after irradiation for the first 16 hours. 4 films were irradiated under reference condition with 50 Gy, 100 Gy, 150 Gy and 200 Gy of dose (a nonirradiated film was considered as well for calibration curve definition) and 2 films were irradiated with a 2 × 2 cm 2 array of 50 µm wide microbeams with 400 µm pitch for peak and valley evaluation.
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 54 Figure 5.4 -Relative variation to the mean of peak and valley dose measured in the first 16 hours after film irradiation.

Figure 5 .

 5 5 is a commercial photograph of the LAP EASY CUBE phantom. The few hundred micrometer thick films are fixed with tape between slabs for irradiation. Particular attention is paid to stick the film flat to the slab.
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 55 Figure 5.5 -Commercial photo of the EASY CUBE phantom from the LAP website [https://www.lap-laser.com/products/easy-cube]

Figure 5 . 6 -

 56 Figure 5.6 -Picture of two plastic slabs from the EASY CUBE phantom (left) and detail of the surface roughness (right).

Figure 5 . 7 -

 57 Figure 5.7 -Top view of the EASY CUBE phantom filled with slabs (left) and air gap detail between two slabs (right). No film was placed inside the air gap indicated by the red arrow.

Figure 5 . 8 -

 58 Figure 5.8 -Schematics (not to scale) of the Monte Carlo simulation for the air gap influence at the film position in MRT dosimetry. All figures report a top view of a phantom section at 20 mm depth from phantom surface. The simulated active volume has the same thickness as the HD-V2 active layer (12 µm). (a) represents the ideal case without air gap, (b) and (c) represent an increasing air gap thickness.
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 59 Figure 5.9 -Relative variation of peak and valley dose in the presence of an air gap. The ideal case without an air gap is considered as reference.

Figure 5 . 10 -

 510 Figure 5.10 -Schematic representation of the influence of air gaps on the dose distribution at the air-phantom interface. Secondary electrons created in the phantom which reach the air zone travel further than in water, and they can deliver dose in the center of the valley region.

  Air gaps have an impact on film dosimetry, especially for HD-V2 films where the active layer is exposed to air. An estimation of the air gap is therefore fundamental to quantify possible dose variations. Attention was given to the dimensions of the HD-V2 film active layer and the surface roughness of the phantom plastic slab.The active layer is the most delicate part in a radiochromic film because any structural or chemical variation affects the film response. To avoid any damage induced by the surface analysis of the HD-V2 active layer, atomic force microscope (ATM) was used to characterize the topologic profile of the active layer. During the analysis, the support of Ing. Alain Panzarella part of the "Partnership for Soft Condensed Matter" unit at the ESRF was essential in the AFM use. HD-V2 radiochromic film surface topography of the active layer is reported in Figure5.11 for an area of 100 × 100 µm². It is visible from the analysis of the surface profile how the active material creates clusters around 4 µm high. Even if it was not possible to scan a larger area, the presence of clusters is supposed to be randomly distributed.

Figure 5 . 11 -

 511 Figure 5.11 -Topological characterization of the HD-V2 film active layer performed with atomic force microscope (top) and surface profile (bottom).
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 512 Figure 5.12 -Topological characterization of the phantom plastic slab performed with stylus profilometer (top) and surface profile (bottom).
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 513 Figure 5.13 -Topological characterization of the phantom plastic slab performed with a stylus profilometer after milling. (a) edge between machined and non-machined area, where the removal of a 20 µm thick plastic layer is visible; (b) profile plot showing the difference between treated and non-treated surface and (c) topological representation of the milled surface in the center of the slab.

Figure 5 . 14 -

 514 Figure 5.14 -Expected dose variation in peak and valley regions from MC simulations for a decreased air gap dimension, from 14 µm to 6 µm. Simulated values are fitted with linear functions.

  beamline are maintained in a fixed position during the irradiation. The combination of a vertical slit and the MSC spatially fractionates the homogeneous radiation field generated by the wiggler source. Due to the limited dimension of the original radiation field, "dots" of radiation are impinging on the target with area of 50 × 50 µm² and spaced by 400 µm pitch. The generation of vertical microbeams up to some centimeters long is possible scanning the target in front of the beam. The stage on which the sample is placed is therefore the only mechanical component moving during an irradiation. The water-equivalent plastic phantom is well fixed on the stage, therefore the non-straight shape of the microbeams can only be created by an imperfect vertical movement of the stage.

Figure 6 .

 6 Figure 6.1 displays the radiochromic film image of a single 50 µm wide and 20 mm high microbeam irradiated with a vertical stage speed of 70 mm/s, clearly revealing an oscillation in the horizontal direction, perpendicular to the beam propagation.

Figure 6 . 1 -

 61 Figure 6.1 -Radiochromic film image irradiated with a 50 µm wide and 20 mm high beam. The stage vertical speed was set to 70 mm/s. Note that the different horizontal and vertical scales of the image make the wobble effect more visible.

  2 shows the dose profiles at different depth; each dose profile was normalized to the minimum value of the central valley for comparison. From the dose profiles it is clearly visible how valley imperfections, marked with a red dot, follow the same alternation with rounded valleys, marked with a green arrow, for all measured depths. This clearly excludes that film inhomogeneity is the cause for the observed valley imperfections. Moving now to a more detailed investigation of the valley dose variations in the center of the field, Figure 6.3 presents the dose profile of the five central valleys at 5 mm, 20 mm and 80 mm depth. The central valley and the last one on the right, present an increased valley edge on the left side while the first valley on the left of the figure seems to have an extra dosecontribution on both sides. These three valleys have a dose value significantly higher compared to the neighboring rounded valley, therefore an extra dose contribution is present. In addition, a more significant contribution of the photon reflection for the distorted valley is visible in the first centimeters inside the phantoms and tends to be reduced at increasing depth, probably due to increased dispersion and scatter events which photons undergo during the propagation in the phantom. By contrast, "good" valleys present smaller variations at different depths.
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 62 Figure 6.2 -Valley dose profile of the 5 × 5 mm² field at different depth. The repetitive pattern between "good" and "distorted" valley shape is identified by green arrows and red dots, respectively.
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 63 Figure 6.3 -Detailed comparison between the five central valley dose profile of the 5 × 5 mm² field and 5 mm, 20 mm and 80 mm depth.
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 64 Figure 6.4 -Relative variation of "good" and "distorted" valleys with respect to the average over five central valleys for three different field dimensions.
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 6514 Figure 6.5 -Detailed comparison between five central valley dose profile for
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 66 Figure 6.6 -Percentage of transmitted radiation by the MSC material between 1 keV and 600 keV.
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 67 Figure 6.7 -intensity relative variation of pre-clinical and clinical spectra with respect conventional MRT spectrum for energies up to 600 keV.
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 69 Figure 6.9 -Relative variation between simulations including MSC radiation leakage and ideal scenario without MSC leakage for peak and valley depth dose profile, and corresponding PVDR values using conventional MRT spectrum for 5 × 5 mm², 10 × 10 mm² and 20 × 20 mm² fields created with an array of 50 µm wide microbeams spaced by 400 µm pitch.

Figure 6 . 10 -

 610 Figure 6.10 -Simulated peak and valley depth dose profiles, and PVDR values using preclinical MRT spectrum for 5 × 5 mm², 10 × 10 mm² and 20 × 20 mm² fields created with an array of 50 µm wide microbeams spaced by 400 µm pitch. Ideal scenario without MSC leakage and real scenario with MSC leakage is presented.
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 611 Figure 6.11 -Relative variation between simulations including MSC radiation leakage and ideal scenario without MSC leakage for peak and valley depth dose profile, and corresponding PVDR values using pre-clinical MRT spectrum for 5 × 5 mm², 10 × 10 mm² and 20 × 20 mm² fields created with an array of 50 µm wide microbeams spaced by 400 µm pitch.

Figure 6 . 12 -

 612 Figure 6.12 -Simulated peak and valley depth dose profiles, and PVDR values using clinical MRT spectrum for 5 × 5 mm², 10 × 10 mm² and 20 × 20 mm² fields created with an array of 50 µm wide microbeams spaced by 400 µm pitch. Ideal scenario without MSC leakage and real scenario with MSC leakage is presented.

Figure 6 . 13 -

 613 Figure 6.13 -Relative variation between simulations including MSC radiation leakage and ideal scenario without MSC leakage for peak and valley depth dose profile, and corresponding PVDR values using clinical MRT spectrum for 5 × 5 mm², 10 × 10 mm² and 20 × 20 mm² fields created with an array of 50 µm wide microbeams spaced by 400 µm pitch.

Figure 6 . 14 -

 614 Figure 6.14 -Simulated PVDR values using conventional, pre-clinical and clinical spectrum for 5 × 5 mm², 10 × 10 mm² and 20 × 20 mm² fields created with an array of 50 µm wide microbeams spaced by 400 µm pitch. Ideal scenario without MSC leakage and real scenario with MSC leakage is presented.

Figure 6 . 15 -

 615 Figure 6.15 -PVDR relative variation between pre-clinical and clinical spectrum with conventional spectrum for simulations including MSC radiation leakage and ideal scenario for 5 × 5 mm², 10 × 10 mm² and 20 × 20 mm² fields created with an array of 50 µm wide microbeams spaced by 400 µm pitch.

Figure 6 .

 6 14 and Figure 6.15 help with the comparison between PVDR values for a fixed field size and different spectrum configurations. In the ideal case scenario, the use of pre-clinical and clinical spectra always provides better PVDR values than the conventional spectrum, further enhanced as the field size increases. Including the photon leakage contribution, the scenario is deeply affected, and pre-clinical or clinical configurations may also provide worse results. It is the case of a 5 × 5 mm² field, where PVDR values for the pre-clinical and clinical spectrum are lower than PVDR values for the conventional spectrum.

Figure 6 .

 6 [START_REF] Bräuer-Krisch | Effects of pulsed, spatially fractionated, microscopic synchrotron X-ray beams on normal and tumoral brain tissue[END_REF] and Figure6.17 present results for a 5 × 5 mm² field; Figure 6.18 and Figure 6.19 present results for a 10 × 10 mm² field; Figure 6.20 and Figure 6.21 present results for a 20 × 20 mm² field.

Figure 6 . 16 -

 616 Figure 6.16 -Simulated peak and valley depth dose profiles, and PVDR values using preclinical MRT spectrum for 5 × 5 mm² field created with an array of 50 µm wide microbeams spaced by 400 µm pitch. Ideal scenario without MSC leakage and real scenario with MSC leakage for different MSC materials is presented.

Figure 6 . 17 -

 617 Figure 6.17 -Relative variation between simulations including MSC radiation leakage for different MSC materials and ideal scenario without MSC leakage for peak and valley depth dose profile, and corresponding PVDR values for 5 × 5 mm² field using pre-clinical MRT spectrum.

Figure 6 . 18 -

 618 Figure 6.18 -Simulated peak and valley depth dose profiles, and PVDR values using preclinical MRT spectrum for 10 × 10 mm² field created with an array of 50 µm wide microbeams spaced by 400 µm pitch. Ideal scenario without MSC leakage and real scenario with MSC leakage for different MSC materials is presented.

Figure 6 . 19 -

 619 Figure 6.19 -Relative variation between simulations including MSC radiation leakage for different MSC materials and ideal scenario without MSC leakage for peak and valley depth dose profile, and corresponding PVDR values for 10 × 10 mm² field using pre-clinical MRT spectrum.

Figure 6 . 20 -

 620 Figure 6.20 -Simulated peak and valley depth dose profiles, and PVDR values using preclinical MRT spectrum for 20 × 20 mm² field created with an array of 50 µm wide microbeams spaced by 400 µm pitch. Ideal scenario without MSC leakage and real scenario with MSC leakage for different MSC materials is presented.
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 62162271 Figure 6.21 -Relative variation between simulations including MSC radiation leakage for different MSC materials and ideal scenario without MSC leakage for peak and valley depth dose profile, and corresponding PVDR values for 20 × 20 mm² field using pre-clinical MRT spectrum

Figure 7 . 1 -

 71 Figure 7.1 -Broad beam depth dose profile comparison between Monte Carlo simulations and film dosimetry.

Film 7 . 2

 72 Cell flask irradiationIn vitro experiments are often performed at the ID17 beamline to understand the biological effects in MRT and identify the mechanisms which make MRT effective. The conventional setup consists of a flask and a cellular layer cultivated on the larger base of the flask. Flask holders were created using a 3D-printer by Mr. Benjamin Restaut -ID17 beamline technician -to easily hold different models of flasks with the cellular layer facing the incoming X-ray beam.

Figure 7 .

 7 5 shows the cell flask used for the study. Cell flasks have plastic walls around 1 mm thick and the cellular layer is typically 10 -20 µm wide. Monte Carlo simulations are able to model the flask and to calculate the delivered dose for a given model, but experimental dosimetry should be used as well to validate the simulation.Radiochromic film is the only detector that can be considered for dosimetry in a flask due to its flat structure and near tissue-equivalence properties. As the cellular layer, HD-V2 films have an active layer exposed to air and of similar thickness. A dosimetry experiment was therefore planned with the purpose to verify simulated data.

Figure 7 . 5 -

 75 Figure 7.5 -Picture of the Falcon™ cell culture flask with 50 mL capacity

  investigated and they can be classified in three categories: radiochromic film read-out, factors influencing film dosimetry, and factors influencing MRT dosimetry. The results were fundamental to improve the benchmark of MC simulation with experimental data. The outcomes are discussed in the next sections to provide an outlook for the further development of MRT.

  Phantom plastics with smoother surfaces are recommended in MRT and the roughness must be routinely checked. The study was performed for a 20 × 20 mm² array of microbeams and dose was evaluated at 20 mm depth from phantom surface, where the PVDR are at their minimum value due to the high contribution of scattering radiation. Film measurements inside the first 20 mm of the phantom may be more affected by the presence of air gap and should be verified with new experiments and simulations.

  photon reflection, but the real dose delivered must be considered during an irradiation. A detailed study of photon reflection from polished surfaces with different micro-roughness should be conducted to analyze the reflection effect on the microbeam penumbra.

  presence of air gap between the film and the plastic slab of a phantom was found to be one of the causes of the disagreement between simulated and measured dose values.The investigation of the interaction of X-rays with the multi slit collimator (MSC), one of the most critical elements for the correct description of the dose profile of an array of microbeams, was conducted. The photon reflection from the MSC inner surfaces has been quantified allowing the distinction between valley doses affected or not affected by this extra contribution of radiation, thus improving the analysis quality. MC simulations were used for the definition of the radiation leakage passing through the MSC metal contributing as primary radiation to the valley regions. This phenomenon, less visible for softer MRT spectra and larger fields, has important consequences when the beamline is prepared in the clinical mode. All these methodological developments made possible the benchmarking of MC simulations versus film dosimetry at a new level. Differences between calculated and measured dose values were significantly reduced and variations are now close to the 3% level used in conventional RT for some scenarios. Dosimetry in a water-equivalent phantom with cubic shape can be considered successful and dosimetry for cell flask irradiations was significantly improved.These are a limited number of case studies, including a very basic scenario with only a waterequivalent material, but they open the possibility to investigate more complex and heterogeneous phantoms or alternative irradiation configurations for a more sophisticated analysis.Overall, this work has solved several problems related to MRT dosimetry which limited the translation from pre-clinical to clinical trials in MRT. The achievements made are a solid basis for further investigations and developments. Future improvements are expected to safely move MRT to a clinical reality.
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 1 Chemical composition in weight percentage of the tungsten carbide alloy used for the realization of the MSC [55].

	The MSC is embedded in an aluminum box with dedicated windows corresponding to the
	incoming and outgoing position of the synchrotron radiation. A nitrogen cooling system is
	implemented to attenuate the heat produced by the photons absorbed in the metal. The external
	box, containing the MSC, is mounted on a rotational stage allowing a rapid and precise
	alignment of the MSC aperture with the beam.
	1.6 Experimental dosimetry in microbeam radiation therapy
	In RT, experimental dosimetry has a fundamental role for validation of the dose delivered
	during a treatment. Despite continuous innovation, dosimetry for MRT remains highly
	challenging due to the extreme conditions under which MRT is performed. The high dose rate
	of synchrotron X-ray sources and the high dose used in MRT may lead to saturation of the
	detector. The use of orthovoltage photons often requires the definition of correction factors for
	the detector response. The spatial fractionation at micrometer scale of the field requires a
	micrometer resolution to properly characterize the dose profile of the microbeams. An ultimate
	detector able to satisfy all the MRT requirements for accurate dosimetry is not yet available,
	therefore several detectors are considered for dose validation in MRT.

type Resolution Dose information Dose range Energy dependence Real-time measurements Radiochromic film (HD-V2 model)

  make these detectors very promising candidate for MRT dosimetry.

	Detector 5 µm	2-dimensional	10 Gy-1000 Gy	nearly tissue equivalent	no
	PRESAGE	20 µm	3-dimensional 10 Gy-500 Gy	not tested	no
	MOSFET detector	1 µm	2-dimensional 0.1 Gy-100 Gy	strong	yes
	Silicon strip	5 µm	1-dimensional up to 100 kGy	strong	yes
	Microdiamond detector	1 µm	1-dimensional	measures dose rate	low	yes
	Fibre-optical detector	20 µm	1-dimensional	measures dose rate	medium	yes

Table 2 -

 2 Overview of the main detectors used for dosimetry in MRT.

	Several types and models of radiochromic film have been developed over time with improved
	characteristics, and protocols have been established for their analysis in MRT dosimetry, but
	the requirements of precise and accurate data demand the development of new approaches.
	Film dosimetry in MRT has still a significant potential for improvement and further
	developments are expected to help and support MRT towards its application in RT. For these
	reasons, radiochromic film has been chosen as central detector for this work.
	1.7 Dose calculation in MRT
	Dose calculation is the second key ingredient in dosimetry for any RT technique. With
	computer simulations the dose delivered to the target during the irradiation procedure can be
	estimated and calculated. Monte Carlo (MC) radiation transport techniques are the most
	developed ones for MRT dose calculation. Validation of calculated dose is essential before any
	treatment and is done comparing simulated and experimental data.
	As in experimental dosimetry, MRT introduces several challenges which must be properly
	addressed in dose calculations. The spatial fractionation of the radiation field that characterizes
	MRT requires the implementation of high-resolution models. A voxelization of the studied
	volumes with a spatial resolution of 5 -10 µm is mandatory to resolve peak dose and steep
	dose variations. With such a high resolution on a volume of tens of cube-centimeters, dataset

Table 3 -

 3 [START_REF] Bräuer-Krisch | Effects of pulsed, spatially fractionated, microscopic synchrotron X-ray beams on normal and tumoral brain tissue[END_REF] Uncertainty budget for reference dosimetry procedure. Uncertainties values for the PTW PinPoint 31014 chamber can be found in the work of P. Fournier et al.[START_REF] Fournier | Absorbed dose-to-water protocol applied to synchrotron-generated x-rays at very high dose rates[END_REF].

	Storage ring current	0.05
	PTW PinPoint IC 31014:	
	beam quality correction factor, kQ,Qo	1.85
	ion recombination factor, ks	0.6
	polarization factor, kpol	0.5
	electrometer calibration, kelec	0.25
	pressure and temperature corrections, kT,P	0.15
	detector positioning, kp	0.8
	Combined standard uncertainty (1σ)	2.22
	Expanded uncertainty (2σ)	4.44

Table 6 -

 6 CSDA and travel range of electrons with kinetic energies between 10 keV and 80 keVin dry air and liquid water.

			Travel range	CSDA range	Travel range
			in water	in air	in air
			[mm]	[g/cm²]	[mm]
	10	2.52E-04	0.003	2.88E-04	2.354
	20	8.57E-04	0.009	9.78E-04	7.985
	30	1.76E-03	0.018	2.00E-03	16.343
	40	2.92E-03	0.029	3.32E-03	27.118
	50	4.32E-03	0.043	4.91E-03	40.106
	60	5.94E-03	0.060	6.75E-03	55.110
	70	7.76E-03	0.078	8.82E-03	71.976
	80	9.77E-03	0.098	1.11E-02	90.612

Table 7 -

 7 Comparison between simulated dose variations and experimental dose variations

	after an 8 µm reduction of the air gap between film and phantom slab. An estimated 6 µm air
	gap was still present.

Table -

 - Table -First characterization of the stage wobbling during a vertical scan. The horizontal displacement and wavelength are associated to the defined vertical velocities. Beam displacement due to wobbling effect measured after stage maintenance.

	speed [mm/s]	Horizontal displacement [µm]	Wavelength [mm]
	70	51	4.5
	63	18	8.9
	24	21	1.6
	17	19	1.1
	Vertical speed [mm/s]	Horizontal displacement [µm]	Wavelength [mm]
	93	28	5.3
	46	10	1.2
	23	13	1.6
	12	5	0.8
	Vertical speed [mm/s]	Horizontal displacement [µm]	Wavelength [mm]
	91	17	5.9
	46	5	0.9
	23	5	1.4
	12	Less than 1	Not visible

Table -

 - Final analysis of the wobbling parameters after center screw replacement.

Table 11 -

 11 Relative variation of "good" and "distorted" valley dose compared to the total average over five central valleys for a 5 × 5 mm² field.

	5	-8.2%	5.4%
	10	-7.0%	4.7%
	20	-8.0%	5.3%
	30	-7.5%	5.0%
	50	-8.8%	5.9%
	80	-7.3%	4.9%

variation with respect to the average over five central valleys for 10 × 10 mm² field

  

	Depth [mm]	"Good" central valleys	"Distorted" central valleys
	5	-5.08%	3.38%
	10	-5.85%	3.90%
	20	-4.86%	3.24%
	30	-4.76%	3.18%
	50	-4.82%	3.21%
	80	-4.33%	2.89%

Table 12 -

 12 Relative variation of "good" and "distorted" valley dose compared to the total average over five central valleys for a 10 × 10 mm² field.

	Relative

variation with respect to the average over five central valleys for 20 × 20 mm² field

  

	Depth [mm]	"Good" central valleys	"Distorted" central valleys
	5	-4.65%	3.10%
	10	-2.88%	1.92%
	20	-3.45%	2.30%
	30	-2.41%	1.61%
	50	-2.75%	1.83%
	80	-1.69%	1.13%

Table 13 -

 13 Relative variation of "good" and "distorted" valley dose compared to the total average over five central valleys for a 20 × 20 mm² field.

Table 14 -

 14 Properties of conventional, pre-clinical and clinical spectrum configurations.

	Film dosimetry was performed following the established
	protocol (see chapter 3 and chapter 4) and experimental dose profiles were compared with
	simulated ones. Results show that experimental valley doses are systematically higher, from
	10% to 30%, compared to simulated values; differences increase moving towards the clinical
	configuration.

Table 15 -

 15 Broad beam output factor values at different depths from the phantom surface and corresponding percentage variation between MC and film data.

				Broad beam depth dose profile		
		1.4								
									Monte Carlo
		1.2								
	OF	1							Film
	beam	0.8								
	Broad	0.4 0.6								
		0.2								
		0								
		0	10	20	30	40	50	60	70	80	90
						Depth [mm]			
				Broad beam dose Output Factor		
			Depth [mm]	Monte Carlo		Film	Relative variation [%]	
			10		1.117		1.143		2.35	
			20		1.000		1.003		0.27	
			40		0.745		0.747		0.23	
			60		0.562		0.551		-2.02	
			80		0.390		0.388		-0.63	

Table 16 -

 16 Peak dose output factor values at different depths from the phantom surface and corresponding percentage variation between MC and film data.

					Peak depth dose profile			
		1.2								
									Monte Carlo
		1.0							Film	
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Table 17 -

 17 Valley dose output factor values at different depths from phantom surface and corresponding percentage variation between MC and film data.

					Valley depth dose profile			
		0.030								
									Monte Carlo
		0.025							Film	
		0.020								
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	Valley	0.015								
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Table 18 -

 18 PVDR values at different depths from phantom surface and corresponding percentage variation between MC and film data

Table 19 -

 19 Output factor values for dosimetry in a cell flask obtained with film dosimetry, Monte Carlo simulation including beam divergence and MSC leakage(1), and Monte Carlo simulation without both beam divergence and MSC leakage(2).

			(1) MC sim. w/	(2) MC sim. w/o
		Film dosimetry	beam divergence	beam divergence
			and MSC leakage	and MSC leakage
	Peak dose OF	0.851	0.877		0.933
	Valley dose OF	0.012	0.011		0.009
	PVDR	72.0	80.1		105.7
	Film dosimetry relative variation compared to:	Relative
	(1) MC sim. w/ beam	(2) MC sim. w/o beam	variation
	divergence and MSC	divergence and MSC	between MC
		leakage	leakage		simulations
	Peak dose OF	-2.9%	-8.8%		-6.4%
	Valley dose OF	8.0%	33.9%		19.4%
	PVDR	-10.1%	-31.9%		-32.0%

Table 20 -

 20 Relative variation values of film dosimetry data compared to Monte Carlo simulations with and without beam divergence and MSC leakage, and relative variation between the two models of Monte Carlo simulations including or not beam divergence and MSC leakage.

Results obtained from microbeam irradiations are reported in the following figures and tables.

The peak dose was averaged over 10 µm of the 5 central peaks and the valley dose was averaged over 50 µm of the 5 central valleys; vertically, the dose was integrated over 1 mm in the center of the field. Figure 7.2 and Film measurements of peak doses reveal smaller values compared to simulated data. This difference increases with increasing depth in the phantom. For depths of 10 and 20 mm the difference in peak dose between simulated and measured peak dose value is less than 2%. The difference increases to 5% at 40 mm, 60 mm, and 80 mm depth. Good agreement between valley doses is obtained with a difference of less than 3% except for the valley dose at 10 mm depth where the measured dose is 7.8% higher than the simulated one. The scattering contribution responsible for the valley dose is weak along the first 15 -20 mm from the phantom surface, therefore every other factor can significantly modify dose distribution. Even if the contribution of the MSC leakage was considered in the simulation, the small air gap still present between film and plastic slab may introduce more severe variations in the valley dose at 10 mm depth compared to the value estimated at 20 mm depth. Further investigations should be planned in the future to quantify the air gap influence at different depths in the phantom.

PVDR values from film dosimetry are up to 4% smaller than simulated values, with exception of the value at 10 mm depth that is 7.9% smaller due to the high valley dose measured. Overall, results are very satisfying with differences between simulated values and experimental data which are below 5%, except for the value at 10 mm depth that is nevertheless below the 10 -20% value so far obtained in previous works.