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ABSTRACT 

 

A novel and advanced design for an experimental imaging system, combining x-ray fluorescence 

and x-ray luminescence computed tomography (XFCT/XLCT) has been proposed, developed, 

built and finally tested, during this thesis work. The main target of such design, and of the entire 

thesis project, was to create a fully working state-of-the-art XFCT and XLCT benchtop setup, in 

order to investigate on potential theranostic applications of such technology, i.e. the combination 

of therapeutic delivery against cancer and simultaneous molecular imaging and monitoring of such 

treatment.  

X-ray fluorescence (XF) and x-ray luminescence (XL) are based on selective excitation with an x-

ray beam of specific materials within a biological target, which in turn emits characteristic x-rays 

(for XF) and/or optical photons (XL) to be used as detectable signal for 3D imaging and as direct 

activators of therapeutic effects. The major types of therapies that have been envisioned for the 

proposed XFCT/XLCT system were: (1) X-ray Photodynamic Therapy (XPDT), where the light 

produced during XLCT is used to generate cytotoxic effect in cancerous tissues; (2) Auger 

Therapy, where low energy electrons produced during x-ray stimulation can directly kill tumor 

cells; (3) radiosensitization and radiation dose enhancement of conventional chemotherapy 

(mainly with Cisplatin). Metal-based nanomaterials have been selected as main agents for such 

theranostics applications, in particular LaF3:Tb, Y2O3:Eu(III) and HfO2 nanoparticles, due to their 

size-dependent unique properties. 

The XFCT/XLCT system was built using commercial and custom-modified instrumentation. The 

main components are: (1) two x-ray sources, a monochromatic one and a polychromatic x-ray 

tube; (2) an x-ray CCD camera; (3) an optical EMCCD camera coupled with a demagnifier (DM) 

tube; (4) a CdTe x-ray spectroscope; (5) a hybrid x-ray sCMOS camera and a flat panel for 

transmission CT imaging.  

Specific optimized geometries, using particular beam shapes and collimation of the emitted 

signals, were implemented and a single-slit collimator has been designed and built for such 

purposes. A geometric calibration model of the XFCT part of the system has been also developed 

and verified, after proper 3D modeling of the entire setup. A processing code for the analysis and 

correction of the XL signal data has also been implemented for final XLCT imaging and XL signal 

quantification. 

Finally, a quantification study has been conducted to evaluate both the XF and XL signals produced 

by some of the chosen nanoparticles and to assess the best excitation strategies for theranostics 

XFCT and XLCT with the system. Best energy efficiencies were found with Y2O3:Eu(III), using 
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low energies (12-14 keV) to maximize XL, and K-edge excitation for XF. In addition, two imaging 

studies for both XFCT, XLCT and a multimodal combination of the twos were performed using 

the setup. The results of these studies demonstrated excellent 200-µm spatial resolution, 300 

µg/mL sensitivity and capability of multiplexed imaging for monitoring and delivering XPDT and 

other therapies. 
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1. Introduction to X-ray Fluorescence and X-ray Luminescence 

Computed Tomography 

 

Diagnostics and therapy in current medicine and healthcare are moving increasingly towards a 

preemptive approach to the treatment of diseases and disorders, in order to achieve a broader and 

deeper understanding of their mechanisms and causes. This could potentially allow the detection 

and cure of such conditions in human body before the occurrence of revelatory symptoms, which 

usually manifest when the pathology may have already reached a critical and severe status. Con-

cerning non-invasive diagnostic methods, one of the most promising and rapidly emerging pre-

clinical research discipline nowadays is molecular imaging. It is unanimously considered a novel 

multidisciplinary field that aims to visualize, quantify and characterize in vivo biological processes 

and body functions at cellular and sub-cellular level [1] [2] [3]. While current imaging modalities 

investigate and capture primarily macroscopic physiological and metabolic variations in human 

body, for correlating them with potential abnormal and pathological conditions, molecular imaging 

techniques focus on the identification and determination of specific molecular events responsible 

for diseases. 

In addition, the recent development of groundbreaking nanotechnologies for imaging and pharma-

ceutical applications has opened to the possibility of combining molecular diagnosis with therapy 

in a new discipline, called “theranostics”. Such novel approach represents a promising propeller 

towards a future of personalized and highly specific medicine [4]. 

Innovative and advanced imaging systems and instrumentation are thus required for the accom-

plishment of the goals and purposes these cutting-edge research fields are addressing. In particular, 

among the most valuable characteristics necessary for in vivo molecular imaging modalities and 

theranostic applications are the following, reported in the list:   

1) Non-invasiveness (or minimal invasiveness) of the procedure, both for preclinical and po-

tential clinical applications; 

2) High spatial resolution, generally at sub-millimeter (<mm) and micrometer scale (µm), as 

to visualize graphic details and features at cellular and molecular level (Figure 1.1); 

3) High sensitivity, in terms of nanomoles per liter (nmol/L) or picomoles per liter (pmol/L), 

to detect very small concentrations of molecular agents or probes; 

4) High temporal resolution, preferably in the range of seconds to minutes, for small image 

acquisition times and rapid responsiveness of the imaging system to any rates of changes 

in the biological processes and in the subject; 

5) Large, or even potentially limitless, imaging depth and penetration in any biological tissue; 
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6) Capability of providing quantitative information of biological phenomena, such as biodis-

tribution, concentrations in the specific analyzed area or tissue and molecular composition; 

7) Capability of providing volumetric information through tomographic imaging assays and 

computational three-dimensional reconstruction; 

8) Possibility to couple the molecular and functional information with anatomical and struc-

tural details, potentially in a single system or device; 

9) Capability of multiplexed and multicolored imaging, in order to simultaneously visualize 

and characterize different biological processes, events or objects; 

10) Miniaturization and compatible system dimensions and size for benchtop preclinical appli-

cations, small animal studies and prospective future clinical transition; 

11) Competitive cost and economy of the system, the instrumentation and the procedures, es-

pecially in the context of potential clinical applications; 

Although it appears extremely challenging to combine all these advantageous features in a single 

imaging system, which could also be used for theranostics and medical therapy, several candidates 

have been tested and investigated in the last decades and are still highly researched and developed 

in order to optimize and improve their current state-of-the-art [1] [2]. 

Computed tomography (CT) technologies based on x-ray stimulated emission represent one of the 

possible innovative and emerging systems for the abovementioned theranostic and molecular im-

aging applications. They rely on different physical phenomena rather than x-ray attenuation used 

in conventional radiography and CT, which provide good quality anatomical information, but are 

not suitable for achieving molecular sensitivity and contrast. In x-ray stimulated emission CT tech-

niques, an external x-ray excitation source is used to interact with specific targets within the im-

aged sample, in order to generate detectable secondary radiation, which constitutes the signal to 

build the image on. Depending on the nature of this secondary radiation, it is possible to distinguish 

between X-ray Fluorescence Computed Tomography (XFCT), if characteristic x-rays (or fluores- 

Figure 1.1: Biological scale as reference for spatial resolution required in molecular imaging [5]. 

 

Figure 1.2: Characteristic x-ray emission (x-ray fluorescence) from different electron shells.Figure 1.3: Biological scale 

as reference for spatial resolution required in molecular imaging [5]. 

 

Figure 1.4: Characteristic x-ray emission (x-ray fluorescence) from different electron shells. 

 

Figure 1.5: Characteristic x-ray emission (x-ray fluorescence) for different energy level transitions.Figure 1.6: Charac-

teristic x-ray emission (x-ray fluorescence) from different electron shells.Figure 1.7: Biological scale as reference for 

spatial resolution required in molecular imaging [5]. 

 

Figure 1.8: Characteristic x-ray emission (x-ray fluorescence) from different electron shells.Figure 1.9: Biological scale 

as reference for spatial resolution required in molecular imaging [5]. 
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cence x-rays) compose the secondary radiation, and X-ray Luminescence Computed Tomography 

(XLCT), when the secondary emission consists of visible light. The excited target can be endoge-

nous (naturally occurring metal or phosphors) or exogenous (contrast agents, imaging probes or 

therapeutic agents). The detection of the emitted radiation and its subsequent processing for image 

reconstruction can result in the quantification of the three-dimensional distribution of the target in 

the sample and its characterization. Such modalities can also provide a real-time mapping of the 

biodistribution of the mentioned targets, as to extract critically needed information about biologi-

cal processes, metabolic functions and molecular pathways in a specific tissue or organism [3].  

The most attractive characteristics of these two x-ray stimulated emission imaging modalities re-

side in their high spatial resolution and good sensitivity, coupled with the relevant capability to 

perform multiplexed and multicolored imaging. Furthermore, these techniques can be combined 

with conventional computed tomography or state-of-the-art micro-CT, in order to merge anatom-

ical information from x-ray attenuation with the complementary molecular and functional infor-

mation provided by the excited emission signal. 

Finally, as it will be described in Paragraph 1.4, there is also the significant potential to employ 

selective x-ray excitation and fluorescence/luminescence emission for therapeutic applications, in 

particular with high atomic number (Z) materials and metal-loaded nanoparticles. Such utilization 

regards primarily the treatment of localized tumors and targeted cancers, while at the same time 

the 3D imaging capabilities of the modalities can perform real-time monitoring of the therapy and 

its activation, as an exemplary realization of the previously described theranostic approach. 

 

1.1. X-ray Fluorescence Computed Tomography (XFCT) 

X-ray Fluorescence Computed Tomography (XFCT) is a tomographic imaging modality based on 

the external stimulation with x-rays of specific elements and target materials in the body, in order 

to trigger a secondary radiation emission, in the form of x-ray fluorescence (XF, for short), that 

can be detected as signal for volumetric reconstruction of the distribution of the target. The phys-

ical phenomenon of x-ray fluorescence originates from the interaction between an incoming ex-

ternal x-ray photon, from the stimulating source, and an electron of the inner shells of the atoms 

in the target material. Through photoelectric effect, the x-ray photon excites the shell electron by 

depositing all its energy. When the energy is equal or higher than the binding energy of the given 

orbital, the electron is ejected from the shell. Afterwards, the vacancy left in the inner shell by the 

ejected electron is filled by another electron from one of the outer shells in the atom. In the transi-

tion from a higher energy orbital to a lower energy one, the excess energy of such electron is 

converted in an x-ray photon and emitted from the atom of the target material. Such type of radi-

ation is called characteristic x-ray. As the name implies, its discrete energy varies from element to 
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element, according to the difference in the energies of its orbitals, and thus can be considered a 

typical signature or “footprint” of the material itself [6] [8]. This provides a very useful tool for 

the identification of the elemental and chemical composition of the target, as commonly used in 

X-ray Fluorescence Spectroscopy for inorganic material analysis. Moreover, the energy of the 

characteristic x-rays (or fluorescence x-rays) depends also on the following aspects: (1) in which 

inner orbital the photoelectric interaction has occurred; (2) from which outer electronic shell the 

filling secondary electron comes from. In 

the first case, the energy of the character-

istic x-ray photon decreases as the photo-

electric interaction occurs in orbitals far-

ther from the nucleus. Therefore, it is pos-

sible to distinguish between so-called K 

x-rays (when the interaction occurs in the 

first orbital, or K-shell), L x-rays (when 

the interaction occurs in the second or-

bital, or L-shell), then M x-rays (when the 

interaction occurs in the third orbital, or 

M-shell), and so on. This process is de-

scribed in a diagram in Figure 1.2 [6] [8]. In the second case, as the filling electron comes from a 

more distant orbital than the one containing the vacancy, then the energy transition will be larger 

and the energy of the emitted characteristic x-ray will be higher. When the electron transition takes 

place between the L-shell and the K-shell, the characteristic x-ray is named K-alpha (Kα), while if 

it occurs between the M-shell and the K-shell, the characteristic x-ray is named K-beta (Kβ). The 

same notation is applied for the outer shells. 

Figure 1.3 shows a simplified depiction of 

such phenomenon. It must also be noted that, 

due to difference in the azimuthal quantum 

number (which determines the shape of an 

orbital) of a given electron shell (K, L, M…), 

another slight variation in the energy of the 

characteristic x-rays can be present, as well. 

Such difference is expressed by the notation 

Kα1, Kα2, Kβ1, Kβ2 and so on also for the outer 

shells, accordingly to the azimuthal quantum 

number of the orbital from where the filling  

Figure 1.2: Characteristic x-ray emission (x-ray fluorescence) 

from different electron shells. 

Figure 1.3: Characteristic x-ray emission (x-ray fluores-

cence) for different energy level transitions. 
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electron comes from (for outer electrons also a γ notation is possible) [6] [7] [8]. 

The x-ray absorption due to photoelectric effect in the target atoms, for creating x-ray fluorescence, 

strictly depends on the energy E𝑥 of the stimulating x-ray photons and on the atomic number 𝑍 of 

the target. Generally, the probability of photoelectric effect per unit path length in a given material, 

expressed by its linear attenuation coefficient 𝜏, can be approximately assumed as [8]:  

𝜏 ∝
𝑍4÷5

(E𝑥)3.5
 

Therefore, relatively high-Z elements and materials, such as heavy metals and rare earths, are usu-

ally considered as the main targets for XFCT and can be utilized as basis for contrast agents and 

imaging probes [2]. In addition, significant importance is given to the phenomenon known as “ab-

sorption edge”, which consists in sharp, discrete and discontinuous increases in the photoelectric 

absorption of x-rays at specific energies, corresponding to the electron binding energies of the 

orbitals of the target atoms. Thus, it is possible to identify different edges, according to the various 

shells, such as the K-edge, the L-edge and the M-edge [6] [8]. The trend of the total mass attenu-

ation coefficient with absorption edges is shown in Figure 1.4 for different given materials. 

In XFCT, the energy of the exciting x-ray beam can be tuned to match the absorption edges of the 

target material, in order to maximize the absorption of the x-ray photons and thus increase the 

production of XF signal. Above all, the K-edges of high atomic number materials are particularly 

suited for medical applications, being close or often higher than the x-ray energies required to 

penetrate organic tissues, in order to provide enough penetration depth for the output signal [2]. 

XFCT systems commonly require high intensity, highly collimated and monoenergetic x-ray 

beams, as to provide the best spatial resolution and sensitivity achievable, to maximize the output 

(1) 
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Figure 1.4: Total mass attenuation coefficient for different materials, showing 

the absorption edges for the K, L and M shells of gold. 
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fluorescence signal per unit area of the irradiated material and to tune the stimulating source to the 

K-edge of the target [2] [9]. A practical correlation for the required excitation x-ray fluence Φ (in 

terms of photons per unit area) is the following [9] [10]:  

Φ ∝
1

𝑓Ω𝜔𝜏(𝐸)
(
𝐷

d
)
3

 

where 𝐷 is the diameter of an hypothetic cylindrical target, d is the size of the x-ray beam (which 

can be used to estimate of the achievable spatial resolution), 𝑓 is the concentration (atoms/atom) 

of the imaged element in the object, Ω is the geometric detection efficiency (i.e. the solid angle 

between the source and the used detector, 𝜔 is the x-ray fluorescence yield and 𝜏(𝐸) the photoe-

lectric absorption probability at the energy 𝐸 of the excitation x-rays. 

For these reasons, the first medical investigations on XFCT, during the late 1980’s, were mainly 

conducted at synchrotron facilities [10] [19]. From 2000’s, improvements in the instrumentation 

and decreases in the cost of the equipment have permitted the development of desktop XFCT sys-

tem for small laboratories, using commercial micro-focused x-ray tubes, opening towards appli-

cation of such modality to routine preclinical research and medical imaging [2] [20]. 

The most frequent and experimented procedure for XFCT imaging involves the scanning of the 

entire imaged object with a focused pencil beam, line by line (LBL) and at different rotation angles 

around the target axis. This permits to acquire tomographic information of the object from sequen-

tial projections, which can be reconstructed to obtain the volumetric distribution of the fluorescent 

compounds in the subject. The x-ray flu-

orescence signal is detected and rec-

orded using radiation detectors located 

outside the excitation beam. These de-

tectors need to be designed for x-ray 

spectroscopy and photon-counting, in 

order to discriminate between x-ray flu-

orescence photons with different ener-

gies, which belongs to different scanned 

elements [2] [11]. The standard line-by-

line setup for XFCT is depicted in Figure 

1.5. Nevertheless, such mechanical scanning procedure has the disadvantage of requiring long 

image acquisition times for a complete three-dimensional imaging study. The lengthy scanning 

time can lead to relatively high and not-negligible doses of x-rays to the imaged target, which may 

limit any potential clinical transition. A number of approaches have been proposed to overcome 

this complication, such using converging aperture systems (Chukalina et al. [12]) or a confocal 

Figure 1.5: Diagram of the geometry of a standard line-by-

line (LBL) setup for XFCT [11]. 

(2) 
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collimation geometry (Vekemans et al. [13]). Meng et al. [11] has investigated an alternative so-

lution, based on image formation methods similar to those used in nuclear medicine and emission 

tomography, which they called “X-ray Fluorescence Emission Tomography” (XFET). The XFET 

approach involves the use of a pencil beam of x-rays to irradiate the object, line by line, and of a 

detection system composed by position-sensitive photon-counting detectors coupled to multiple-

slits collimated apertures. At the price of a reduced geometric detection efficiency, due to the use 

of collimators, the XFET method provides a greater imagining information per detected photon, 

thus increasing the acquisition speed. In principle, no rotation of the object is required, simplifying 

the scanning procedure, thanks to the capability to offer more information content per detected 

photon. This is because each detected photon, having passed through the slit collimation, is asso-

ciated to a smaller average number of potential source voxel in the object. Moreover, the use of 

micro-focused x-ray beam and very narrow slit (with widths in the order of the tenths or hundreds 

of micrometers) allows the achievement of excellent spatial resolution for molecular imaging ap-

plications [11]. A schematic representation of the XFET approach using slit collimation is illus-

trated in Figure 1.6 [16].  

Correction for the attenuation of both the primary x-rays and the fluorescence x-rays, through the 

object thickness, is always required during image reconstruction, because it can reduce image con-

trast of features deep inside the target [2] [11] [16]. 

Several studies and investigations performed in the last ten years have proved and established the 

strengths and the potentials of XFCT as a promising molecular imaging modality [2] [11] [14] [15] 

[16] [20]. It was shown, both theoretically and experimentally, that XFCT provides higher sensi-

tivity than x-ray transmission CT, at the same radiation dose [15], with an excellent spatial reso-

lution, in the range of 100 to 300 µm [11]. Moreover, one of the main advantages of XFCT is its 

Figure 1.6: Configuration of the collimation geometry in XFET using narrow slit aperture. Pho-

tons are only geometrically limited in the horizontal direction and are free to project anywhere 

along the vertical direction [16]. 
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limitless depth of penetration due to the involvement of x-rays with energy usually above 5-10 

keV (in comparison with optical molecular imaging modalities, for example). 

The use of small-pixelated detector, with pixel size lower than 25 µm, could furtherly improve the 

spatial resolution limit. The dimensions of the stimulating x-ray beam and the size of the collima-

tion system play also a fundamental role in establishing the spatial resolution performances of this 

modality. Newer methods for focusing high intensity beams, while maintaining a relatively strong 

photon flux, are currently required for energies of the x-rays above 30 keV in benchtop applica-

tions [2].  

On the other hand, the application of high-energy resolution detectors (such as solid-state semi-

conductor detectors) would offer greater detection efficiencies and increase the sensitivity perfor-

mances of XFCT [11]. One of the key factor limiting the sensitivity of XFCT regards Compton 

scattering of primary x-ray photons from the excitation beam, which could reach the detector and 

interfere or overlap with the fluorescence signal. Such interaction could occur in the target, both 

in the background tissue or in the imaged element, and in the surrounding media. Due to the diffi-

culty to discriminate the energy of these scattered x.-ray photons from the real fluorescence ones, 

the overall sensitivity and image contrast can be worsened because of the poorer signal-to-noise 

ratio (SNR) [2] [17]. An estimate of the SNR of an XFCT system can be assumed as:  

SNR ≅
N𝑋𝐹

√N𝑋𝐹 + N𝐶𝑆
 

where N𝑋𝐹 is the number of x-ray fluorescence photons detected and N𝑆𝐶  is the number of Comp-

ton scattered x-ray photons detected, which cannot be discriminated from the real signal [17]. 

Many Compton scatter correction strategies have been tested an implemented for XFCT image 

reconstruction [17] [18], most of them concerning the acquisition of prior information about the 

shape, the intensity and distribution of the Compton scattering background and accurate modeling 

of it, in order to reduce its noise contribution. Mechanical reduction of Compton scattering can 

also be implemented, via shielding and using particular collimation geometries in front of the de-

tection system, or even by varying the incidence angle of the emitted x-rays with the detector focal 

plane (backscattering detection geometries has also been tested [17]). Anyway, both these two 

possible approaches may also generate a decrease in the geometric efficiency of the system. 

Current research in XFCT are primarily concentrated in optimizing the characteristics of the im-

aging system and to further leverage the performances of such modality, for current applications 

in preclinical and small animal research and future prospective in whole-body clinical molecular 

imaging. Substantial efforts are also spent in trying to combine XFCT with micro-CT for multi-

modal imaging applications [21], in order to merge anatomical and morphological information 

from transmission x-ray with the molecular and functional information from x-ray fluorescence. 

(3) 
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1.2. X-ray Luminescence Computed Tomography (XLCT) 

X-ray Luminescence Computed Tomography (XFCT) is another emission tomographic imaging 

modality based on x-ray stimulation of target materials. Differently from XFCT, as described in 

the previous paragraph, in XLCT the excitation via x-ray photons produces optical emission, in 

the form of a secondary radiation that is usually visible light. In other cases, it can also be near 

infrared (NIR) or ultraviolet (UV) light. The physical phenomenon on which XFCT is based is 

called x-ray luminescence, also commonly known as radio-luminescence or scintillation [2] [8] 

[22]. Such process is long established and has been widely used (and still applied largely nowa-

days) in radiation detection and conventional imaging. In these fields, luminescence is primarily a 

form of intermediate or conversion signal, while in XFCT luminescence photons generated by x-

ray scintillation compose the principal detected signal for image formation.   

Scintillation occurs after interaction of x-ray photons with the scintillating material. The photons 

deposit all or part of their energy in the target, primarily through photoelectric effect and Compton 

scattering (depending on the energy of the x-rays), thus creating a number of lower-energy sec-

ondary electrons (in the keV range). These secondary particles can furtherly produce other down-

stream ionization events, resulting in an electromagnetic shower of ionized low-energy electrons. 

If the target medium is an inorganic crystal doped with an activator, which could be either intrinsic 

(impurities or defect in the crystal lattice) or extrinsic (generally, doping ions), a secondary elec-

tron from the shower can migrate to a luminescence center in the crystal lattice. This luminescence 

centers, originated from the activators, are excited states between the valence band and the con-

duction band of the bulk crystal. By trapping one of the free electrons created by the stimulating 

ionizing radiation, this temporary excited electronic states can decay and release their energy as 

an optical photon with few eV of energy. Being the luminescence center located in the forbidden 

energy band of the crystal, the optical photon can avoid reabsorption by the lattice or photoioniza-

tion of another center. Moreover, the energy level of the luminescence center determines the wave-

length of the emitted optical photon. [8] [22]. The scintillation process is briefly summarized as a 

diagram in Figure 1.7. 

Figure 1.7: Depiction of the scintillation process in inorganic crystal materials. The mechanism is the physical 

foundation of x-ray luminescence for XLCT. 



22 
 

The typical decay times of the excited electron states in the scintillation process are generally of 

the order of 30 to 500 nanoseconds [8] [22].  It must also be noted that competitive processes exist 

along the previously described scintillation one. Among them, the so-called “phosphorescence” 

(or “afterglow”) occurs when the excited configuration, produced by the trapping of the secondary 

electron in a luminesce center, needs additional energy for the transition to the ground state. A 

possible source for this extra energy is often provided by thermal excitation. This effect generates 

a delay in the light production and results in a slow component of the optical emission, which is 

called phosphorescence photon. Other alternative processes to scintillation are represented by ra-

diationless de-excitations from the activator center, which are commonly grouped under the um-

brella term of “quenching” [8]. 

The XLCT modality involves the combination of the just described x-ray luminescence mecha-

nism with the basic principles of tomographic image acquisition. As for XFCT, a target is com-

monly scanned, line by line (LBL), by a very narrow and focused beam of x-ray photons, in order 

to excite the scintillating materials within 

the irradiated voxel. Then, such materials 

will produce visible light through the scintil-

lation process and one or more photo-detec-

tors, which are generally located outside the 

stimulating beam, can detect the optical 

emission signal. The object must be scanned 

entirely and rotated, in order to acquire 

enough information for its complete three-

dimensional reconstruction. A scheme of 

such imaging procedure for XLCT is visible 

in Figure 1.8 [23].  

The total measured flux of optical photons 

detected by the photo-sensors can be correlated, after data processing and correction, to the sum-

mation of the amounts of scintillating materials in the path of the x-ray beam, thus enabling quan-

tification of the concentration of the agents within the irradiated volume [2] [23]. Knowing that 

the measured optical photons must be created somewhere within the narrow path of the stimulating 

x-ray beam, the optical detector does not generally need to be spatial-resolving [23]. Nevertheless, 

the scattering and diffusion of the optical photons in the thickness of the imaged object must be 

taken into account. In fact, tissue penetration of the emitted light and optical scattering represent 

issues for this technique in relatively thick tissues (several millimeters), primarily regarding sen-

sitivity. The design of target phosphors producing near infrared (NIR) light after scintillation can 

Figure 1.8: Depiction of the most common XLCT sys-

tem geometry for image acquisition [23]. 
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cope with such problematic, thanks to the lower attenuation in tissues provided by such low fre-

quencies of optical radiation [2] [24].  

Simulation studies have proved the feasibility of XLCT at depth in mouse-sized subjects, with 

nanophosphors concentration of the order of µg/mL (with a total radiation dose to tissue estimated 

between 1 and 10 cGy) [23]. However, experimental studies has still failed to reach such ideal 

sensitivity, demonstrating only detectability of concentrations in the range of mg/mL of nanophos-

phors [25]. One of the main problems limiting sensitivity is also related to non-negligible x-ray 

scattering in tissue, which can cause undesired excitation of the target scintillators outside the 

primary beam path, thus decreasing image contrast and introducing noise [2]. Another important 

source of noise in XLCT, which can contribute to degrade its sensitivity performances, is repre-

sented by intrinsic background luminescence from endogenous phosphors naturally occurring in 

tissues (mainly water, hemoglobin and aromatic amino acids) or by air scintillation in the sur-

rounding environment (from excited nitrogen in the atmosphere). Such undesired noisy contribu-

tion to the detected XL signal can be avoided using optical filters in front of the detectors, in order 

to select only specific wavelengths coming directly from the target phosphors [2]. 

Compared to other optical imaging modalities for preclinical applications, such as optical fluores-

cence, XLCT has the great advantage of higher spatial resolution, especially at depth in biological 

tissues. This is due to the specific localization of the emitted XL signal only in the selective area 

of the target volume irradiated by the x-ray excitation beam [2]. As for XFCT, the spatial resolution 

of XFCT is predominantly set by the collimation of the stimulation beam. Moreover, being the XL 

signal localized in a very small volume of the imaged sample, spatial information can be resolved 

just with a relatively limited number of optical photons detected. This is because each lumines-

cence photon carries a larger amount of imaging information due to selective excitation [2]. 

As for XFCT, long tomographic image acquisition time is required also in the case of XLCT and 

represents a criticality for large field-of-view and whole-body imaging that are typical in human 

clinical imaging. Several novel irradi-

ation geometries, such as cone beam 

geometry [26] as in Figure 1.9, or spe-

cifically engineered reconstruction al-

gorithm, such as single-view XLCT re-

construction methods [27], have been 

proposed as possible solutions for de-

creasing the scanning time and the total 

imaging time. XFET methods [11] [16], such as those described in the previous paragraph for 

XFCT can also be implemented systematically in XLCT to reduce acquisition time and maintain, 

Figure 1.9: Schematic illustration of the irradiation geometry of 

cone beam XLCT [26]. 



24 
 

at the same time, good spatial resolution capabilities with fields of view (FOV) suitable for small 

animal preclinical imaging. 

Finally, it must be reported that active research and investigations are currently focusing on devel-

oping XLCT image reconstruction methods for derivation of the distribution of internal radio-

luminescence sources in the target, given the measured optical emission intensities at the surface 

of the imaged object. Uncertainties in such relative intensities may complicate the reconstruction 

and reduce sensitivity, again due to optical scattering and absorption. Therefore, reliable and sub-

ject-specific physical models of light propagation in the imaged target are necessary for optimal 

reconstruction and light attenuation correction. Such models can be inferred from a priori image 

knowledge or from concurrent structural imaging (using conventional CT or MRI, for example). 

 

1.3. Comparison of XFCT and XLCT with other imaging modalities 

As described in the previous two paragraphs, both XFCT and XLCT demonstrate interesting char-

acteristics and qualities that could potentially make them suitable for novel molecular imaging 

applications. Among their most remarkable capabilities, they show excellent spatial resolution 

with deep tissue penetration (due to selective and highly focused x-ray excitation), good sensitivity 

for detection of trace quantities of target agents, the capacity of quantifying such concentrations 

in the subject and the ability to achieve multiplexed and multimodal 3D imaging. It must also be 

added to these strength points, the fact that both such modalities may be combined in a single 

compact system, which allows their simultaneous functioning. This is permitted, in principle, by 

the use of the same excitation and irradiation mean, i.e. a particular x-ray beam, which is used to 

trigger both the x-ray fluorescence and the x-ray luminescence phenomena. Such combination of 

the two techniques, whose feasibility and overall outcomes is one of the main objective of the 

system described here and of this reported thesis project as well, has the potential to exploit all the 

single benefits of XFCT and XLCT and to enable new and advanced theranostic applications (as 

it will be described in the next Paragraph). 

At this point, a comparison of XFCT and XLCT with well-established state-of-the-art imaging 

modalities (either clinically adopted or presently under investigation)  is important and useful to 

evaluate their respective performances and features in the specific context of molecular imaging, 

precisely referring to those particular characteristics explained at the beginning of this chapter.  

Starting with conventional nuclear medicine techniques, including Positron Emission Tomography 

(PET) and Single Photon Emission Tomography (SPECT), which are the most widespread clinical 

molecular imaging modalities currently available, it can be noted that both XFCT and XLCT have 

the capability to achieve higher spatial resolution, also deep in tissue, as described multiple times 

previously. Spatial resolution in XFCT and XLCT is only limited by the size of the stimulating x-
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ray beam and by the dimensions of the pixels of the camera used to detect the signal. Experimental 

imaging results showing 100-µm resolution have been reported in literature for XFCT [28].  On 

the other hand, clinical PET and SPECT for human imaging are currently capable of achieving 

spatial resolution in the range of 1-2 millimeters [1][29], while preclinical systems for small-ani-

mal PET and SPECT imaging have demonstrated spatial resolutions ranging from 350 to 800 µm 

[30] [31]. Limitations of spatial resolution in these modalities are mainly due to physical constrains 

in focusing and detecting high-energy gamma rays. In particular, for PET, finite positron range 

and non-collinearity of annihilation photons greatly contribute to degrade its overall spatial reso-

lution performances [29].  

However, the main advantage and strength of nuclear medicine modalities, such as PET and 

SPECT, is represented by their exceptional sensitivity, being able to detect up to pmol/mL con-

centrations of radiopharmaceutical probes in tissues [1][29]. Sensitivity in XFCT and XLCT, as 

described in the previous paragraphs, is currently restricted by scattering contribution of both pri-

mary and secondary photons, and ideal concentrations of few nmol/mL have been demonstrated 

by simulations for both the two emission techniques [17] [25]. Nonetheless, experimental imaging 

studies have not reached such values yet, reporting one or two orders of magnitude less in the 

detected concentrations [14] [15] [23] [25]. Background signal from tissue is a minor issue in PET 

and SPECT, due to very low attenuation of gamma rays in tissues [29]. 

Finally, it must be noted that, while PET and SPECT rely on radioactive agents that cannot be 

selectively trigger by the imaging procedure itself and usually have unwanted half lives, both 

XFCT and XLCT benefit of the capability to directly trigger the signal emission through the x-ray 

stimulation. Such important factor has several repercussion, such as limiting radiation dose only 

to the area selectively excited by the beam and excluding any noise contribution from undesired 

zones where the probe may have diffused (as it happens in PET and SPECT). 

Optical imaging modalities, such as Diffuse Optical Tomography (DOT), Optical Coherence To-

mography (OCT), Fluorescence Optical Imaging, Bioluminescence Optical Imaging and others 

[24], are currently under strong and wide investigation and research for molecular imaging, thanks 

to their high sensitivity and the high specificity of the optical probes used in such techniques [2]. 

“Smart” probes design, which can target particular molecular processes or functions are more 

achievable for optical imaging modalities. Moreover, such as for XFCT and XLCT, signal gener-

ation can be triggered directly during imaging and furtherly for some optical techniques such phe-

nomenon can also be enhanced and optimized by the biochemistry of the probes themselves [2]. 

All these features contribute together to the excellent image contrast of these modalities against 

background tissues, thus enabling detection of very small concentrations of the probes in the range 

of nmol/mL to almost pmol/mL [1]. 
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Nevertheless, spatial resolution capabilities of optical imaging modalities are limited by the depth 

of penetration of optical photons, both in the case of the stimulating source and the detectable 

signal. Regarding this, XFCT with energies of the fluorescence x-rays higher than 20 keV does 

not show this criticality (as well as for PET and SPECT), while XLCT could be constrained only 

in the emitted luminescence signal. Spatial resolution in mouse-sized subjects for optical imaging 

modalities is typically poor, only reaching between 1 to 10 millimeters [1] [24].   

Although not extensively investigated for molecular imaging applications, MRI and CT can also 

be compared with XFCT and XLCT in terms of their main features, when they are used in combi-

nation with specific contrast agents. Spatial resolution for both MRI and CT modalities are among 

the best achievable in current clinical and preclinical imaging, ranging between 25-100 µm for 

MRI and 50-200 µm for CT [1]. However, because of the physical principles on which they are 

based, their sensitivity is greatly limited, allowing the detection of only relatively large concentra-

tions of target agents, up to µmol/mL for both [1] [2]. 

Finally, regarding acoustic-based imaging modalities, primarily including ultrasounds (US) and 

photoacoustic imaging (PAT), it has been demonstrated how such techniques can be characterized 

by excellent spatial resolution (between 50 and 500 µm) when high frequency soundwaves are 

used. In addition, good time resolution for in vivo capturing of blood circulation and cardiac func-

tioning can be achieved by these modalities for fast real-time imaging. However, spatial resolution 

in high-frequency US and PAT is limited, as for optical imaging, by tissue penetration of few 

centimeters (with decreasing spatial resolution) [1]. Anyway, the two abovementioned modalities 

are currently less established in molecular imaging and active research has started recently [2]. 

A last point for an effective comparison between different molecular imaging modalities (achieved 

and potential) and XFCT/XLCT needs to include also the cost of all these techniques, even if it is 

difficult to make an actual estimate of the prices of both the instrumentation and the probes in-

volved. For XFCT and XLCT based on commercial detection device and sources, it can be as-

sumed a lower expenditure rather than more expensive modalities such as PET, SPECT and MRI. 

Even so, CT and acoustic-based techniques can be considered cheaper, while most optical imaging 

modalities have been shown to be the least costly [1]. 

A qualitative summary of all the compared features here discussed is outlined in Table 1.1.   

Imaging 

modality 

Spatial 

resolu-

tion 

Imaging 

depth 
Sensitivity 

Quantitative 

degree 

Temporal 

resolution 
Cost 

Type of 

probes 

XFCT +++ ++++ ++ +++ ++ $$$ Activatable 

XLCT +++ ++ ++ +++ +++ $$$ Activatable 

PET + ++++ ++++ +++ +++ $$$$ Not activ. 

SPECT + ++++ ++++ ++ ++ $$$$ Not activ. 
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Optical ++ + +++ ++ ++++ $ Activatable 

MRI ++++ ++++ + + + $$$ Limited activ. 

CT ++++ ++++ + ++ ++ $$ Limited activ. 

PAT/US +++ ++ ++ + ++++ $$ Limited activ. 

 

 

1.4. Potential theranostic applications of XFCT and XLCT systems 

In the previous paragraphs, a detailed description of the characteristics and performances of XFCT 

and XLCT for functional and molecular imaging has been introduced, also comparing such fea-

tures with those of other conventional and/or state-of-the-art imaging modalities. Nevertheless, 

one of the most interesting and promising aspects of XFCT and XLCT techniques is represented, 

as mentioned previously, by their capability and potential to be applied even for radiation-mediated 

therapy. Thus, with these techniques a therapeutic effect to the body and the tissues (mainly against 

cancer and tumors) can be delivered and the treatment can be simultaneously monitored with their 

primary imaging functions. Such combination of therapy and diagnostic, called theranostic (as 

explained before), exemplifies a unique and novel multidisciplinary and multitask approach to 

both medicine and the nuclear and radiological technology related to it [4].  

The potential theranostic applications of a novel XFCT and XLCT system, described in this thesis 

work, and their investigation and feasibility are among the primary and most important targets and 

objectives of this project. In particular, a relevant importance and interest is stressed towards the 

use of nanotechnology as the primary form of contrast and therapeutic agents for this type of ap-

plications, due to the outstanding emergence of such field and its advantageous characteristics for 

medical purposes, specifically for theranostics.   

Nanotechnology is commonly defined as the study and manipulation of matter and related physical 

phenomena at nanoscale, from about 1 to 100 nanometers. Most applications of nanotechnology 

in medicine, also those on which this work is focused, are related to the distinctive physical and 

chemical properties of matter at this scale, compared to bulk and macroscopic materials. Above 

all, the large surface-to-volume ratio and the possibility to manipulate and tune the absorption and 

scattering cross-sections of nanomaterials, when interacting with radiation, are the most exploited 

and researched. Moreover, from a perspective of cancer imaging and therapy, nanoparticles and 

nanomaterials are greatly suitable for accessing tumor cells and tissues in the presence of leaky, 

undeveloped and chaotic blood vessels. Hence, accumulation of small nanoparticles in the desired 

diseased regions is favorable, due to enhanced permeability and retention (EPR) effect [4] [32].  

Considering all the aspects mentioned until now, it can be stated that nanoparticle-mediated and 

x-ray-stimulated anticancer therapies are the types of treatments on which the applications of a 

Table 1.1: Qualitative comparison between XFCT/XLCT and other molecular imaging modalities. 
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novel XFCT/XLCT system described in this thesis project, are predominantly focused. An ad-

vanced XFCT/XLCT system designed with these applications in mind can provide an incredibly 

flexible, smart and specific tool for delivering targeted therapeutic effects with minimal invasive-

ness and high-precision, thanks to the use of highly focused and micro-collimated beams of x-rays 

to stimulate particular nanoparticle agents in cancer tissues. Furthermore, the stimulation through 

x-rays, which is the basis of XFCT and XLCT modalities, permits a selective and localized thera-

peutic action only in the desired area. Such action can be triggered only when the x-ray irradiation 

is present. In addition, the use of stimulating x-ray photons with relatively high energies, such as 

beyond 10 keV, would allow to achieve almost limitless tissue penetration, thus permitting to reach 

regions that are either very deep within the body (such as the brain) or surrounded by very dense 

areas (such as bone tissues and structures).  

The emission of either ionizing radiation in the form of x-ray photons, through x–ray fluorescence, 

or optical light, via x-ray luminescence, is the fundamental and core process on which this kind of 

therapies relies on, as the primary activator of the treatment. Therefore, an active and switchable 

therapy can be delivered, minimizing in such way the amount of undue dose to surrounding healthy 

tissues and to other undesired areas where the nanoparticles may have diffused spontaneously.  

Finally, due to the possibility of detecting x-ray fluorescence and x-ray luminescence for imaging, 

the therapeutic effects created with the x-ray stimulation can be monitored and tracked over the 

entire treatment with high performances typical of molecular and functional imaging, as those 

described in the previous paragraphs. Both therapy and imaging are thus performed by the same 

system, in a single setup and with the same instrumentation, providing great compactness, con-

venience and the possibility to save a lot of precious time in such way [33] [34]. 

The primary nanoparticle-mediated and x-ray-stimulated antitumor therapy, which has been in-

vestigated with the XFCT/XLCT system proposed and designed in this thesis work, is the so-called 

X-ray Photodynamic Therapy (XPDT). It involves the use of particular scintillating metal-based 

nanoparticles doped with activators, like the probes used in XLCT (as described in Paragraph 2.2), 

as the core therapeutic agents, usually conjugated with different shell membranes for protection 

and organic ligands for specific targeting of cancer cells. Such agents can be selectively stimulated 

with x-ray photons, in order to produce optical radiation (generally visible light or NIR) via x-ray 

luminescence, in the same way as in XLCT. Then, the emitted luminescence photons can either 

activate specific molecules incorporated in the nanoparticle shell, called photosensitizers, which 

in the presence of molecular oxygen O2 produce singlet oxygen 1O2 or other reactive oxygen spe-

cies (ROS), or directly create these ROS in cellular aqueous solution via water radiolysis. Singlet 

oxygen and ROS are known to be powerful cytotoxic agents that can produce multiple damages 

to cancer cells, such as cellular membrane disruption, apoptosis or DNA double-strand break, 
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which ultimately lead to the death of the diseased cell [35] [36] [37]. The use of specifically engi-

neered nanoparticles for XPDT, which incorporates metal-based scintillators, will also allow the 

simultaneous production of x-ray fluorescence with relevant photon energies. Hence, this radiation 

can easily penetrate the tissues and can be detected by the proposed system for XFCT. Simultane-

ous XFCT imaging of the XPDT treatment can be used to check the outcomes of the therapy, the 

correct radio-activation of the nanoparticles and their biodistribution in the body. Alternatively, 

also x-ray luminescence signal not involved in the direct production of ROS can be detected, either 

for XLCT or just to quantify the therapeutic effect. A scheme of the processes involved in nanopar-

ticle-mediated XPDT is depicted in Figure 1.10 [38]. 

Among the metal-based nanoparticles that are particularly suited for XPDT, those investigated in 

this thesis works are the following two types: 

1) Lanthanum trifluoride nanoparticles doped with terbium, or LaF3:Tb. The core material for 

x-ray fluorescence in these nanoparticles, Lanthanum (La), is a relatively high-Z (57) rare 

earth and it has a K-edge at 38.92 keV and an L-edge at 6.27 keV. It can produce multiple 

K-fluorescence, with Kα1 

at 33.43 keV, and L-fluo-

rescence, ranging around 

5 keV. The complete XF 

energy spectrum of pure 

lanthanum (99%) is pro-

vided in Figure 1.11 [39]. 

The doping with terbium 

(Tb) gives to these nano-

particles scintillating pro-

perties, with principal 

emission wavelengths at 

Figure 1.10: Schematic depiction of nanoparticle-mediated XPDT mechanisms of action [38]. 

X-ray fluorescence 

X-ray luminescence 

Figure 1.11: X-ray fluorescence spectrum of pure La (99%) taken at 40 

kVp of tube voltage and 24 µA of tube current [39]. 
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about 482 nm and 535 nm (typical of bluish light). The x-ray luminescence emission spec-

tra of LaF3:Tb is shown in Figure 1.12, for different dopant concentrations [40]. 

2) Yttrium oxide nanoparticles doped with europium (III), or Y2O3:Eu(III). The main metal 

component of such compound is yttrium (Z=39), which has a K-edge at 17.03 keV. L-edge 

is negligible, due to corresponding energies too low for such applications. Yttrium (Y) can 

generate K-edge fluorescence at 14.96 keV (Kα1) and at 16.74 keV (Kβ1). The typical XF 

energy spectrum is also provided for pure yttrium (99%), in Figure 1.13 [39]. 

Furthermore, Y2O3:Eu(III) can also produce radio-luminescence under x-ray excitation 

with emission wavelength equal to 611 nm (red light). This is due to the presence of euro-

pium (III) as dopant activator (as explained in Paragraph 2.2). The corresponding XL emis- 

Figure 1.12: X-ray luminescence emission spectrum of LaF3:Tb nanoparticles at different 

concentrations of the dopant [40]. 

Figure 1.13: X-ray fluorescence spectrum of pure Y (99%) taken at 40 kVp of tube voltage 

and 24 µA of tube current [39]. 
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sion spectrum from Y2O3:Eu(III) is then visible in Figure 1.14 [41].  

Both the two nanoparticles just described have been chosen primarily for their relatively high K-

edge (also L-edge for lanthanum) energies, which perfectly match the typical ones involved in the 

medical use of x-rays. Moreover, they are optimally suited for both the two types of x-ray sources 

that are used in the proposed XFCT/XLCT system, as it will be described in the next Chapter. 

Another relevant theranostic application, which has been experimentally investigated with the 

XFCT/XLCT setup described in this work (see Chapter 4 and Chapter 5), is generally called X-

ray Auger Therapy, also known sometimes as Photoactivation Therapy (PAT). Such therapeutic 

treatment involves the x-ray excitation of metal-based compounds and nanoparticles with high 

atomic number, in order to produce a particular form of secondary radiation, i.e. Auger electrons 

[42]. These electrons are produced during a process complementary to x-ray fluorescence, when, 

in atoms, the de-excitation energy from 

the filling of an electron vacancy due to 

photoelectric effect, is not emitted as a 

characteristic x-ray, but instead is trans-

ferred to an electron in the outer shell. 

Being such energy usually greater than 

the binding energy of that electron, this 

particle is thus ejected from the given 

atom and becomes a low-energy free 

electron, called Auger electron [6] [8]. 

Such process is schematized in Figure 

1.15, also showing x-ray fluorescence.  

Figure 1.15: The process of Auger electron emission, 

in comparison with x-ray fluorescence. 

Figure 1.14: X-ray luminescence emission spectrum of Y2O3:Eu(III) [41]. 
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The usefulness in cancer therapy of these Auger electrons, having low kinetic energy (from hun-

dreds of eV to few keV), comes from their high linear energy transfer (LET), defined as the amount 

of energy deposited per unit path length travelled by such particlew in tissues. Therefore, Auger 

electrons can release all their energy in a very short range, thus being able to create a very localized 

cytotoxic effect in cancer cells, by either creating free radicals via water radiolysis or directly 

damaging the DNA. Hence, x-ray induced Auger therapy consists in the creation of a large number 

of these Auger electrons from metal-based compounds accumulated in cancer tissues, after proper 

excitation via x-ray beam [42] [43]. The mechanisms of Auger therapy with selective x-ray stim-

ulation of metal-based nanoparticles are shown in a diagram in Figure 1.16. 

The use of nanoparticles with a metal core is particularly favorable for this kind of therapeutic 

application, because nanoscale materials can absorb a large amount of x-ray photons within a small 

volume. This is thanks to their high atomic density and large surface-to-volume ratio [42]. There-

fore, in the experimental investigations with the proposed XFCT/XLCT system, hafnium dioxide 

nanoparticles (HfO2) have been used and tested, with x-ray induced Auger therapy in mind as 

primary target application. An image taken with 

Scanning Electron Microscopy (SEM), showing 

the nanoscale structure of these nanoparticles, is 

visible in Figure 1.17 [44]. The metal core com-

posing this type of nanoparticles, i.e. hafnium 

(Hf), has a very high atomic number (Z=72) and 

a high density (ρ = 13.32 g/cm3), which make it 

perfectly suited for absorbing x-rays through 

photoelectric effect. Moreover, both its K-edge, 

at 65.34 keV, and L-edge, at 11.26 keV, match 

in a good way those energies required to penetrate several centimeters of tissue. In addition to that, 

HfO2 can also produce x-ray fluorescence photons with K-fluorescence around 65 keV and L-

NP 

Metal core 

hν 

X-ray fluorescence 

Targeting agent 

H2O 

Free radicals 

ROS 

e-
 

e-
 

Figure 1.16: X-ray induced Auger therapy mediated with metal-core nanoparticles. 

Figure 1.17: SEM image of HfO2 nanoparticles [44]. 
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fluorescence ranging between 7 to 9 keV. The XF energy spectrum for the L-fluorescence of pure 

hafnium (99.7%) is depicted in Figure 1.18. 

As for XPDT, also X-ray induced Auger therapy with HfO2 nanoparticles can be actively moni-

tored by detecting x-ray fluorescence produced by hafnium and use it to perform XFCT imaging. 

This is possible because, as explained previously, x-ray fluorescence is a competitive and comple-

mentary process with Auger electron emission and both are generated from the same physical 

trigger action, i.e. the selective excitation with x-rays [6]. 

Finally, it has to be mentioned a third type of radiation therapy that can be combined with the 

previously mentioned x-ray-induced Auger therapy. Such treatment consists in the radiosensitiza-

tion and radiation dose enhancement of tu-

mor tissue, simultaneously with conven-

tional chemotherapy. For example, the use 

of Auger electron emitting compounds in 

combination with chemically toxic agents 

can greatly increase the total net damage to 

cancer cells. Experimental investigations 

are currently active with the use of gold na-

noparticles and chemotherapeutic drugs to 

produce such kind of effect, as shown in 

Figure 1.19 [45]. Nonetheless, the possibil-

ity to use metal-based chemotherapeutic 

Figure 1.18: X-ray fluorescence spectrum of pure Hf (99.7%) taken at 40 kVp of tube voltage 

and 24 µA of tube current [39]. 

Figure 1.19: Diagram depicting the combination of Auger 

therapy with Au nanoparticles and chemotherapy, in order 

to produce radiosensitization of tumor tissue and radiation 

dose enhancement [45]. 
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agents, such as Cisplatin, which is the only FDA approved drug for chemotherapy that incorporates 

metals, would greatly facilitate this type of therapeutic treatment, due to the use of only one type 

of agent, instead of multiples. Cisplatin, whose molecular structure is depicted in figure 1.20, has 

a metal core composed of atomic platinum (Pt), 

which has a very high Auger electron yield [45]. 

Moreover, platinum is also a very high-Z material 

(Z=78) and can be used for producing x-ray fluo-

rescence for combined XFCT imaging with the 

therapeutic delivery. In fact, platinum has a K-edge 

at around 78.4 keV and an L-edge equal to about 

13.88 keV, which are optimally suited energies for XFCT, deep within tissues. In particular, K-

fluorescence of platinum has an energy of 77.88 keV, which has almost limitless penetration in 

every type of biological tissue, and an L-fluorescence ranging from 9 to 11 keV. The XF energy 

spectrum of pure platinum (99.9%) for its L-fluorescence can be seen in Figure 1.21.  

Other theranostics applications can also be potentially performed with the XFCT/XLCT system 

that will be described in details in the next Chapter. An example is represented by x-ray induced 

selective drug release, where x-ray stimulation is used on nanoparticles or compounds carrying 

antitumor drugs that could be released after such excitation [32]. However, such additional thera-

pies have not been investigated in the current thesis works, but they can anyway be considered and 

researched in future studies and developments of the proposed system. 

Figure 1.20: Molecular structure of cisplatin. 

Figure 1.21: X-ray fluorescence spectrum of pure Pt (99.9%) taken at 40 kVp of tube voltage 

and 24 µA of tube current [39]. 
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2. Design and development of a novel XFCT/XLCT system 

 

A novel design for a benchtop combined X-ray Fluorescence and X-ray Luminescence Computed 

Tomography system (based on the premises introduced in Chapter 1) has been proposed, devel-

oped and built in the Radiation Detection and Imaging Group, at the University of Illinois at Ur-

bana-Champaign (UIUC). The system uses state-of-the-art commercial and conventional x-ray 

sources, detectors and camers, stage motors, supports and custom-made apertures and collimators. 

The main goals of such system involve the testing and the investigations on the feasibility and the 

performances of desktop tri-modal XFCT, XLCT and micro-CT imaging, ultimately including the 

research on potential advanced theranostic applications of such techniques and technologies (as 

described in the previous chapter). 

It must be mentioned that the creation of a working and well-characterized XFCT and XLCT la-

boratory setup, plus the demonstration of the practicability and achievability of its good imaging 

and therapeutic capabilities, has a substantial importance for future progressions of such technol-

ogy towards preclinical or even clinical implementations. As an example, using conventional and 

less expensive x-ray sources, such as x-ray tubes or micro-focused sources that do not differ ex-

cessively from those required in daily diagnostic imaging, is necessary and inevitable, because of 

the impracticableness and unaffordability of synchrotron-based sources. The capability of scaling 

the system, such as for small animal imaging or human whole-body imaging, is also another fun-

damental factor that must be taken into account and analyzed in the same perspective. Anyway, 

the current system should be mainly considered as a preliminary project only for research and 

investigations on the aforementioned topics, though it could potentially lead to significant results 

for new, advanced and commercially focused designs in the future.  

 

2.1 Materials, instrumentation and radiation detection devices 

First and foremost, the XFCT/XLCT system to be described has been located and assembled inside 

a specifically designed box, which is made of a metallic structural frame and plasterboard walls. 

The purpose of such structure is twofold: (1) to shield the outer environment and personnel stand-

ing in the vicinity of the x-ray sources from harmful effects and excessive doses of ionizing radi-

ation; (2) to obscure as much as possible the space inside the box and to prevent the entrance of 

ambient light. This second reason is of fundamental importance, in order for the luminescence 

background level to be reduced at the lowest value achievable during the detection of emitted 

optical light in XLCT and to prevent it to contaminate the x-ray luminescence signal. Moreover, 

to enhance such effect, the internal walls of the box has been blackened with black paper and black 
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tape and all the inner edges and corners of the box have been covered with black foam, as to 

prevent light leakages from outside. A system of fans has been also provided on the top, for ven-

tilation and cooling of the inside of the box and for removing the heat generated by the instrumen-

tation during functioning. The assembly of fans and the pipes connecting them with the inside of 

the box has been covered with black plastic bags, to further block light penetration through such 

system. Finally, a black thick tissue curtain has been mounted in front of the doors of the box to 

additionally cover potential chinks and spaces for light to enter the structure during experiments. 

Pictures of the box structure and its blackened internal walls are depicted in Figure 2.1.The curtain 

on the doors of the box and the covered ventilation system are clearly visible. 

The box structure is aboveground and lays on an optical table with precision tunable damper (New-

port Integrity 3 VCS Table System with 1 precision tuned damper [46]), where the instrumentation 

has been mounted and assembled. The damper-coupled optical table is primarily used to minimize 

and to attenuate potential vibrations of the surroundings from affecting the system and its perfor-

mances, in particular to avoid undesired variations in the setup geometry during experiments. The 

optical table with damper is shown in Figure 2.2 [46].  

Figure 2.1: Box structure containing the XFCT/XLCT system (left) and blackened internal walls (right). 

Figure 2.2: Newport optical table with precision tuned damper supporting the box setup [46]. 
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The optical table provides the working platform for the XFCT/XLCT system, where all the instru-

mentation and the devices of the setup, together with their supporting parts, are assembled. Re-

garding such constituents, the described system is composed of two separate commercial x-ray 

sources with different characteristics and purposes. One of them is a monochromatic x-ray tube 

(Xenocs GeniX3D x-ray delivering system [47]) using a molybdenum target anode to produce a 

micro-focused pencil beam of 17.48 keV x-ray photons. The primary collimation and monochro-

matization of the beam is achieved by an aspheric multilayer optic (Xenocs FOX3D) embedded in 

the source, with the capability of maintaining high brightness at low power. Hence, the photon 

flux of the source at the maximum operating settings (50 kVp of tube voltage and 1 mA of tube 

current) is approximately 25 million of photons per second (25·106 ph/sec). The pencil beam di-

ameter at the focal spot (23 cm away from the beryllium window of the tube) is about 130 µm with 

a divergence of about 5 mrad. The micro-focused x-ray beam can also be further collimated down 

to about 100 µm, using a vacuum-enhanced collimation system with different sizes of platinum 

pinholes. The vacuum inside the collimator is provided in order to eliminate scattering of photons 

in air and conserve the high photon flux. The source anode is water-cooled at ambient temperature 

with an external chiller, in order to prevent its potential overheating and melting during operation. 

A picture of the Genix3D monochromatic source and its components is visible in Figure 2.3 [47]. 

The source is specifically suited for XFCT and XLCT applications, due to its high flux, size of the 

x-ray beam and monenergetic spectrum, as explained in the Chapter 1. In particular, the shape of 

the pencil beam can be used to scan line-by-line voxel regions of the imaged object as in conven-

tional synchrotron setups (see Chapter 1). Furthermore, the energy of the source, coming from the 

Mo anode, is perfectly suited for excitation of the K-edge of nanoparticles such as Y2O3:Eu(III), 

and of the L-edge of compounds like platinum and hafnium. 

Collimation 

system 

Figure 2.3: Genix3D monochromatic source system (left) and inside the setup 

with vacuum-enhanced collimation (right) [47]. 
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The second source of the XFCT/XLCT system is a conventional high-flux, high-stability poly-

chromatic x-ray tube (Oxford Instruments Apogee 5000 Series [48]) with a tungsten anode, deliv-

ering a cone beam with a focal spot size of about 35 µm and a total aperture angle of 22°. The 

polychromatic source can be operated from 10 to 50 kVp of tube voltage and between 0.01 and 1 

mA of tube current (the maximum power achievable by the source is 50 W). The vacuum envelope 

of the x-ray tube has a beryllium window of 127-µm thickness. A remote-controlled shutter has 

been attached to the front of the source and it can be synchronized with the detector system. Cool-

ing of the tube is provided through a double fan assembly mounted on two sides of the x-ray tube 

shielding.  The polychromatic source and its place in the setup is shown in Figure 2.4 [48].  

The polychromatic source has been chosen and implemented in the system for CT imaging, but it 

can also be used to perform XFCT. Its cone beam can entirely irradiate the object or it can be 

collimated using a XFET geometry (as described in Chapter 1), such as by using a single slit col-

limator to produce a thin sheet beam of x-rays for selective excitation [11].  

The other important major part in the XFCT/XLCT system, besides the two sources assembly, is 

the radiation and optical detection system, which is composed by five different detectors, each 

with specific purposes and characteristics. The first detector is an x-ray CCD camera (Andor iKon-

L DO936 [49] [50]) with a sensor containing an array of 2048 by 2048 square pixels with size 

equal to 13.5 µm. The total active area of the detector sensor is then 27.6 by 27.6 millimeters, 

providing a large field of view and excellent spatial resolution. The CCD camera has a 5-stage TE 

cooler, which enable operation at sensor temperatures down to -50° C. Cooling of the camera 

sensor permits high sensitivity and minimize dark current noise. Low-noise readout electronics is 

also incorporated in the camera and four different pixel readout rates are available (50 kHz, 1 

MHz, 3MHz and 5 MHz) in a wide dynamic range. Pixel binnings equal to 1x1, 2x2, 4x4, 8x8 and 

Polychromatic x-ray 

tube 

Shutter 

Figure 2.4: Apogee 5000 polychromatic source (left) and its place in the XFCT/XLCT 

setup above the Genix3D monochromatic source (right) [48]. 
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16x16 are also allowed with maximum frame speed up to 8.745 frames per second. The maximum 

quantum efficiency (QE) of the back-illuminated sensor of the CCD camera can reach more than 

90% in an interval of photon energies between about 1 keV to 7-8 keV. Hence, Figure 2.5 [49] 

depicts the general variation of the QE of the CCD camera along the entire energy detection range 

(from few keV to around 20 keV).  

Although the overall range of 

energies that can be detected 

by such CCD camera spans 

from around 1-2 eV (corre-

sponding to NIR photons) up 

to 20 keV, the detector has 

been modified upon request 

to incorporate a 0.5 mm be-

ryllium window in front of 

the sensor. This has been 

done in order to filter the low-

est-energy photons and to al-

low detection only of x-rays. 

In addition to that, a stainless steel flange has been designed and attached on the front surface of 

the detector, as to protect the fragile Be window and also to permit the mounting of apertures and 

collimators before the sensor. The commercial x-ray CCD camera is visible in Figure 2.6 [49], 

together with its modified version, which is currently used in the XFCT/XLCT setup, with the Be 

window and the stainless steel front flange.  

Be window 

Flange 

Figure 2.6: Andor iKon-L CCD camera in its original version (left) and in its modified ver-

sion, inside the setup, with Be window and stainless steel flange (right) [49]. 

Figure 2.5: Typical QE trend of the Andor iKon-L CCD camera 

along the entire energy range [49]. 
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The modified x-ray CCD camera has been chosen and designed exactly for detection and imaging 

of x-ray fluorescence. The maximization of the QE of the sensor in a suitable energy range and the 

incorporation of the flange, where aperture and collimators can be mounted, are engineered exam-

ples of such purpose. The high-resolution and low-noise performances of the camera are also fun-

damental for performing XFCT with excellent spatial resolution and good sensitivity. 

The second detector that has a primary role within the XFCT/XLCT signal is an electron-multi-

plying CCD (EMCCD) camera (Andor iXon3 [51]) for optical detection. The EMCCD camera is 

greatly similar in structure to a conventional CCD camera, except for the presence of a series of 

multiplying register added before the readout amplifier. Such registers amplify the charge signal 

with a gain of several thousands, through a process called “impact ionization”. Such signal ampli-

fication permits very low-noise performances at high frame speed, compared to traditional CCD 

cameras. In particular, EMCCD cameras would allow a readout noise of less than one electron 

RMS per pixels at 20 MHz of readout speed, while a conventional CCD camera at the same rate 

would present a readout noise of 30 or more electrons [52]. The EMMCD camera in the 

XFCT/XLCT setup has a sensor composed of 512 by 512 square pixels with size equal to 16.5 

µm. The active area of the sensor is therefore equal to about 8.45 by 8.45 millimeters. The EMCCD 

can be cooled by a 4-stage TE cooling system down to about -35°C, in order to furtherly reduce 

dark current noise. Moreover, the EMCCD has been coupled with a custom-made assembly com-

prising of an electrostatically focused demagnifying image intensifier (DM) tube (Phototek de-

magnifying image intensifier DM80 [53]) and relative electronics, mounted in front of the camera 

sensor through a specific case assembly to support it. A picture of the EMCCD and the DM tube 

assembly is provided in Figure 2.7.  

The DM tube is used mainly to furtherly improve signal-to-noise ratio, by focusing and amplifying  

Figure 2.7: Andor iXon3 EMCCD with DM tube assembly (left) and support for mount-

ing collimators and optical filters (right). 

DM tube assembly 

Filter/collimator 

mounting flange 
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the incoming luminescence signal before transmitting it to the camera, thus providing an extra gain 

stage to the detection process. In addition, through its demagnification effect, such device works 

as an “electronic taper” to enlarge the active area of the camera [52]. In fact, the DM tube as an 

input window of 80 by 80 mm and an output window of 40 by 40 mm. Inside the support case, the 

output of the DM tube is coupled to the EMCCD sensor via a fiber-taper and a fiber-faceplate that 

have aspect ratios equal to 1.5:1 and 1:1, respectively [52] [54]. Finally, the DM tube case also 

incorporates a machined flange on the front, where it is possible to mount collimators and optical 

filters for imaging of x-ray luminescence signal with XFET geometries (see Chapter 1) and dis-

crimination of desired optical wavelengths in the measured signal. 

The third principal detector used in the XFCT/XLCT setup is a hybrid sCMOS camera (Andor 

Zyla 5.5 [55]) composed of an array of 2560 by 2160 square pixels of size equal to 6.5 µm. It has 

an active sensor area of 16.6 by 14.0 mm (21.8-mm diagonal) and can be operated at two different 

pixel readout rates: a slow rate at 200 MHz and a fast rate at 560 MHz. The sCMOS camera is air-

cooled, down to 0°C for a mean dark current value of about 0.14 electron per pixel per second. 

However, it can also be operated at room temperature. Such device is originally designed for op-

tical applications and light detection in a range of wavelengths between 400 nm and 1000 nm with 

a maximum QE of about 60%. Nevertheless, in the XFCT/XLCT system, this camera has been 

chosen for primary x-ray detection from the stimulating beams of the two sources. Therefore, the 

original version of the detector has been modified by coupling the sCMOS sensor with a cesium 

iodide (CsI) scintillation crystal, in order to detect ionizing radiation and convert it to visible light 

before transmitting it to the camera. The front surface of the CsI crystal facing the incoming beam 

is then shielded with a thin beryllium window for protection and to avoid humidity accumulation 

on the scintillator. Figure 2.8 [55] shows the original version of the Zyla sCMOS camera and 

modified one, inside the setup. 

Be window 

Figure 2.8: Andor Zyla 5.5 sCMOS camera (left) and modified version, inside the setup, 

with CsI scintillator and Be window (right) [55]. 
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The main purpose of the Zyla sCMOS camera in the XFCT/XCLT setup is to perform high-reso-

lution x-ray transmission micro-CT imaging, for relatively small objects and field-of views (due 

to the limited dimensions of its sensor area), with the cone beam of the polychromatic x-ray tube. 

It can also be used during XFCT and XLCT to measure the x-ray transmission of the primary 

excitation beam (from both the two sources) through the imaged target, for attenuation estimation 

and correction of the final XF or XL image. Finally, it is also useful in a practical way to help 

aligning a small pencil beam from the monochromatic source with the object, again by measuring 

its relative x-ray attenuation at different beam positions. 

For x-ray transmission CT imaging of bigger objects and larger fields of view, a fourth detector is 

incorporated in the XFCT/XLCT providing a larger magnification. Such device is a digital flat 

panel (Varian Paxscan 1313 [56]) made of amorphous silicon for the receptor, coupled with direct 

deposit CsI crystal for the conversion screen (converting the x-ray signal in visible light). The flat 

panel has a 1024 by 1024 array of square pixel with 127-µm size, for a detection active area of 

130 by 130 mm. The flat panel can be operated at room temperature with maximum readout frame 

rate of 30 frames per second. Figure 2.9 [56] illustrates such flat panel and its place inside the 

XFCT/XLCT setup. 

Finally, the experimental XFCT/XLCT setup involves the use of a fifth and last detector, to com-

plete its radiation detection system. This detector is a single-crystal semiconductor cadmium tel-

luride (CdTe) spectroscope (Amptek XR-100T-CdTe [57]), using a 3 by 3 by 1 mm CdTe diode 

crystal mounted on a two stage TE cooler. The device also comprehends a charge sensitive pre-

amplifier and operates under vacuum (using a 100- µm beryllium window) at a temperature as low 

as -30° C. The CdTe detector is optimum for x-ray spectroscopy, due to its large range of detect-

able photon energies (from few to even several hundreds of keV) and primarily for its high energy 

Figure 2.9: Varian Paxscan 1313 flat panel detector (left) and its position inside the 

XFCT/XLCT setup (right) [56]. 
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resolution. In fact, for this spectroscope, the typical full width at half maximum (FWHM) at 122 

keV is about 1.2 keV. For lower energy applications, as in the case of fluorescence x-rays ranging 

between 5 to 100 keV, the CdTe spectroscope can reach a minimum FWHM of about 390 eV. The 

detector can also be used to measure the flux of x-ray photons coming from the primary x-ray 

beam and to estimate the energy attenuated by the object during transmission. A picture of the 

Amptek CdTe spectroscope and an example of energy spectrum at low energies measured with 

such device are visible in Figure 2.10. 

To conclude the description on the instrumentation composing the XFCT/XLCT system, it must 

be reported that a mechanical arm connected with two linear stage motors is used as the principal 

stand for supporting any sample to be imaged and experimented in the setup. A high-precision 

micro-stage motor and a high-precision rotational motor with encoder are attached at one end of 

the arm, where the imaged object is 

mounted. Such assembly provides the ca-

pability of movement of the object in 

three directions (XYZ) with micrometer 

tolerance, plus allowing rotation of the 

sample up to 360° with great accuracy, in 

order to perform the scanning of the im-

aged sample and complete tomo-

graphic/volumetric information acquisi-

tion. A picture of the abovementioned 

support assembly with motors is illus-

trated in Figure 2.11. A box structure, 

made of multiple layers of copper and 

aluminum, wrapping the micro-stage linear motor is visible in the figure and it has been designed 

Figure 2.10: Amptek XR-100T-CdTe detector with digital pulse processor (left) and energy spec-

trum of 241Am source measured with such device (right) [57]. 

Figure 2.11: Support assembly with linear and rotational 

motors for movement of the sample in the setup. 

Micro-stage linear 

motor with shielding 

Rotational motor 

Linear motors 
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to block NIR light coming from the optical switch of the device. This would prevent noisy con-

tamination of the x-ray luminescence signal to the EMCCD camera. 

 

2.2 Geometry of the system and modeling of the setup 

The XFCT/XLCT system has been designed as a two-level setup, separating along the vertical 

direction the part concerning XFCT and XLCT from the part related to x-ray transmission CT.  

The upper level includes the polychromatic x-ray tube and the two detectors designated CT imag-

ing, i.e. the Zyla sCMOS camera and the flat panel. These detectors are interchangeable and can 

be used one at a time by simply moving the Zyla camera in or out the way of the primary x-ray 

beam. A depiction of the geometry of the CT level is shown in Figure 2.12.  

The lower level consists of the XFCT/XLCT setup, comprising the monochromatic source, the x-

ray CCD camera and EMCCD camera (on opposite sides facing the sample) and the CdTe spec-

troscope. The Zyla sCMOS camera can be translated, via a linear stage motor, along the vertical 

direction from the upper level to the lower level, where it can be used for aligning the primary x-

ray beam. The CdTe spectroscope has a magnetic support, which allow it to be moved across the 

entire setup in different positions and configuration, according to the specific purpose. It can be 

directed towards the sample to measure the energy spectrum from the x-ray fluorescence at various 

angles, or it can be placed along the primary x-ray beam direction, in order to measure the trans-

mission spectrum through the sample or the flux of x-ray source (when no sample is present in 

between). The EMCCD and the CCD cameras can be shifted as close as possible to the imaged 

Figure 2.12: Upper level of the XFCT/XLCT system for x-ray CT imaging. The polychromatic source and the 

Zyla sCMOS camera are visible, while the flat panel is outside the picture. 

Polychromatic 

x-ray tube 

Zyla sCMOS 

camera 

Sample support assembly 
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object, without hitting the primary x-ray beam. Such proximity to the target would maximize the 

geometric efficiency (i.e. the solid angle) of the two detectors, thus increasing the detection effi-

cacy and the net measured XF or XL signal. Figure 2.13 shows different views of the XFCT/XLCT 

system and in particular of its lower level (as previously described), with all its main components.  

X-ray CCD camera 

EMCCD camera 

with DM tube 

Monochromatic 

source 

Zyla sCMOS 

camera 

CdTE spectroscope 

Polychromatic source 

Figure 2.13: View from above of the entire XFCT/XLCT system with details of the lower level (top) and 

same view from a different angle (bottom). 

Monochromatic 

source 

Polychromatic source X-ray CCD camera 

EMCCD camera 

with DM tube 

Zyla sCMOS 

camera 
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A 3D drawing of the lower level of the XFCT/XLCT system is also reported, in Figure 2.14, for a 

better comprehension of the geometry of the setup. 

The sample on its support assembly can be moved up and down using the corresponding linear 

stage motor, in order to switch from one level to the other. In this way, the geometry of the setup 

is preserved and no other components need to be relocated (except for the Zyla sCMOS camera, 

which has its own motors, as described pre-

viously). To further maintain the same geo-

metric configuration and the relative dis-

tances between each part of the setup during 

an experiment, all the movable components 

(i.e. the sample support assembly and the 

Zyla sCMOS) are provided with micron-

precision Bes Test dial indicators (Brown & 

Sharpe Bes Test dial indicator). These indi-

cators measure whether such components 

would return in the exact position after be-

ing moved, with a precision of ±2.54 µm. 

Such precision is also required to preserve 

the geometry of the setup in the case of ge-

ometric calibration (as described in Paragraph 3.1). An example of the arrangement of the Bes 

Test indicators for the Zyla sCMOS camera is shown in Figure 2.15. 

Figure 2.14: 3D drawing of the lower level of the XFCT/XLCT system. 

Figure 2.15: Bes Test dials for tracking the move-

ment of the Zyla sCMOS camera. 

Bes Test dial 

Bes Test dial 
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A model of the geometry of the XFCT/XLCT system has been developed, establishing the main 

systems of coordinates and reference frames of the setup, together with the identification of its 

primary geometric parameters. Such modeling could be used as a base for future geometric cali-

brations of the entire setup (as in Paragraph 3.1) and/or Monte Carlo simulations of the system. 

The model of the XFCT/XLCT system is summarized in a diagram in Figure 2.16, showing and 

assessing the entire geometry of the setup. 

In the model of the XFCT/XLCT system, the two levels (CT and XFCT/XLCT) are considered as 

separate units, with their own global reference frames and axes. The global system of coordinates 

for the lower level has been chosen to have its origin 𝓞(0,0,0) coincident with the source point of 

the central beam line of the primary x-rays emitted by the Genix3D monochromatic source. It is a 

right-hand system of coordinates with the z-axis coming out of the source point and directed as the 

primary x-ray beam, while the y-axis is pointing downwards. Each one of the two detectors for 

XFCT/XLCT (both the x-ray CCD camera and the EMCCD camera plus DM tube) has its own 

local system of coordinates. For the CCD camera, such system has its x'y'-plane laying on the 

detector sensor surface, with the origin 𝓞′(𝑥′, 𝑦′, 𝑧′) on the top-right corner and the z'-axis pointing 

outward. The EMCCD plus DM tube assembly has a local system of coordinates with the x''y''-

plane on the surface of the input window of the DM tube. Again, the origin 𝓞′′(𝑥′′, 𝑦′
′
, 𝑧′′) of such 

system is located on the top-right corner and the z''-axis pointing outward. The two local systems 

of coordinates of the detectors (CCD and I-EMCCD) are related to the global one on the source 

emission point through the definition of two triplets of Euler angles, (𝛼, 𝛽, 𝛾) and (𝛼′, 𝛽′, 𝛾′), 

Figure 2.16: 3D modeling of the geometry of the XFCT/XLCT system. 
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respectively. Such Euler angles establish the rotational transformations required to perform the 

change of coordinates from one of the local reference frames to the global one and vice versa.  

Regarding the upper CT level of the XFCT/XLCT setup, the global system of coordinates is chosen 

on the Zyla sCMOS camera (or on the flat panel, depending on which detector is used in a partic-

ular situation). Its origin 𝓞𝟏(0,0,0) is located on the top-right corner of the sensor surface of the 

detector, which coincides with the xy-plane of such reference frame. Again, the z-axis of the system 

points outward and is direct to the x-ray tube central beam emission point. 

Finally, a moving local system of coordinates is also determined for the sample, to which all the 

interaction points with the primary x-ray central beam (these points are also emission points for 

the subsequent x-ray fluorescence and/or x-ray luminescence) are referred. Such right-hand system 

has its own origin 𝓞∗(𝑥∗, 𝑦∗, 𝑧∗)  in the center of the sample volume. All the movements of the 

sample due to the linear stage motors and the rotational motor are tracked in the model by estab-

lishing a fixed axis of rotation �⃗�rot, outside the sample volume, and a center of rotation 

(xrot, yrot, zrot) belonging to such axis. Every change of position of the origin of the local reference 

frame of the sample can be quantified as a relative distance between the origin 𝓞∗(𝑥∗, 𝑦∗, 𝑧∗) of 

the coordinate system and the center of rotation (xrot, yrot, zrot), while each rotation of the sample 

around the axis �⃗�rot is determined by an angle of rotation θ. Moreover, the local system of coordi-

nates represents also the geometric connection between the upper level and the lower level, with 

their own systems of coordinates. In fact, the origin 𝓞∗(𝑥∗, 𝑦∗, 𝑧∗) of the sample reference frame 

would translate along a specific direction (corresponding to the linear stage motor translation di-

rection up and down), shifting between on level and the other, without changing the overall geom-

etry of the setup. 

 

2.3 Design and sensitivity study of a single-slit aperture for XF imaging 

The XFCT/XLCT system that is currently described here has been designed and developed to be 

used in combination with XFET imaging geometries and image acquisition configurations, as al-

ready illustrated in Chapter 1. They involve the collimation of the emitted radiation, mainly x-ray 

fluorescence, after stimulation with an x-ray beam of specific shape. However, as it will be seen 

in details in Paragraph 3.3, they can also be applied for XLCT imaging. Such geometries are pri-

marily used in order to reduce image acquisition time and maximize the tradeoff between spatial 

resolution and geometric sensitivity. In particular, the use of a small pencil beam of excitation x-

rays in combination with a slit collimator for the emitted x-ray fluorescence has been introduced, 

again Chapter 1, as a way to increase the amount of imaging information carried by each XF pho-

ton, by limiting the size of the source voxels within the field of view (FOV) of the slit collimator. 
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Considering such purposes, a single-slit aperture has been designed to be used in front the x-ray 

CCD camera of the XFCT/XLCT system for x-ray fluorescence imaging, using the abovemen-

tioned type of XFET geometry. The aperture design was conceived according to the specific ge-

ometry of the modified version of the CCD detector, in particular its size and all the relative dis-

tances between the CCD sensor, the beryllium window and also the focal distance where the im-

aged object is supposed to be located. All this specifications are reported in the blueprint of the 

CCD camera, as it can be seen in Figure 2.17. 

It can be seen from the figure that the distance 𝑑obj_det between the pencil beam hitting the object 

and the focal sensor plane of the camera is 14 mm. Moreover, the distance 𝑑flange_det between the 

outside of the stainless steel flange and the sensor focal plane is 5.7 mm. From that, it is possible 

to define the relative distances between the pencil beam, the central longitudinal section of the slit 

and the detector surface, considering that the aperture will be mounted on the flange (as described 

in the Paragraph 2.1). Regarding the aperture geometry, a width 𝑤 equal to 100 µm has been 

chosen for the single slit, as to provide high spatial resolution for XF imaging. The material chosen 

for the slit is tungsten, because of its high density (ρ = 19.25 g/cm3) and high atomic number (Z = 

74), which permit strong attenuation of incoming fluorescence x-ray photons using a minimal 

thickness of material. The optimal thickness of the aperture has been calculated in order to block 

photon energies up to 100 keV and shield the CCD sensor from any fluorescence that is not passing 

directly through the slit. Being the mass attenuation coefficient µ/ρ of tungsten at 100 keV equal 

Figure 2.17: Blueprint of the design and geometry of the modified Andor iKon-L CCD camera and all 

its geometric specifications. 
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to 4.438 cm2/g [58], the mean free path λ (corresponding to the attenuation of about 33% of pho-

tons) in tungsten is:  

𝜆 =
1

𝜇
=

1

(
𝜇
𝜌⁄ ) ⋅ 𝜌

=
1

4.438 cm2/g ⋅ 19.25 g/cm3
≈ 0.01171 cm ≈ 0.1 mm 

In order to maximize the attenuation (almost 0% photons transmitted), the thickness of the tungsten 

aperture has been chosen equal to five times the mean free path λ at 100 keV, i.e. equal to 0.5 mm. 

At this point, by knowing the thickness 𝑡 of the aperture, it is possible to determine the distance 

from the pencil beam (and the object) to the aperture central longitudinal section, plus also the 

distance between the aperture central longitudinal section and the CCD camera sensor plane. Thus, 

the detector-to-aperture distance 𝑑apt_det is given by: 

𝑑apt_det = 𝑑flange_det +
𝑡

2
= 5.7 mm + 0.25 mm = 5.95 mm 

On the other hand, the object-to-aperture distance 𝑑apt_obj is calculated as: 

𝑑apt_obj = 𝑑objdet − 𝑑apt_det = 14 mm - 5.95 mm = 8.05 mm 

The position of the center of the slit has been established to be aligned with the center of the 

detector sensor. From all the previously calculated parameters, it is possible to model the geometry 

of the aperture system in order to complete the design of the single-slit collimator. Such model of 

the aperture system is depicted in Figure 2.18.  

Figure 2.18: 3D modeling of the single-slit aperture system. The object line of interest (LOI) is visible, together 

with the slit longitudinal section (in red) and the CCD sensor surface (in blue). The projections of an arbitrary 

emission point of the FOV through the edges of the slit and on the detector surface are also depicted. 
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The model would allow the calculation of the geometric sensitivity profile of the slit, which pro-

vides the trend of the geometric efficiency of the CCD camera with the addition of the collimator. 

To perform such modeling and the geometric sensitivity calculation, the field of view of the slit 

has been chosen to be equal to 1 cm. Such FOV is perfectly suited for the imaging of organs (in 

particular, the brain) of small animals, such as mice. 

In the model, a right-hand system of coordinates has been chosen with the xy-plane laying on the 

detector sensor surface and the z-axis pointing towards the aperture and the line of interest (LOI) 

of the object (i.e. the segment of the x-ray beam hitting the object within the FOV of 1 cm). The 

origin 𝒪(0,0,0) of such system is located on one side of the detector, at half its length, such that 

the detector area can be defined by the intervals 0 ≤ 𝑥 ≤ 27.6 mm and −13.8 ≤ 𝑦 ≤ 13.8 mm. 

The slit center 𝑋𝑆 is aligned with the center of the square sensor of the CCD at a distance 𝑑2 =

𝑑apt_det, while the object LOI is direct along the x-axis, having its midpoint aligned with the center 

of the sensor area at a distance from the aperture equal to 𝑑1 = 𝑑apt_obj. Each emission point 

𝑋′𝑖 from the object LOI is included in the FOV, ranging as X′1 ≤ X
′
i ≤ X

′
N, for 𝑖 =1, …, 𝑁. The 

projection lines from each of this emission points passing through the edges AS, BS, CS and DS of 

the slit intersect the detector surface at the projection points Ai, Bi, Ci and Di. Equally, the projec-

tion line from each emission point passing through the center of the slit 𝑋𝑆 intersects the CCD 

sensor surface at the projection point Xi. 

Given the modeling of 

the aperture system and 

its parameters, it is pos-

sible to complete the 

design of the single-slit 

by calculating its length 

𝐿. Such length must be 

long enough for the 

projections of the emis-

sion points through the 

slit to cover the entire 

size of the sensor 

(along the y-axis), but without extending beyond the detector area. Therefore, the length of the 

projected area 𝐴𝑖𝐵𝑖𝐶𝑖𝐷𝑖 of each emission point must be equal to the size of the CCD sensor, thus: 

 AiDi̅̅ ̅̅ ̅̅ = BiCi̅̅ ̅̅ ̅ = 27.6 mm. From Figure 2.19, it can be seen how to calculate the length 𝐿 of the slit 

Figure 2.19: ZY view of the geometry of the single-slit aperture system. 

Only one half of the slit and of the detector is considered, for simplicity. 
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from the known parameters of the aperture geometry, using the similarity theorems of the triangles.  

Considering the two similar triangles (in figure), which are specifically ∆XiDiX′i and ∆XSDSXi, it 

is possible to state from the similitudes that:  

XSDS̅̅ ̅̅ ̅̅ ̅

XiDi̅̅ ̅̅ ̅̅
=

𝑑1
𝑑1 + 𝑑2

 

Therefore, by resolving the previous equation for the length 𝐿: 

𝐿

2
= (

𝑑1
𝑑1 + 𝑑2

) XiDi̅̅ ̅̅ ̅̅  

Being 𝑋𝑖𝐷𝑖̅̅ ̅̅ ̅̅  equal to half the size of the CCD sensor (13.8 mm), then the length 𝐿 of the slit designed 

in such a way is given by the following formula: 

𝐿 = 2 (
5.95 mm

14 mm
)13.8 mm = 11.73 mm 

In the end, the dimensions of the designed single-slit are 0.1 mm by 11.73 mm by 0.5 mm. 

After the calculation of the optimal dimensions of the slit, it is possible to calculate the position of 

the four edges AS, BS, CS and DS of the slit, as the following: 
 

 AS = (XS + 𝑤/2; XS − 𝐿 2; 𝑑2)⁄  = Bottom-right vertex of the slit; 

 BS = (XS − 𝑤/2; XS − 𝐿 2; 𝑑2)⁄  = Bottom-left vertex of the slit; 

 CS = (XS − 𝑤/2; XS + 𝐿 2; 𝑑2)⁄  = Top-left vertex of the slit; 

 DS = (XS + 𝑤/2; XS + 𝐿 2; 𝑑2)⁄  = Top-right vertex of the slit; 
 

The knowledge of the edges of the slit allows to finalize the model of the aperture by calculating 

the projections 𝐴𝑖, 𝐵𝑖, 𝐶𝑖 and 𝐷𝑖 on the detector surface of each emission point 𝑋′𝑖. This can be 

performed by first calculating the parametric form of the equation of each projection line, as the 

line passing through the given emission point and the corresponding edge of the slit. Thus:  

𝑃𝐴(𝑡) = AS + 𝑡(X
′
i − AS) 

𝑃𝐵(𝑡) = BS + 𝑡(X
′
i − BS) 

𝑃𝐶(𝑡) = CS + 𝑡(X
′
i − CS) 

𝑃𝐷(𝑡) = DS + 𝑡(X
′
i − DS) 

Then, the projections 𝐴𝑖, 𝐵𝑖, 𝐶𝑖 and 𝐷𝑖  of each emission point on the detector surface can be cal-

culated as the intersections of each of this lines with the CCD camera plane, that is the xy-plane 

(i.e. z = 0). Thus, by equaling the z-component of any of the previous parametric equations: 
 

𝑧 = 𝑑2 + 𝑡(𝑑1 + 𝑑2 − 𝑑2) = 𝑑2 + 𝑡 ⋅ 𝑑1 = 0 
 

From that, the parameter 𝑡 that gives the projection points results as equal to:  

𝑡 = −
𝑑2
𝑑1

 

Finally, the projection points Ai, Bi, Ci and Di on the detector surface are then equal to:  

4) 
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 Ai = AS − (
𝑑2

𝑑1
⁄ ) (X′i − AS) 

 Bi = BS − (
𝑑2

𝑑1
⁄ ) (X′i − BS) 

In addition, the projection 𝑋𝑖 of each emission point through the center of the slit 𝑋𝑆 can be calcu-

lated in the same way as the following: 

Xi = XS − (
𝑑2

𝑑1
⁄ ) (X′i − XS) 

The just-described model for the design of the single-slit aperture and the calculations of the pro-

jections from the object LOI through the slit has been implemented in a MATLAB code, in order 

to validate the previous mathematical framework and to obtain a 3D visualization of the entire 

geometry. The results from such code are reported in Figure 2.20.  

(9) 
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 Ci = CS − (
𝑑2

𝑑1
⁄ ) (X′i − CS) 

 Di = DS − (
𝑑2

𝑑1
⁄ ) (X′i − DS) 

 

Figure 2.20: 3D visualization and validation of the mathematical and geometric model for the single-slit aperture 

system. The isometric view (top) and the xz-plane perspective (bottom) are coherent with the proposed geometry 

and thus verify the correctness of the abovementioned model. 
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As it can be seen from such figure, the 3D visualization of the aperture system is coherent with the 

expected geometry, thus it can be assumed that the mathematical structure of the model is correct 

and it can be considered validated. The figure also clearly shows the area covered by all the pro-

jections of the object LOI, passing through the slit, on the CCD camera sensor. As expected, the 

area is completely contained on the sensor, in order to maximize the detection efficiency. 

A geometric sensitivity study of the calculated design of the single-slit aperture has also been 

performed, in order to evaluate the profile of the geometric efficiency of the proposed collimator.  

The geometric sensitivity 𝜖𝑖 for each emission point X′i through the slit is defined as the total solid 

angle Ω𝑖 between such points and the slit aperture normalized by 4π, thus:  

𝜖𝑖 =
Ω𝑖 

4𝜋
 

The variation of the values of the geometric sensitivity 𝜖𝑖 along the FOV would give the geometric 

sensitivity profile of the aperture. Moreover, the mean value 𝜖 ̅of such profile can be evaluated as 

the average geometric sensitivity over the total number of emission points 𝑁. Thus, it is given by: 

𝜖̅ =
1

𝑁
∑𝜖𝑖

𝑁

𝑖=1

=
1

𝑁
∑

Ω𝑖 

4𝜋

𝑁

𝑖=1

 

The solid angle Ω𝑖 between a given emission point 𝑋′𝑖 and the slit aperture ASBSCSDS can be 

obtained as the sum of two solid angles Ω𝑖1 and Ω𝑖2, each one defined between the emission point 

and one of the triangles composing the halves of the rectangular slit (divided across one of its 

diagonals). Such triangles are, for example, ΔASBSCS and ΔCSDSAS. To calculate such solid an-

gles, the Van Oosterom and Strackee formula [N] is applied, stating that:  

 

Ω = 2 tan−1 [
�⃗⃗�1 ∙ (�⃗⃗�2 × �⃗⃗�3)

𝑅1𝑅2𝑅3 + (�⃗⃗�1 ∙ �⃗⃗�2)𝑅3 + (�⃗⃗�1 ∙ �⃗⃗�3)𝑅2 + (�⃗⃗�2 ∙× �⃗⃗�3)𝑅1
] 

 

Ω is the solid angle to be calculated, while �⃗⃗�1, �⃗⃗�2 

and �⃗⃗�3 are the vectors connecting the emission 

point and each vertex of the given triangle, respec-

tively, as it is illustrated in a scheme in Figure 2.21 

[59]. For the first triangle ΔASBSCS in the current 

slit geometry, the three vectors are the following: 

 �⃗⃗�1 = 𝐴𝑆⃗⃗⃗⃗⃗ − 𝑋′𝑖⃗⃗ ⃗⃗ ⃗⃗  

 �⃗⃗�2 = 𝐵𝑆⃗⃗⃗⃗⃗ − 𝑋′𝑖⃗⃗ ⃗⃗ ⃗⃗  

 �⃗⃗�3 = 𝐶𝑆⃗⃗⃗⃗⃗ − 𝑋′𝑖⃗⃗ ⃗⃗ ⃗⃗  

Figure 2.21: Diagram illustrating the Van Oosterom 

and Strackee formula and the parameters involved 

in the calculation of the solid angle [59]. 

(11) 
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On the other hand, for the second triangle ΔCSDSAS, the three vectors are the following:  

 �⃗⃗�1 = CS⃗⃗⃗⃗⃗ − X′i⃗⃗⃗⃗⃗⃗  

 �⃗⃗�2 = DS⃗⃗ ⃗⃗⃗ − X′i⃗⃗⃗⃗⃗⃗  

 �⃗⃗�3 = AS⃗⃗ ⃗⃗⃗ − X′i⃗⃗⃗⃗⃗⃗  

From that, it is then possible to calculate the solid angle Ω𝑖 = Ω𝑖1+Ω𝑖2 of each point X′i. 

The resulting geometric sensitivity profile along the FOV for the designed aperture system is re-

ported in Figure 2.22, together with its mean value. 

As expected, the geometric sensitivity profile of the single-slit aperture is symmetric respect with 

the midpoint of the FOV and it resembles a parabola, with a maximum in the middle of the object 

LOI. Such result is expected, because the distance between each emission point X′i and the slit 

plane increases for points further and further away from the midpoint of the FOV, which is aligned 

with the center of the slit; thus, as the distance gets larger, the solid angle becomes smaller. 

The mean value 𝜖 ̅of the geometric sensitivity profile calculated in such way, for an arbitrary large 

number of emission points 𝑁 = 10,000, results equal to: 

𝜖̅ = 1.2075 ⋅ 10−3 

The maximum value 𝜖max of the geometric sensitivity profile, corresponding to the peak of the 

trend, is also calculated and it is the following: 

𝜖max = 1.3879 ⋅ 10
−3 

A tradeoff is established between spatial resolution and geometric sensitivity, for such configura- 

Figure 2.22: Geometric sensitivity profile of the single-slit aperture along the entire FOV (=1 cm). The 

red curve is the actual profile, while the blue curve is its mean value. 

(15) 
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tion, because in order to increase the latter, the width of the slit would have to be enlarged, as one 

of the way to enhance the number of photons passing through the collimator. Another solution to 

improve the geometric sensitivity profile and flatten its mean value would involve increasing the 

number of slits (from single-slit to multiple-slits aperture). However, in such case, the aperture 

must be designed as to prevent overlapping (also known as multiplexing) of the projections on the 

detector area. 
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3. Data processing and analysis of XF and XL signal for 

quantification and imaging 

 

After the design and the physical construction of the XFCT/XLCT system (as described in the 

previous Chapter), an efficient and reliable set of data processing and analysis methods and algo-

rithms has been conceived and developed. Such apparatus is necessary and fundamental to start 

imaging studies and experimental investigations, being a complementary part of the data acquisi-

tion process. In particular, a methodology for the processing and the quantification of the signal 

from x-ray luminescence, acquired with the EMCCD plus DM tube, has been implemented, using 

a previous data analysis and noise correction code (primary used for different applications regard-

ing gamma ray detection). Moreover, a model and mathematical framework for the geometric cal-

ibration of the XFCT part of the system has been created and computationally verified.  

Finally, the XFCT/XLCT system has been designed to be used with specific XFET geometries 

[11], whose basis and rationale have been explained in Chapter 1. In particular, two different im-

aging configurations have been realized in the setup and they will be explained in the following 

paragraphs. In addition to the improvements in the image acquisition procedure and in the perfor-

mances of the system, such geometries are specifically useful because they allow volumetric image 

reconstruction without the need for complex and computationally dispendious algorithms, such as 

the Maximum Likelihood Estimation (MLE) or the Maximum A Posteriori (MAP) algorithm. The 

way to perform such quicker reconstruction for XF and XL imaging will be reported, as well. 

 

3.1 Geometric calibration of the XFCT system for imaging 

Although XFET geometries permit XFCT tomographic image formation without the use of recon-

struction algorithms, the development and creation of a geometric calibration model and procedure 

for XFCT imaging has been carried out. Such calibration is meant to be used in the future for 

different data acquisition configurations (rather than XFET), which may require a more accurate 

and more detailed knowledge of the exact geometry of the XFCT part of the system. A similar 

calibration for the XLCT part of the system based on the same procedure may be also developed, 

but first it would require the implementation of precise models for light propagations, which goes 

beyond the primary purposes and goals of this thesis project. 

The XFCT geometric calibration model here proposed is based on the geometry and the modeling 

framework that has been described in Chapter 2, although with few important differences. Such 

changes in the model were required in order to obtain the initial known data of the XFCT geometry. 

The detailed scheme of the XFCT system geometry based on the previous modeling, to which the 
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geometric calibration procedure is referred, can be seen in Figure 3.1. 

The main purpose of the geometric calibration of the XFCT is to correlate all the parameters that 

determine the geometry of the setup (reported in the previous figure) and to estimate their numer-

ical values, which cannot be possibly known a priori from physical measurements. The knowledge 

of all these geometric parameters permits the complete characterization of the XFCT configura-

tion. The estimation of the unknown parameters can be performed using the experimental meas-

urement of x-ray fluorescence projections on the CCD camera in a particular configuration, estab-

lished in the geometric calibration procedure. All the unknown parameters can be directly related 

to each other and to such measured projections by calculating a specific function, usually called 

forward projector ℱ. This particular function analytically computes the values of any XF projec-

tion in the geometric calibration procedure, given arbitrary values of the initial parameters. From 

that, a minimization problem (using a MLEM algorithm, for example) can be used as an inverse 

process on the forward projector, as to estimate the parameters of the geometry from measured 

input values of the XF projections.  

The experimental procedure used to obtain and measure this input XF projections (as schematized 

in Figure 3.1) involves the excitation, with a pencil beam of x-rays, of a copper plate mounted on 

the sample support assembly. The x-ray fluorescence photons produced by the stimulation of a 

certain voxel of the copper plate will project on the CCD camera sensor, after being collimated by 

a pinhole located in front of the detector. By translating the copper plate with constant distance 

steps along the x-ray beam, several distinct and spaced circular projections can be measured on 

the CCD camera, in a number large enough (here 16 projections are taken) for the convergence of 

Figure 3.1: Scheme of the geometric calibration model and procedure for the XFCT system, complete 

with all the parameters involved in the calculations. 
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the minimization problem (using the forward projector) and the final estimation of all the param-

eters of the geometry. 

Firstly, the definition and the description of all these main parameters of the geometric calibration 

(as labelled in the figure) are reported in the following list: 

 𝓞(𝑥, 𝑦, 𝑧) is the origin of the right hand global system of coordinates on the CT detector, 

located on the top right corner of the top right pixel of its sensor, viewed from the x-ray 

source; 

 𝓞′(𝑥′, 𝑦′, 𝑧′) is the origin of the right-hand local system of coordinates of the CCD camera, 

located on the top right corner of the top right pixel of the CCD camera sensor, viewed 

from the sample location (the copper plate in this case); 

 (x1, y1, z1) are the coordinates of the origin 𝓞′ of the local system of coordinates of the 

CCD camera referred to the global system of coordinates. Such coordinates correspond to 

the components of the displacement vector between the two reference frames; 

 (𝛼, 𝛽, 𝛾) are the Euler angles of the system of coordinates of the CCD camera with respect 

to the global system of coordinates on the CT detector; 

→ 𝛼 is the rotation angle around the z-axis, also called precession angle; 

→ 𝛽 is the rotation angle around the new x-axis, also called nutation angle; 

→ 𝛾 is the rotation angle around the z'-axis, also called spin angle; 

 (xs, ys, zs) is the position of the source point of the central x-ray beam emitted by the x-ray 

source, in the global system of coordinates; 

 (xsp, ysp, zsp) is the position of the center of the orthogonal projection of the central x-ray 

beam on the CT detector plane, in the global system of coordinates; 

 (xp, yp, zp) is the position of the center of the measurable projection of the central x-ray 

beam on the CT detector plane, in the global system of coordinates; 

 (xph, yph, zph) is the position of the center of the circular pin-hole collimator used in front 

of the CCD camera, in the global system of coordinates; 

 (xp1, yp1, zp1), (xp2, yp2, zp2),… (xp16, yp16, zp16) are the positions of the centers of the 

sixteen projections of the x-ray beam on the copper plate, for each shifting of such plate by 

a given distance 𝑑, in the global system of coordinates. Such positions also coincide with 

the emission points of the x-ray fluorescence projection lines towards the CCD camera; 

 (x′pp1, y′pp1, z′pp1), (x′pp2, y′pp2, z′pp2), … (x′pp16, y′pp16, z′pp16) are the positions of the 

centers of the sixteen projections of the emission XF beams on the CCD sensor, after in-

teraction with the copper plate and for each shifting of it by a given distance 𝑑, referred to 

the local system of coordinates of the CCD camera detector; 



60 
 

 ∆1 is the initial distance, along the central x-ray beam line, of the first emission point  

(𝑥p1, 𝑦p1, 𝑧p1) on the copper plate from the measured projection (xp, yp, zp) of the central 

x-ray beam on the CT detector plane; 

 d is the constant distance along the x-ray central beam line by which the copper plate is 

shifted, for each consecutive measurement of the projections, starting from ∆1 + 𝑑 and so 

on, until the last emission point (xp16, yp16, zp16); 

It is important to state that such model needs a preexisting geometric calibration of the CT detector 

used in the setup, i.e. the Zyla sCMOS camera in the current case (anyway, the flat panel may also 

be used). This is fundamental because the CT geometric calibration will provide the piece of in-

formation about the starting known parameters, on which the entre geometric calibration is built 

on. Such starting parameters are the position of the source (xs, ys, zs) of the central beam of x-rays 

and the position of its two projections: the one perpendicular to the CT detector plane 

(xsp, ysp, zsp) and the physical and measurable projection on the same plane (xp, yp, zp). For such 

reason, as it can be seen in scheme of the model, the global system of coordinates that has been 

used is the reference frame of the upper level of the XFCT/XLCT system, which is the one refereed 

to the CT detector (differently from the model described in Paragraph 2.2). 

At this point, it is possible to calculate systematically the form of the forward projector, by setting 

up its constituent equations. Firstly, it can be noticed that the position of the orthogonal projection 

(xsp, ysp, zsp)  of the central beam, which is known from CT calibration, is a point belonging to 

the CT detector plane, i.e. the xy-plane of the global system of coordinates. Then, it is possible to 

conclude that zsp = 0. Therefore:  

(xsp, ysp, zsp) ≡ (xsp, ysp, 0) ≡ (xsp, ysp) 
 

Moreover, the position of the source point (xs, ys, zs) of the central beam, known again from the 

CT geometric, shares the same x and y coordinates of its orthogonal projection (xsp, ysp, zsp) on 

the CT detector surface and has a z-coordinate that is equal to the distance between the central 

beam source position and the CT detector plane. This is due to the orthogonality of the central 

beam projection resulting in the point (xsp, ysp, zsp). Therefore xs = xsp and ys = ysp. 

Similarly as before, also the position (𝑥p, 𝑦p, 𝑧p)of the measured projection of the central beam on 

the same CT detector plane, known again due to the direct measurement on the CT detection sys-

tem, belong to the CT detector plane  (i.e. the xy-plane of the global panel system of coordinates). 

Thus, it is possible to conclude, as well, that: 

(𝑥p, 𝑦p, 𝑧p) ≡ (𝑥p, 𝑦p, 0) ≡ (𝑥p, 𝑦p) 
 

From these revelations, the length 𝐿 of the central x-ray beam from the source point position to the  

(16) 
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CT detector plane can be calculated, by firstly deriving the distance between the two previously 

discussed projections, (xsp, ysp) and (xp, yp), respectively:  

𝑝 = √(xsp − xp)
2
+ (ysp − yp)

2 

Afterwards, by applying the Pythagoras’s theorem on the right triangle that is formed by the 

points (xs, ys, zs), (xp, yp) and (xsp, ysp), the length 𝐿 is given by the following:  

𝐿 = √𝑝2 + zs2 = √(xsp − xp)
2
+ (ysp − yp)

2
+ zs2 

Going further, the Cartesian equation that describes the central beam line in the 3D space can be 

written from two points belonging to it, which in this case are the position of the source point of 

the central beam (xs, ys, zs) and the position of the its measured projections (xp, yp) on the CT 

detector. Therefore, such equation can be written as:  

x − xp

xs − xp
=
y − yp

ys − yp
=
z

zs
 

The parametric form of the previous is following (for the parameter 𝑡):  

(
x
y
z
) = (

xp
yp
0
) + 𝑡 (

xs − xp
ys − yp
zs

) 

Now, it is evident that all the emission points (xp1, yp1, zp1), (xp2, yp2, zp2), … (xp16, yp16, zp16), 

which give the positions of the consecutive x-ray projections on the copper plate (shifting it by a 

distance 𝑑 at each measurement), belong to the central x-ray beam line, whose equation has just 

been defined. Therefore, each one of these points (xpi, ypi, zpi), for 𝑖 =1, …16, satisfies the fol-

lowing identities, obtained by substituting such points in the equation of the central beam line:                           

                                                       (

xpi
ypi
zpi
) = (

xp
yp
0
) + 𝑡 (

xs − xp
ys − yp
zs

)                  for 𝑖 =1, …16 

By converting the parametric equation into its Cartesian form, then:                                                                          
xpi − xp

xs − xp
=
ypi − yp

ys − yp
=
zpi

zs
 

From such identities, sixteen algebraic systems of three equations in the three unknowns coordi-

nates (𝑥pi, 𝑦pi, 𝑧pi) can be written as following: 

{
  
 

  
 
xpi − xp

xs − xp
=
ypi − yp

ys − yp
xpi − xp

xs − xp
=
zpi

zs
ypi − yp

ys − yp
=
zpi

zs

 

for 𝑖 =1, …16 

for 𝑖 =1, …16 

(18) 
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Nevertheless, all the three equations of each one of these algebraic systems are linearly dependent 

by twos. Thus, an additional condition (for each system 𝑖) is necessary to resolve the abovemen-

tioned systems. Such condition can be determined by the formula of all the sixteen distances ∆𝑖, 

along the collimated beam line, of each one of the emission points (xpi, ypi, zpi) from the measured 

projection (xp, yp, zp) of the central x-ray beam on the CT detector plane. Such distances ∆𝑖 is 

easy to calculate in the 3D space, as it can be seen clearly in the diagram in Figure 3.2.  

Therefore, all these distances ∆𝑖, along the collimated beam line, of each one of the emission points 

(xpi, ypi, zpi) from the measured projection (xp, yp, zp) of the central x-ray beam on the CT detec-

tor plane, in the 3D space, are given by the following sixteen equations:  

∆𝑖= √(xpi − xp)
2
+ (ypi − yp)

2
+(zpi)

2
 

From these sixteen equations, it is possible to rewrite each one of the previous algebraic systems 

by substituting one of its equations with the corresponding newly found condition, as: 

{
  
 

  
 

xpi − xp

xs − xp
=
ypi − yp

ys − yp
xpi − xp

xs − xp
=
zpi

zs

∆𝑖= √(xpi − xp)
2
+ (ypi − yp)

2
+(zpi)

2

 

Finally, it can be noticed that all the distances ∆𝑖are also related to each other, because the copper 

plate is shifted by a given distance 𝑑 for each measurement. Therefore: 

∆𝑖+1= ∆𝑖 − 𝑑 

Hence, it is possible to derive all these distances from just two parameters, i.e. the initial distance 

Figure 3.2: Illustration of the distances, along the central x-ray beam line, of each one the emission 

points (xpi, ypi, zpi) from the CT detector plane. The way to calculate them can also be inferred 

from the picture. 

for 𝑖 =1, …16 

for 𝑖 =1, …16 

for 𝑖 =1, …16 



63 
 

∆1 from the first emission point (𝑥p1, 𝑦p1, 𝑧p1) on the copper plate and the distance step 𝑑, by 

which the copper plate is shifted at each consecutive measurement. 

After the derivation of the set of mathematical equations that determine all the sixteen emission 

points (xp1, yp1, zp1), (xp2, yp2, zp2), … (xp16, yp16, zp16), it is now possible to calculate the equa-

tions of the sixteen XF projection lines from such points, through the collimation pinhole, onto the 

CT detector plane. Introducing the position of the center (xph, yph, zph) of the pinhole, referred to 

the global system of coordinates, the sixteen equations of the XF projection lines, in Cartesian 

form, are given by the following equations, for 𝑖 =1, …16: 

x − xpi

xph − xpi
=

y − ypi

yph − ypi
=

z − zpi

zph − zpi
 

The parametric form of the previous equations is the following (again for the parameter 𝑡): 

(
x
y
z
) = (

xpi
ypi
zpi
) + 𝑡 (

xph − xpi
yph − ypi
zph − zpi

) 

The equations of the projection lines are fundamental in order to calculate the sixteen centers of 

the projection points (xpp1, ypp1, zpp1), (xpp2, ypp2, zpp2), … (xpp16, ypp16, zpp16) of the emitted 

XF beams on the CCD sensor plane. It must be stated that the previous notation means that the 

abovementioned coordinates pf the projection points are referred to the global system of coordi-

nates (no prime symbol is used). Such points can be derived as the result of the intersections of the 

previously described projection lines with the x'y'-plane of the local system of coordinates of the 

CCD camera. Such plane is described in the CCD reference frame by the following equation: 

𝑥′𝑦′:         𝑧′ = 0 

Being such equation of the x'y'-plane referred to the local system of coordinates of the CCD de-

tector and not to the global one, a transformation of coordinates from a reference frame to the other 

is required, in order to calculate the intersection points. Therefore, being (x1, y1, z1) the coordi-

nates, referred to the global system of coordinates, of the origin 𝓞′(𝑥′, 𝑦′, 𝑧′) of the local system 

of coordinates of the CCD camera (i.e. the displacement vector between the two reference frames), 

the transformation of coordinates between the two systems can be written as:  

[
𝑥′
𝑦′

𝑧′

] = 𝑅 [
𝑥
𝑦
𝑧
] − [

x1
y1
z1
] 

where: 

 [
𝑥
𝑦
𝑧
] is the position of a given point in the global system of coordinates; 

 𝑅 = 𝑅(𝛼, 𝛽, 𝛾) is the Eulerian rotational matrix of the transformation between the two co-

ordinate systems; 

for 𝑖 =1, …16 

for 𝑖 =1, …16 

(22) 
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 (𝛼, 𝛽, 𝛾) are the Euler angles between the two reference frames (as previously defined); 

 [
𝑥′
𝑦′

𝑧′

] is the  position of a given point in the local system of coordinates of the CCD camera; 

 [

x1
y1
z1
] is the displacement vector of the origin of the local system of coordinates of the CCD 

camera, with respect to the global system of coordinates. 

The rotational matrix 𝑅 can be calculated as the composition of three rotations about the 𝑧 axis 

first, of an angle 𝛼, then about the new 𝑥 of an angle 𝛽, and finally of an angle 𝛾 about the 𝑧′ axis:  

𝑅 = 𝑅(𝛼, 𝛽, 𝛾) = 𝑅1(𝛼)𝑅2(𝛽)𝑅3(𝛾) 

All these rotations and the corresponding Euler angles are shown schematically in Figure 3.3. 

The rotation 𝑅1(𝛼) around the z-axis of the global system of coordinates is defined as: 

𝑅1(𝛼) = [−
cos 𝛼 sin 𝛼 0
sin 𝛼 cos 𝛼 0
0 0 1

] 

The rotation 𝑅2(𝛽) around the new x-axis after the 

previous transformation is defined as: 

𝑅2(𝛽) = [

1 0 0
0 cos 𝛽 sin 𝛽
0 −sin 𝛽 cos 𝛽

] 

The rotation 𝑅3(𝛾) around the z'-axis of the local 

system of coordinates of the CCD camera is defined 

as: 

 𝑅3(𝛾) = [
cos 𝛾 sin 𝛾 0
− sin 𝛾 cos 𝛾 0
0 0 1

] 

Therefore, the rotational matrix 𝑅 is calculated as the product of these three rotational matrices: 

𝑅 = 𝑅1(𝛼)𝑅2(𝛽)𝑅3(𝛾) = [
cos𝛼 sin𝛼 0
−sin𝛼 cos𝛼 0
0 0 1

] [

1 0 0
0 cos𝛽 sin𝛽
0 −sin𝛽 cos𝛽

] [−
cos 𝛾 sin𝛾 0
sin𝛾 cos 𝛾 0
0 0 1

]

= [−

cos𝛼 cos 𝛾 − sin𝛼 cos𝛽 sin 𝛾 cos𝛼 sin𝛾 + sin𝛼 cos𝛽 cos 𝛾 sin𝛼 sin𝛽
sin𝛼 cos 𝛾 − cos𝛼 cos𝛽 sin𝛾 −sin𝛼 sin 𝛾 + cos𝛼 cos𝛽 cos 𝛾 cos𝛼 sin𝛽

sin𝛽 sin 𝛾 − sin𝛽 cos𝛾 cos𝛽
] 

From the definition of the rotational matrix 𝑅 and of the displacement vector given by(x1, y1, z1), 

it is now possible to transform the equation of the x'y'-plane referred to the local system coordinates 

of the CCD in its corresponding form in the global system of coordinates. By applying the above-

mentioned transformation of coordinates, then:  

[
𝑥′
𝑦′

𝑧′

] = 𝑅 [
𝑥
𝑦
𝑧
] − [

x1
y1
z1
] 

𝒛′ 

𝒙′ 

𝒚′ 

Figure 3.3: Depiction of the three rotations, 

about the Euler angles(𝛼, 𝛽, 𝛾), that com-

pose the transformation matrix 𝑅. 

(23) 
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Hence, for 𝑧′ = 0, i.e. the equation of the CCD camera plane, such transformation is reduced to:  

𝑧′ = (sin 𝛽 sin 𝛾)𝑥 − (sin 𝛽 cos 𝛾)𝑦 + (cos𝛽)𝑧 − z1 = 0 

In the end, it is found that the equation of the x'y'-plane of the CCD camera in the global system 

of coordinates is determined by the following equation:  

(sin𝛽 sin 𝛾)𝑥 − (sin 𝛽 cos 𝛾)𝑦 + (cos 𝛽)𝑧 − z1 = 0 

Therefore, the intersection points (xpp1, ypp1, zpp1), (xpp2, ypp2, zpp2), … (xpp16, ypp16, zpp16) of 

the sixteen projection lines with such plane can be calculated by substituting the three components 

of the parametric equations of each of these projection lines (calculated previously), for 𝑖 =1, …16:  

(sin𝛽 sin 𝛾)[xpi + 𝑡(xph − xpi)] − (sin 𝛽 cos 𝛾)[ypi + 𝑡(yph − ypi)]

+ (cos𝛽)[zpi + 𝑡(zph − zpi)] − z1 = 0 

From these identities the values of the parameter 𝑡 corresponding to the sixteen intersection points 

can be derived as given in the following formulas, for 𝑖 =1, …16:   

𝑡 = −
(sin 𝛽 sin 𝛾)xpi − (sin 𝛽 cos 𝛾)xpi + (cos 𝛽)zpi − z1

(sin 𝛽 sin 𝛾)(xph − xpi) − (sin 𝛽 cos 𝛾)(yph − ypi) + (cos 𝛽)(zph − zpi)
 

Finally, the substitution of such values of the parameter 𝑡 in the sixteen equations of the projection 

line, previously determined, provides the sixteen sets of three equations each that derive the posi-

tions of the sixteen projection points (xpp1, ypp1, zpp1), (xpp2, ypp2, zpp2), … (xpp16, ypp16, zpp16). 

These sets of equations are the following, for 𝑖 =1, …16:   

 

(

xppi
yppi
zppi

) = (

xpi
ypi
zpi
) −

(sin 𝛽 sin 𝛾)xpi − (sin 𝛽 cos 𝛾)xpi + (cos 𝛽)zpi − z1

(sin 𝛽 sin 𝛾)(xph − xpi) − (sin 𝛽 cos 𝛾)(yph − ypi) + (cos 𝛽)(zph − zpi)
(

xph − xpi
yph − ypi
zph − zpi

) 

 

At this point, from the positions of such points (xppi, yppi, zppi) calculated in the global system of 

coordinates, it is possible then to derive the positions (x′ppi, y′ppi, z′ppi) of the same projections 

points referred to the local system of coordinates of the CCD camera. This can be done by simply 

using again the transformation of coordinates that has been previously determined. Moreover, con-

sidering that all these points belong to the x'y'-plane of the CCD camera reference frame (i.e. 𝑧′ =

0), then:  

(x′ppi, y′ppi, z′ppi) ≡ (x′ppi, y′ppi, 0) ≡ (x′ppi, y′ppi) 
 

Therefore, by applying the abovementioned transformation, it follows that: 

[

x′ppi

y′
ppi

0

] = 𝑅 [

xppi
y
ppi

zppi

] − [

x1
y1
z1
] 

In conclusion to the entire mathematical procedure here exposed, the forward projector ℱ can be 

ultimately obtained by substituting the calculated form of the rotational matrix 𝑅 and of the proje-

for 𝑖 =1, …16 

for 𝑖 =1, …16 

(25) 
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ction points (xppi, yppi, zppi) referred to the global system of coordinates (as previously calcu-

lated). Therefore, it results, for 𝑖 =1, …16:  

[

x′ppi
y′ppi
0

] = [−

cos𝛼 cos 𝛾 − sin 𝛼 cos𝛽 sin 𝛾 cos 𝛼 sin 𝛾 + sin 𝛼 cos 𝛽 cos 𝛾 sin 𝛼 sin 𝛽
sin 𝛼 cos 𝛾 − cos 𝛼 cos 𝛽 sin 𝛾 − sin 𝛼 sin 𝛾 + cos 𝛼 cos 𝛽 cos 𝛾 cos 𝛼 sin 𝛽

sin 𝛽 sin 𝛾 − sin 𝛽 cos 𝛾 cos 𝛽
] [(

xpi
ypi
zpi
)

−
(sin 𝛽 sin 𝛾)xpi − (sin 𝛽 cos 𝛾)xpi + (cos𝛽)zpi − z1

(sin 𝛽 sin 𝛾)(xph − xpi) − (sin 𝛽 cos 𝛾)(yph − ypi) + (cos𝛽)(zph − zpi)
(

xph − xpi
yph − ypi
zph − zpi

)] − [

x1
y1
z1
] 

This full set of sixteen triplets of equations giving the projection points (xppi, yppi, zppi), together 

with the previous sixteen algebraic systems in three unknowns used to determine the emission 

points (xpi, ypi, zpi), for 𝑖 =1, …16, constitutes the forward projector ℱ, in the form:  

ℱ

(

 
 
 

xpi, ypi, zpi
𝛼, 𝛽, 𝛾
𝑑
∆1

x1, y1, z1
xph, yph, zph)

 
 
 
= (x′ppi, y′ppi, z′ppi) 

The mathematical model for the forward projector ℱ, which has just been described, is also im-

plemented in a MATLAB code, in order to produce a 3D visualization of the geometric calibration 

procedure. This can be used to verify and validate the correctness of the current model, assessing 

its coherence with the simulated geometry. To do that, a set of arbitrary parameters, which have 

been chosen to be conform to the real experimental geometry and to be representative of the current 

setup as close as possible, was used in the MATLAB code. Such input arbitrary values of those 

parameters that have been described and used for the model are reported in Table 3.1.  

Parameter: Arbitrary value in the code: 

(xs, ys, zs) (60, 63, 860) mm 

(xp, yp, z𝑝) (65, 61.5, 0) mm 

(x1, y1, z1) (-100, 25, 100) mm 

(𝛼, 𝛽, 𝛾) (-π/2, -π/2, π/2) rad 

(xph, yph, zph) (-60, 62, 460) mm 

∆1 700 mm 

𝑑 40 mm 

The results of the code are thus reported in Figure 3.4. As it can be seen, the 3D visualization of 

the application of the forward projector ℱ is coherent with the expected geometry (it must be noted 

that the axis are not using the same scale). All the XF emission points are aligned along the central 

for 𝑖 =1, …16 

Table 3.1: Arbitrary input parameters for the validation of the geometric calibration model 

with MATLAB code. 
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x-ray beam line, while the XF projection points are all spaced and belongs to the CCD detector 

plane. The calculated transformation of coordinates using the rotational matrix 𝑅 also performs 

the predicted change of reference frames. 

As mentioned previously, the verified forward projector ℱ can be minimized through an optimi-

zation algorithm, in order to calculate the values of the unknown parameters composing it. The 

optimization process can be performed through an algorithm (such as fmincon in MATLAB, using 

MLE), so that the difference between the measured projection points (x′ppi, y′ppi, z′ppi)measured
 and 

Figure 3.4: Results of the implementation on MATLAB code of the geometric calibration model for 

the XFCT setup. Two isometric views are shown, depicting also the planes of the sensors of the two 

detectors (CT on the left and CCD on the right). 
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those expected from the application of the forward projector ℱ, called (x′ppi, y′ppi, z′ppi)ℱ
, using 

the optimized parameters as inputs, is smaller or equal than a certain tolerance 𝜀. Therefore: 

(

 
 
 

xpi, ypi, zpi
𝛼, 𝛽, 𝛾
𝑑
∆1

x1, y1, z1
xph, yph, zph)

 
 
 
= argmini=1…16(ℱ) such that [(x′ppi, y′ppi, z′ppi)ℱ

− (x′ppi , y′ppi , z′ppi)measured
] ≤ |𝜀| 

 

3.2 Methodology for processing and analysis of XL data 

A methodology and analysis procedure for the processing of the x-ray luminescence data acquired 

with the EMCCD plus DM tube of the XFCT/XLCT system has been developed and implemented 

in a suite of codes, written in C language and MATLAB. Such methodology is necessary for the 

correction of the raw data frames (composed by 512 by 512 pixels) taken with the EMCCD as-

sembly during experiments, either for imaging or just for quantification of the final net XL signal.  

The data processing procedure was based on a preexisting code, written in C by L.J. Meng [52] 

[54], for gamma ray detection and imaging application of the EMCCD camera with the DM tube. 

In such applications, the input window of the demagnifier was coupled with a scintillator for ion-

izing radiation detection and successive conversion of the signal in visible light. However, in this 

case, the contribution of background radiation (coming mainly from ambient radioactivity and 

cosmic radiation) to the overall signal is generally minimal, compared to the contamination to the 

XL signal generated by ambient light and undesired sources of optical radiation in the range of 

wavelength allowed by the EMCCD camera. Furthermore, such background signal is usually not 

stationary and can change over time, as well as the pedestal noise contribution, due generally to 

electronic noise, dark currents in the detector and counting statistics. At the same time, even the 

signal detected by each pixel, measured in analog-to-digital units (ADU), is also variable, due to 

the unpredictable probability for an optical photon to reach a given pixel in a given frame at a 

specific time interval, and also due to the time and space variation of the pedestal noise contribu-

tion from pixel to pixel. All these aspects, in general, lead to a configuration where basically each 

pixel could behave independently and in a unique way respect with the others, as if it were a single 

detector itself. Therefore, a constant tracking of the variation of the signal, and of the pedestal 

noise as well, in each pixel, from frame to frame over the entire acquisition time, is necessary, in 

order to perform a correct pedestal noise identification and correction from the detected XL signal.  

The tracking of the background and of the pedestal noise is performed during experimental meas-

urements with the EMCCD by simply acquiring alternated sets of frames with x-ray excitation (X-

ray ON) and sets with no x-ray excitation (x-ray OFF). Analyzing each sets of frames in both the 

configurations permits a constant updating of the pedestal noise correction (every given number 
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of frames) per pixel. Moreover, successive corrections can be made by updating multiple times 

within nested loops (first order correction, second order correction and so on). 

The XL data processing procedure here proposed has three main tasks concerning the correction 

of the acquired x-ray luminescence frames, which are illustrated in the following list: 

1) Pedestal noise calculation, with first and second order correction due to tracking and up-

dating of the processed frames over time, and subtraction of it from the raw XL data frame; 

2) Identification and elimination from the frames of those pixels, commonly known as bad 

pixels, which behave abnormally in a very large number of frames. Such pixel may have 

either a very large signal (hot pixels) or negative/null signal (dead pixels) constantly for a 

consistent number of frames in the whole measurement. 

3) Identification and elimination of pixel clusters that have been saturated (the saturation 

value for the EMCCD is 214 ADUs = 16,384 ADUs) due to sudden electric discharge of 

the cathode of the DM tube. Such clusters are visible in the raw XL data frames as relatively 

wide and unusual bright spots.  

A typical raw XL data frame acquired for 0.5 seconds and its pixel map distribution are shown in 

Figure 3.5. Such frame has been taken during the XL signal quantification experiment described 

in the next Chapter, with LaF3:Tb nanoparticles using the polychromatic source at 50 kVp of tube 

voltage and 1 mA of current for the x-ray excitation. 

It can be seen both in the raw frame and in the pixel distribution that a cluster of saturated pixels 

is present. Moreover, the contribution of the pedestal noise is also visible in the pixel distribution, 

shifting the baseline of the 1D map from zero to around 450 ADUs. It must also be noted that the 

raw data frame includes both the XL signal coming from the nanoparticles and the background 

signal coming from elsewhere in the setup.  

The XL data processing for the correction of the above-described exemplary raw frame (and that 

can be extend to all the acquired frames) is composed of several steps, which are described and di- 

Figure 3.5: Raw XL data frame (512x512 pixels) acquired with the EMCCD plus DM 

tube (left) and its corresponding pixel distribution (right). 
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scussed in details as following: 

1) A preliminary calculation of the pedestal noise value for each pixel is performed, by ana-

lyzing a given number of sets of frames, depending on the number of frames for each set 

(usually 400-500 frames in total). The analyzed frames are only those that have been ac-

quired with no x-ray excitation (X-ray OFF), in order to have the minimum amount of 

signal coming from sources that are not noise. For each pixel of the EMCCD (from 1 to 

512x512), a histogram, with bin size equal to 4, of the ADU intensity distribution of the 

given pixel over all the consid-

ered frames is determined. The 

histogram shows the pedestal 

noise peak of each pixel, which is 

centered on the value of its signal 

baseline (at about 450 ADUs, as 

mentioned before, if the consid-

ered pixel is not a bad pixel). An 

example of such histogram is 

shown in Figure 3.6. The centroid 

value 𝑥0 of the pedestal noise 

peak in the frame distribution of 

each pixel is calculated. Then, again for each pixel, all the frames in which a given pixel 

has a ADU intensity ranging between the centroid value plus or minus a specific threshold 

𝑥∗ (usually 10 ADUs) is identified, as: 

𝑥0 − 𝑥
∗ ≤ pixel intensity in the frame ≤ 𝑥0 + 𝑥

∗ 

The ADU intensities of the given pixel in each of these identified frames are recorded and 

finally the pedestal noise value of each pixel is estimated by averaging all these ADU in-

tensities over all the frames identified in such way (sum of all the ADU intensities divide 

by the total number of identified frames). Such preliminary evaluation of the average ped-

estal noise contribution to each pixel returns a 1D pixel value map, as the exemplary one 

depicted in Figure 3.7. The baseline related to the pedestal noise level can be evidently 

seen. This represents the 1D form of the basic pedestal noise frame that is the starting point 

for the subsequent tracking and updating of the pedestal noise in the successive steps. Sim-

ultaneously to the preliminary pedestal noise calculation, the identification of the bad pix-

els is also performed. Such operation is simply done by considering as bad each pixel, in 

the resulting pedestal noise map, that has an intensity higher than a certain threshold. This 

threshold is usually set at 500 ADUs. This operation is also visible in the previous figure, 

Figure 3.6: Example of frame distribution histogram for 

an arbitrary pixel, for 300 X-ray OFF frames consid-

ered. The pedestal noise peak is clearly visible. 
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where the threshold is depicted as a dashed red line. Each pixel whose intensity is above 

that line is identified as a bad pixel.  

The bad pixels estimated in such way are recorder in a 2D map (512 by 512) that will be 

used in the next steps to perform the bad pixel correction of the noise-subtracted frame. 

2) At this point, the preliminary pedestal noise frame calculated in the previous step is sub-

tracted, pixel by pixel, by each raw data frame, either with x-ray ON or X-ray OFF, starting 

from the very first sets of frames acquired. During this operation the pedestal noise varia-

tion from frame to frame over time is tracked and two correction are performed in the 

meantime on it: a first order correction, where, every ten analyzed frames, if the subtracted 

ADU intensity of a given pixel, at the considered frame, is included in a range between 
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Figure 3.7: Preliminary pedestal noise level calculation for a number of frames equal to 300. The pedestal 

noise baseline is clearly visible (top). The same graph is also enlarged to depict the oscillation of the ped-

estal noise baseline, due to thresholding at 10 ADUs (bottom). The threshold for the identification of bad 

pixels is also reported as a dashed red line. 



72 
 

±𝑥∗ (i.e. the pedestal noise threshold used in the preliminary calculation, which is usually 

equal to 10 ADUs), such pixel is considered a true noise pixel in that particular frame and 

its original ADU intensity (before the correction) is recorded; then, a second order correc-

tion, where, every five frames after the first order correction, the pedestal noise level of 

each pixel is recalculated by summing all the ADU intensities of that given pixel recorded 

during the first order correction (when it was considered a true noise pixel) and by dividing 

such sum for the number of frames, until the considered one, in which such pixel was 

identified as a true noise pixel. After the processing of all the acquired frames and the 

application of the abovementioned corrections, the final pedestal noise frame is obtained. 

An example of this final pedestal noise frame is shown in Figure 3.8, considering the same 

initial raw data frame as in Figure 3.5. 

As it can be seen in the previous figure, the bad pixels are still clearly present in the 1D 

distribution, because their correction will be performed only in the next step. The final 

noise-subtracted frame is also calculated, as it can be seen in Figure 3.9 for the same arbi-

trary raw data frame that has been considered for the previous figures. 

The noise-subtracted pixel distribution demonstrates that the signal baseline has been shif- 
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Figure 3.8: Final pedestal noise XL data frame (512x512 pixels) (left) and its corresponding 

pixel distribution (right), after the whole pedestal noise correction procedure. 
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Figure 3.9: Final noise-subtracted XL data frame (512x512 pixels) (left) and its correspond-

ing pixel distribution (right), after the whole pedestal noise correction procedure. 
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ted back to zero, as a confirmation of the accuracy of the noise correction. However, some 

pixels clearly have a relatively consistent negative ADU intensity, even as larger as hun-

dreds of ADUs. Such pixel are those that have been identified as abnormal or bad pixels, 

so after the noise subtraction they need to be corrected in the next step of the processing 

procedure. Furthermore, it is evident, from both the 2D frame and its corresponding 1D 

pixel distribution, that the cluster of saturated pixels is still present. Such abnormality in 

the signal will also be eliminated in the successive step. 

3) Finally, the noise-subtracted frame is furtherly corrected by first applying the bad pixel 

map that has been calculated in step 1). Figure 3.10 illustrates such 2D map and the corre-

sponding 1D pixel distribution for the same arbitrary data as the previous figures.  

The ADU intensity of those pixels that have been identified previously as abnormal, and 

thus recorded in the bad pixel map, is set equal to zero, in order to eliminate them from all 

the final 2D frames. Afterwards, each noise-subtracted frame is ultimately corrected by 

identifying and eliminating the clusters of saturated pixels, which are generated by electric 

discharges of the cathode of the DM tube. It must be considered that the discharge of the 

DM tube generally creates a Gaussian distribution of pixels with abnormally high intensity. 

Such distribution is centered on one or to pixels that has reached an ADU intensity equal 

to the pixel saturation value of the EMCCD (i.e. 16,384 ADUs). The identification process 

of the saturated centroids of the abovementioned distribution is the first action performed 

in the final correction. Hence, each pixel in a given frame that has an ADU intensity in a 

range between a lower threshold value, usually 10,000 ADU and the pixel saturation value 

is considered. Its ADU intensity is then compared with that of those pixels in a 9x9 region 

surrounding the considered pixel. If no pixel in such region has a higher ADU intensity 

than the considered pixel, the such pixel is identified as the centroid of the saturation clus-

ter. Otherwise, a new search of the centroid in a surrounding 9x9 region is done in the same 

Pixel#

P
ix

e
l#

Abnormal pixels 2D map

Position#1 Frame#0

 

 

100 200 300 400 500

100

200

300

400

500

ADU

0

1000

2000

3000

4000

0 0.5 1 1.5 2 2.5

x 10
5

0

1000

2000

3000

4000

Abormal pixels 1D pixel distribution

Position#1 Frame#0

Pixel#

A
D

U

Figure 3.10: Abnormal pixel 2D map (512x512 pixels) (left) and its corresponding 1D pixel 

distribution (right). The bad pixels are those whose ADU intensities are different from zero. 
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way for the newfound pixel that has a higher ADU intensity than the considered one, until 

the centroid is univocally identified. Once that all the pixels in a given frame are analyzed 

and compared in such way and a certain number of saturated centroid pixels may be found, 

the ADU intensities of these centroid pixels and of all the pixels in a 9x9 region surround-

ing them are set equal to zero, in order to eliminate them from the final corrected frame.  

In conclusion, after the just-described data processing procedure is terminated, the final corrected 

2D frame is obtained. An example of such final frame and its corresponding 1D pixel map is 

depicted in Figure 3.11, again for the same initial raw data frame as previously shown in all the 

figures regarding the single correction steps. 

The final processed 2D frame clearly shows the pedestal noise correction, as mentioned and ex-

plained before, Moreover, it can be seen that the abnormal pixel contribution, which mainly gen-

erated relatively large negative ADU intensities for such pixel, has been eliminated. Similarly, the 

cluster of saturated pixels has been removed from the final XL data, as evident in both the 2D 

frame (the bright spot is not present anymore) and the 1D pixel distribution. These aspects are 

even more manifest if the previous figure is compared with the corresponding initial raw XL data, 

shown at the beginning in Figure 3.5.  

At this point, the final processed frames, obtained with the application of the methodology previ-

ously described, can be used as they are for XLCT imaging, by reconstructing them into a slice. 

Such procedure will be illustrated and explained in the next Paragraph. Otherwise, the final pro-

cessed frames can also be used to quantify the x-ray luminescence intensity over a certain time, by 

calculating the net ADU intensity rate of a given set of acquired frames. Such quantification will 

be performed in an experiment that is going to be described in the next Chapter.  

Anyway, the XL signal quantification can be easily obtained by first summing all the ADU inten-

sities of all the pixels in each frame. Afterwards, the average ADU intensity of a given XL meas-

urement can be calculated by averaging such summed total intensities of all the frames over the 
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Figure 3.11: Final processed XL data frame (512x512 pixels) (left) and its corresponding 

pixel distribution (right), after the whole XL signal processing methodology. 
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total number of frames. Finally, by subtracting the XL quantified signal with x-ray OFF from the 

same quantity with x-ray ON, and dividing the resulting overall ADU intensity for the total acqui-

sition time, the ultimate ADU intensity rate of a given XL measurement can be derived. The result 

of the abovementioned quantification operation is depicted in Figure 3.12, for 10 sets of 300 XL 

frames with x-ray ON and 10 sets of 300 XL frames with x-ray OFF. Each frame has been acquired 

for 0.5 seconds. Such result is again referred to a measurement explained in the next Chapter, 

regarding x-ray luminescence from LaF3:Tb nanoparticles excited with the polychromatic x-ray 

tube at 50 kVp of tube voltage and 1 mA of tube current. 

In the figure, it can be clearly seen that the time-variation of the total ADU intensity of each frame, 

for both the configurations with x-ray ON and with x-ray OFF (the former curve in red and the 

latter in blue), is relatively flat and stationary over time. It is also centered on its corresponding 

mean value over all the measurement time (horizontal lines in green and yellow, respectively), 

with no particularly relevant oscillations or identifiable periodic trends. Such behavior is a good 

index of the correctness of the XL data processing procedure and of the subsequent XL quantifi-

cation. It must also be noted that the XL signal with x-ray ON is consistently higher than that with 

x-ray OFF, as expected. The magenta horizontal line corresponds to the subtraction between the 

two mean values and thus represents the final quantification of the XL signal during a given ac-

quisition time span. Such final quantification value is the one that will be used for the forthcoming 

XL quantification experiments described in Chapter 4. 
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Figure 3.12: Graph showing the time-variation of the total processed XL signal of each frame, with x-

ray ON (in red) and x-ray OFF (in blue). Quantification of such signal is done by averaging over the 

total number of frames for both x-ray ON (in green) and x-ray OFF (yellow). The subtracted mean XL 

signal between the two configurations is also depicted in magenta. 
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3.3 Imaging geometries and reconstruction for combined XFCT and XLCT 

In Chapter 1, the concepts and ideas behind X-ray Fluorescence Emission Tomography (XFET) 

imaging geometries have been introduced. Such techniques, whose name recalls emission tomog-

raphy modalities that are typical of nuclear medicine (SPECT, in particular) are based on the pe-

culiar collimation of both the stimulating x-ray beam (before irradiating the object) and of the 

emitted x-ray fluorescence (before being detected by the camera). They have been applied to 

XFCT, in order to reduce the dimension of the source voxel from which the XF photons are emit-

ted, by decreasing both the field of view of the detector through the collimation and the volume of 

the excited region in the object. This without excessively compromising the sensitivity of the mo-

dality and greatly enhancing its spatial resolution performances. Moreover, as primary advantage, 

the amount of imaging information carried by each XF photon is maximized and then the total 

imaging acquisition time of an XFCT scan is significantly lowered. An important result, directly 

connected to the reduction of the imaging time, regards the substantial reduction in the ionizing 

radiation dose absorbed by the imaged target [11] [16] [60]. 

As mentioned, such XFET imaging geometries has been applied mainly to XFCT in the current 

state-of-the-art, by L. J. Meng et al [11] [16] [60]. However, they can be used with the same exact 

principle for XLCT, by simply collimating the x-ray luminescence signal before detection, as it is 

done for XFCT. Therefore, XFET (which can also be called XLET at this point) imaging geome-

tries are used in this project and implemented in the combined XFCT/XLCT system here described 

for all the imaging studies reported, as they will be described in the next Chapters. 

In particular, two different imaging geometries have been chosen for the XFCT/XLCT system. 

The first one involves the use of a very small pencil beam of x-rays, with size up to 300 µm, for 

the excitation and of a slit collimator, with maximum size similar to the stimulation beam, in order 

to collect the XF or XL signal before it reaches the CCD camera or the EMCCD plus DM tube 

assembly. The pencil beam is used to irradiate a volumetric line across the object and by scanning 

it line by line 3D image information can be collected for successive tomographic reconstruction. 

Such configuration is perfectly suited for the GeniX3D monochromatic source, as described in 

Chapter 2, but it can be also applied to the polychromatic x-ray tube, by simply using a small 

pinhole to collimate the cone beam. Moreover, the single-slit aperture, designed and explained in 

Paragraph 2.3, has been engineered exactly to be used for this imaging geometry and to fit with 

the dimensions and characteristics of the x-ray CCD used in the XFCT/XLCT system. In fact, as 

it will be seen in Chapter 4, this first imaging configuration will be used for an XF imaging study.  

The second XFET/XLET imaging geometry that has been implemented in the XFCT/XLCT sys-

tem consists of a thin sheet beam of x-rays, with thickness up to 200 µm, coupled with a pinhole 

collimator in front of the detector. This configuration has been used (see Chapter 4) for both XFCT 
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and XLCT imaging, by attaching a slit collimator in front of the polychromatic x-ray source and 

thus reduce the cone beam to a vertical plane of x-ray photons. Such sheet beam irradiates the 

object through a single vertical plane and then scan the target object, slice by slice, to collect the 

volumetric information. A single pinhole, with diameter ranging between 100 to 300 µm, has been 

mounted in front of both the x-ray CCD and the DM tube, according to the desired spatial resolu-

tion. Both the two above-described XFET/XLET imaging geometries used in the XFCT/XLCT 

system are schematized in Figure 3.13 [60], showing their respective process of image formation. 

It can be seen for the schematic representation of the image formation process for both the two 

geometries, that in the case of the pencil beam plus slit, the acquired image is collapsed along the 

column direction (vertically) in order to obtain a direct image of the illuminated line. While this 

approach involves more object motion, the sensitivity of the slit collimator is much larger than that 

of the pinhole, because of the greater area of collimation allowed. However, the sheet beam of x-

rays permits a quicker image acquisition procedure, due to the larger volume of object scanned per 

beam position. 

L. J. Meng et al has shown in an extensive Monte Carlo study [11] that both geometries potentially 

offer benefits over the current synchrotron-based line by-line approach. The pencil beam irradia-

tion coupled with the slit aperture could provide an improvement of about an order of magnitude 

to the imaging speed, without increasing radiation dose rate. Moreover, the use of slit-apertures 

also offers reasonable detection efficiency, even with very thin widths of the aperture. On the other 

hand, the combination of sheet illumination with pinhole collimators can lead to a much lower 

imaging time, for the reasons previously mentioned. This helps to counter the lower detection 

efficiency of the pinhole. However, the improvement in imaging speed is reached at the cost of a 

Figure 3.13: Diagram showing the two XFET/XLET imaging geometries implemented in the XFCT/XLCT 

system and used in the investigations and experimental studies. In the first, a sheet beam of x-rays irradiates 

a single plane the object and the resulting emission photons are transmitted through a pinhole (left). In the 

second, a pencil beam of x-rays illuminates a line across the object and the resulting emission radiation is 

collected through a slit aperture (right) [60]. 
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greater dose rate to the object. The first imaging geometry with the pencil beam and the slit colli-

mator results to be better suitable for high-resolution XFCT and XLCT studies. This is also be-

cause of the challenges related to the second imaging geometry with the sheet beam and the pin-

hole, due to difficulties and high cost in fabricating micrometer-scale collimators and their ex-

tremely low sensitivity. Experimental demonstration of these two novel geometries have also been 

carried out by G. Fu et al [60]. 

Finally, reconstruction of the signal collected from XFCT and XLCT with both this two 

XFET/XLET imaging geometries must be discussed and it is necessary in order to obtain a whole 

3D tomographic image with the XFCT/XLCT system here proposed. Hence, a very valuable char-

acteristic of these imaging configurations is represented by the simplicity and straightforwardness 

in 3D image reconstruction, with no need of complex and computationally expensive algorithms. 

In fact, in the case of the sheet beam of x-rays coupled with the pinhole, each projection on the 

detector that has been transmitted though the collimator is already corresponding to a vertical slice 

of the imaged object, with thickness equal to that of the excitation x-ray planar beam. Multiple and 

consecutive frames during a given acquisition time, per beam position, can be acquired and then 

summed, pixel by pixel, to obtain the final slice. After scanning plane by plane the object through 

its entire transversal size, the final 3D image can be built by simply stacking each slice along the 

scanning direction. A scheme of this procedure is shown in Figure 3.14. 

The 3D image reconstruction for the data acquired with the pencil beam plus slit aperture config-

uration is just a bit more complex and time-consuming than that just described, but it does not 

require any particular computational effort. Being the projection of the emitted radiation on the 

detector through the slit just a magnified representation of the irradiated line voxel, stretched along 

the vertical direction, the image of the volume line can be obtained by summing all the ADU 

intensities of each pixels in the given projection along the columns in the same vertical direction, 

Figure 3.14: Simple reconstruction of a 3D image from the data acquired with the sheet beam of x-rays plus 

pinhole imaging geometry. The volumetric image of the scanned object is purely obtained by piling all the 

slices acquired along one direction (depicted in red). The slice image has been modified from G. Fu et al [60]. 
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row by row. Such operation would create thin slices of thickness equal to the size of the pencil 

beam and of length equal to the horizontal dimension of the detector. From that, the tomographic 

image of a transversal slice of the object can be built by stacking all these thin line slices along the 

scanning direction. Finally, as in conventional CT, the entire 3D volumetric image can be compose 

by piling up all such slices along the vertical direction. The above-described reconstruction proce-

dure is summarized as a diagram in Figure 3.15, showing all the steps just mentioned. 

It is evident that the ease and relative effortlessness in 3D reconstruction offered by the application 

of XFET/XLET geometries, such as the two configurations just described, provides substantial 

benefits to the XFCT/XLCT system of this project and it is clearly favorable in any clinical or 

preclinical imaging technique. 
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Figure 3.15: Reconstruction of a 3D image from the data acquired with the pencil beam of x-rays plus 

slit imaging geometry. After summing each pixel intensity along the vertical direction to obtain a line 

voxel of the object, all these voxels are stacked first along the transverse direction and then piled up, 

slice by slice. The projection and the slice images have been modified from A. Groll et al [16]. 
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4. Experimental studies from applications of the XFCT/XLCT 

system 

 

Once the design and the construction of the XFCT/XLCT system, described in Chapter 2, was 

ultimately finished and all the tools necessary for data processing and image reconstruction were 

develop and tested, as illustrated in Chapter 4, experimental studies and investigations have been 

conducted with the setup. This was done with the objective of evaluating the performances of the 

system and demonstrating its imaging capabilities, but also to study the feasibility of using such 

technology for theranostic applications, like those explained in Chapter 1.  

Regarding such last aspect, a first experimental study has been conducted with the aim of quanti-

fying the XL and XF signal from two samples of different nanoparticles for theranostic purposes, 

as to compare such agents and their features for XFCT and XLCT. Different excitation energies 

and strategies, such as using filters or the monochromatic source, have also been used, in order to 

establish which may be the best and more suitable for x-ray induced therapies, such as XPDT (see 

Chapter 1). Moreover, an evaluation of the excitation energy that is necessary to produce both XF 

and XL in such two nanoparticles was also performed by measuring their corresponding x-ray 

attenuations through the x-ray transmission energy spectra.  

Afterwards, two imaging studies have been also conducted, with different phantoms filled with 

metal-based compounds, using both XFCT and XLCT. Such two different studies have great im-

portance and relevance to assess the capabilities of the system in terms of spatial resolution, sen-

sitivity and other characteristics, such those illustrated in Chapter 1, which are essential for mo-

lecular imaging. 

 

4.1 XF and XL signal quantification study of x-ray stimulated nanoparticles 

The aim of the quantification study of the XF and XL signal from x-ray stimulated nanoparticles 

has a simple premise: to perform a quantitative comparison of the amount of x-ray fluorescence 

and x-ray luminescence produced by two of those nanoparticles illustrated in Chapter 2, i.e. 

LaF3:Tb and Y2O3:Eu(III), and to investigate how such signal varies with different x-ray stimula-

tion configurations, such as using different energies of the x-ray photons, using different sources 

or applying different filters to the excitation beam. In a perspective of XPDT as a potential 

theranostic application of the XFCT/XLCT system here proposed, the results of this kind of inves-

tigations could determine which nanoparticle is more suitable for XPDT and which excitation 

strategy, among those abovementioned, is able to produce the larger amount of XF and XL signal. 

In particular, the intensity of x-ray luminescence photons can be used as an index of the amount 
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of therapeutic effect that is delivered with nanoparticle-mediated XPDT, because it is directly re-

lated to the magnitude of the potential cytotoxic effect created in cancer cells. On the other hand, 

a large signal for both XF and XL is always desirable, as to increase the signal to noise ratio and 

the sensitivity in XFCT and XLCT imaging with the current system. However, an evaluation of 

the excitation energy absorbed by each nanoparticle is also necessary, as to estimate the amount 

of XF and XL signal produced per unit energy. Such quantity is more reliable and useful for a 

comparison between the two samples and an evaluation of their characteristic for XPDT and 

XFCT/XLCT imaging, because it can also take into account the dose that is delivered to the object. 

A quantification of this excitation energy using different x-ray stimulation strategies will be de-

scribed in the next paragraph.  

The quantification study of the XF and XL signal has been conducted using three samples: 

1) A capillary tube filled with LaF3:Tb nanoparticles in powder form; 

2) A capillary tube filled with Y2O3:Eu(III) nanoparticles in powder form; 

3) An empty capillary tube. 

All the three capillary tubes were of the same type and model (Drummond 

Microcaps® 1-000-1000 [61]). They were made of borosilicate glass and 

had a volume of 100 µL. The inner dimeter of the tubes was equal to 

1049.02 µm, while the outer diameter was 1435.10 µm. Thus, the thickness 

of glass of the tubes was 193.04 µm. A picture of the type of capillary tube 

used for the samples in the study is shown in Figure 4.1. As it can be seen 

in the figure, a thin foil of copper was wrapped around ne of the edges of 

the capillary tubes, in order to simplify its alignment with the collimated 

x-ray beam. Because of the unavoidable presence of the capillary tube as 

container of the samples, the XF and XL signal from an empty tube was 

also measured, quantified and subtracted from the signal emitted by the 

two other samples, as it was a sort of control group. This was done in order 

to correct for any contribution to the final XL and XF quantified signal 

coming from the glass, especially regarding metal impurities that may be 

present in its composition. 

Three main groups of excitation strategies were used during the quantifi-

cation study, as to stimulate the production of XF and XL signal from the samples: 

1) Using the polychromatic x-ray tube of the setup, at its maximum tube current equal to 1 

mA, all the three samples were irradiated at different values of tube voltage, from 10 kVp 

to 50 kVp with increment steps of 5 kVp each time. Therefore, nine sets of tube voltage 

were used (10, 15, 20, 25, 30, 25, 40, 45 and 50 kVp) and, consequently, the shape and the 

Figure 4.1: Example of 

glass capillary tube used 

in the quantification 

study. 
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values of the energy spectrum of the cone beam of x-rays coming from the polychromatic 

tube changed. In particular, the maximum flux of photons, the maximum energy of the 

photons, the average energy of the photons and the fraction of photons having such energy 

in the spectrum vary with different tube voltages [29]. 

2) The x-ray cone beam of the polychromatic source was filtered with three different materi-

als, in some cases combined together and using different thicknesses to attenuate the beam, 

before illuminating all the three samples. The three materials used were cerium (Z=58, ρ = 

6.77 g/cm3, K-edge = 40.41 keV), aluminum (Z=13, ρ = 2.70 g/cm3, K-edge = 1.56 keV) 

and tungsten (Z=74, ρ = 19.25 g/cm3, L-edge = 12.92 keV). They were chosen to attenuate 

and shape the x-ray cone beam and to make it as monochromatic as possible around the 

energies of the K-edges of the two nanoparticles (38.92 keV for La and 17.03 keV for Y), 

in order to maximize the x-ray absorption of the samples. 

Seven configurations of filters were used, as described in the following list: 

 A filter of 100 µm of cerium; 

 A filter of 200 µm of cerium; 

 A filter composed of 200 µm of cerium and 5 mm of aluminum; 

 A filter composed of 200 µm of cerium and 10 mm of aluminum; 

 A filter of 100 µm of tungsten; 

 A filter composed of 100 µm of tungsten and 3 mm of aluminum; 

 A filter composed of 100 µm of tungsten and 5 mm of aluminum; 

It must be considered that the filtering not only changes the energies of the photons of the 

x-ray cone beam, by mainly attenuating the low energy ones and those at K-edges or L-

edges of the filters, but it also reduce the total flux of radiation illuminating the sample. 

The settings of the polychromatic x-ray tube were maintained constant during all the meas-

urements with the filters and for each one of the samples, using the tube maximum values 

(50 kVp of tube voltage and 1 mA of tube current). 

3) Using the monochromatic source (17.48 keV), at 50 kVp of tube voltage and 1 mA of tube 

current, all the three samples were irradiated with a pencil beam of size equal to 300 µm. 

It is necessary to report that in all the measurements using the polychromatic x-ray tube, either 

with or without the filters, the x-ray cone beam coming out from the source was collimated with a 

300 µm pinhole, before reaching the samples. Such operation was done to reduce the scattering of 

the primary x-rays in the surrounding environment and to minimize the probability that such scat-

tered photons from the excitation beam may reach the detectors and the samples. On the contrary, 

no collimation was used in front of the detectors, to avoid contamination of the signal (mainly the 

XF signal) from the materials on which the apertures are made. 
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The XL signal was measured with the EMCCD plus DM tube assembly in the XFCT/XLCT sys-

tem, alternating acquisition of frames with x-ray excitation of the sample (x-ray ON) and with no 

excitation (X-ray OFF), in equal numbers. Such procedure was applied accordingly to the XL data 

processing methodology described in Paragraph 3.1, as to track and update, from frame to frame, 

the calculated pedestal noise and to perform a better correction of the raw data. 10 sets of frames 

with x-ray ON and 10 sets of frames with x-ray OFF were thus acquired, for each single excitation 

strategy (i.e. for all the nine kVps, all the seven filters and for the monochromatic irradiation) and 

for all the three samples (LaF3, Y2O3 and the empty tube). For LaF3 and the empty tube, 60 frames 

per set were acquired at 0.5 seconds per frame, while for Y2O3, 300 frames per set at 0.1 seconds 

per frame were measured.  A shorter acquisition time per frame was used for Y2O3, because of its 

higher luminescence intensity per unit time, thus to avoid saturation of the pixels of the EMCCD. 

Anyway, in the end each set of frames for all the three samples was acquired for the same time 

span, equal to 30 seconds. Hence, the total number of frames acquire, for either LaF3 and the empty 

tube, was equal to 1200 frames (600 frames with x-ray ON and 600 frames with x-ray OFF), while 

for Y2O3 was 3000 frames (1500 frames with x-ray ON and 1500 frames with x-ray OFF).  

All the XL raw data frames, acquired in such a way, were then processed and corrected using the 

XL data processing methodology explained in Paragraph 3.1. The final quantification of the mean 

subtracted signal over all the frames measured in each excitation configuration (i.e. for all the nine 

kVps, all the seven filters and for the monochromatic irradiation) were then derived from the final 

corrected frames (see Paragraph 3.1 for description of the XL quantification procedure), for all the 

three samples. In this way, the mean ADU intensity of the XL signal emitted from LaF3, Y2O3 and 

the empty tube, in each collected frame, was determined, for all the investigated excitation strate-

gies. Such mean ADU intensity was then normalized to the acquisition time of each frame (ac-

cording to the different frame rate of each samples), in order to obtain the final ADU intensity rate 

(ADU/s) of the three samples in each configuration. Finally, the values of the ADU intensity rates 

for the empty tube were subtracted from the corresponding values of ADU intensity rates for the 

both the two nanoparticles, thus ultimately quantifying the total XL signal from LaF3:Tb and 

Y2O3:Eu(III), as the main result. 

On the other hand, the XF signal from the three samples, for each excitation strategy, was meas-

ured using the CdTe spectroscope of the XFCT/XLCT setup. After proper energy calibration of 

the CdTe detector, using an Iron-55 source (5.85 keV of gamma ray emission) and the energy of 

the monochromatic source (17.48 keV), an energy spectrum of the x-ray fluorescence emitted by 

each sample (LaF3, Y2O3 and the empty tube) was collected and recorded. This was done for each 

strategy (i.e. for all the nine kVp, all the seven filters and for the monochromatic irradiation). Each 

of these XF energy spectra were measured for the same acquisition time, equal to 120 seconds. 
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Then, the XF counts per energy channel, in all the energy spectra collected in this way, were nor-

malized to such common acquisition time. Thus, each XF energy spectra represented the count 

rate, per energy channel, of the detected x-ray fluorescence photons emitted by the three samples.  

At this point, the counts in each XF energy spectra taken from the empty tube, for all the excitation 

strategies, were subtracted, channel by channel, from the corresponding XF energy spectra of both 

the two nanoparticles. Thus, the resulting XF energy spectra, obtained is such way, measure the 

detected x-ray fluorescence (and relative scattered radiation) emitted only from the nanoparticles, 

eliminating the contribution from the glass capillary tube. 

Finally, the XF signal of each nanoparticle, in each configuration, was calculated by first isolating 

the fluorescence peaks in the subtracted XF energy spectra (knowing their corresponding energies) 

and then summing all the counts in the channels that include such peaks. An example of this pro-

cedure and of the XF energy spectra collected in such way during the quantification study is shown 

in Figure 4.2, for the irradiation of LaF3 with the polychromatic source at 50 kVp and 1 mA. 

The three K-edge fluorescence peaks are evident in the figure, while the L-fluorescence peaks are 

difficult to discriminate, because of the presence of the characteristic x-rays peaks from the tung-

sten anode of the polychromatic source. Therefore, they have been ignored in the final quantifica-

tion of the XF signal and only the K-fluorescence peaks were quantified. It must be noted that, 

although most of the contribution of the scattered photons to the spectra has been eliminated with 
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Figure 4.2: XF energy spectra for the empty tube (top left), the LaF3 nanoparticles in the tube 

(top right) and the subtraction between the two (bottom). The isolation of the K-fluorescence 

peaks of lanthanum is visible (in red). 

Kα1 = 33.43 keV 
Kβ2 = 38.71 keV 

Kβ3 = 37.71 keV 
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the subtraction of the empty tube (because the glass is the primary cause of such scattering, through 

coherent scattering and Compton scattering), a consistent fraction remains in the final spectrum. 

A similar example, still for the irradiation of LaF3, is also reported in Figure 4.3, with the use of 

the filter composed of 100 µm of tungsten plus 3 mm of aluminum. This time, only the subtracted 

XF energy spectrum is shown in the figure. 

The same exemplary cases for the XF spectra are also reported for Y2O3, first showing the irradi-

ation with the polychromatic source at 50 kVp and 1 mA. This is depicted in Figure 4.4. 

0 5 10 15 20 25 30 35 40 45 50
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
Subtracted XF energy spectrum of LaF3 NPs only -  Polychromatic x-ray tube with W 100 um + Al 3 mm filter

Energy [keV]

C
o
u
n
t 

ra
te

 [
c
p
s
]

 

 

Energy spectrum

XF peaks fitting ranges

Kα1 = 33.43 keV 

Kβ2 = 38.71 keV 

Kβ3 = 37.71 keV 

 

Figure 4.3: XF energy spectrum for the LaF3 nanoparticles after subtraction of the XF signal from 

empty tube. The isolation of the K-fluorescence peaks of lanthanum is visible (in red). The excitation 

beam has been filter with tungsten and aluminum. 
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Figure 4.4: XF energy spectra for the empty tube (top left), the Y2O3 nanoparticles in the tube (top right) and the 

subtraction between the two (bottom). The isolation of the K-fluorescence peaks of yttrium is visible (in red). 

Kα1 = 14.96 keV 

Kβ1 = 16.74 keV 
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The K-fluorescence peaks can be seen in the picture, which has been scaled in order to focus only 

on such features of the spectrum. Again, the XF spectrum for the irradiation of Y2O3, is also re-

ported in Figure 4.5, with the use of the filter composed of 100 µm of tungsten plus 3 mm of 

aluminum, as previously (only the subtracted one is shown, as well). 

Finally, an example of the XF energy spectrum for the irradiation of Y2O3 nanoparticles with the 

monochromatic source at 50 kVp and 1 mA is also reported in Figure 4.6. 
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Figure 4.5: XF energy spectrum for the Y2O3 nanoparticles after subtraction of the XF signal from empty 

tube. The isolation of the K-fluorescence peaks of yttrium is visible (in red). The excitation beam has 

been filter with tungsten and aluminum. 

Figure 4.6: XF energy spectrum for the Y2O3 nanoparticles after subtraction of the XF signal from empty 

tube. The isolation of the K-fluorescence peaks of yttrium is visible (in red). The excitation beam was pro-

duced by the monochromatic source at 17.48 keV. 

0 5 10 15 20 25 30 35 40 45 50
0

20

40

60

80

100

120

Energy [keV]

C
o
u
n
t 

ra
te

 [
c
p
s
]

 

 

Subtracted XF energy spectrum of Y2O3 NPs only -  Monochromatic x-ray source (17.48 keV)

Energy spectrum

XF peaks fitting ranges

Kα1 = 14.96 keV 

Kβ1 = 16.74 keV 



87 
 

The results of the quantification study of the XF and XL signal from the two nanoparticles, which 

has been described previously, will be shown and discussed in details in the following Chapter, 

primarily focusing on what explained before about the evaluation of the applicability of the system 

to theranostics and the assessment of the different excitation strategies. 

 

4.2 Quantification study of the excitation energy for theranostic XFCT/XLCT 

As introduced at the beginning of this Chapter, a quantification of the excitation absorbed by 

LaF3:Tb and Y2O3:Eu(III) nanoparticles, which was necessary to produce the XF and Xl signal 

quantified in the previous measurements, has been performed. This study is directly related and 

perfectly complementary to the quantification of the XL and XF signal illustrated in the preceding 

Paragraph. Hence, the same exact three samples in the glass capillary tubes have been used. More-

over, the absorbed energy was measured for all the excitation strategies mentioned in the Para-

graph 4.1 (i.e. for all the nine kVp of tube voltage used with the polychromatic source, for all the 

seven filters and also for the monochromatic irradiation). This was done in order to correlate with 

high precision the XF and XL intensities (measured as count rates and ADU intensities, respec-

tively) calculated from the signal quantification study and the amount of energy required to excite 

the two nanoparticles and to produce such signal. It is important to consider that the geometry of 

the setup used in the quantification study was maintained, without moving the sample and the 

source, in order to preserve the exact excitation occurred for the measurement of the XF and XL 

signal. In fact, the x-ray beam in each excitation strategy during the production of the XF and XL 

signal was required to illuminates the exact same region of the three samples, as to allow an accu-

rate correlation between the XF and XL signals and the energy essential to produce them. 

Therefore, during this quantification study of the excitation energy, the same irradiation configu-

rations used for the previous measurements were repeated, in the exact same geometry inside the 

XFCT/XLCT system. This time, the CdTe spectroscope was used to measure the x-ray photons 

from the primary beam that has been transmitted across each one of the three samples. Thus, a 

single transmission energy spectrum of all the samples (LaF3, Y2O3 and the empty tube) and for 

each excitation strategy (i.e. for all the nine kVp, all the seven filters and for the monochromatic 

irradiation) was collected and recorded. The acquisition time for these transmission energy spectra 

was the same in all the measurements and equal to 120 seconds.  

The counts per channel recorded in each one of the transmission spectra represent the number of 

primary x-ray photons that have not been attenuated from the beam by the sample (or the air in 

between) and having an energy, after the transmission, included within the energy window of the 

corresponding channel. In order to collect only those photons that directly belong to the path of 

the primary x-ray beam and that have not been scattered outside the beam with wide scattering 



88 
 

angles, the CdTe detector was located at a relatively large distance (few centimeters) from the 

samples and a pinhole collimator of 1 mm was also mounted in front of its active area. This was 

done to further reduce the scattering and also to eliminate any possible x-ray fluorescence photon 

emitted by the sample along the same path of the primary beam. Anyway, the XF flux would be 

greatly lower than that of the excitation beam, so their contribution to the transmission spectra can 

be assumed as negligible. Hence, for all these reasons, it can be stated that the x-ray flux measured 

by the CdTe spectroscope was an accurate estimate of the amount of x-ray photons from the pri-

mary excitation beam that have not been attenuated by the samples during the irradiation.  

At this point, all the transmission energy spectra collected in such way were first normalized to 

the acquisition time, as to obtain the count rates per channel of each of them. From that, a subtrac-

tion, channel per channel, of the count rates in the transmission energy spectra of the two nano-

particles (inside the glass tubes) from the corresponding count rates in the same spectra for the 

empty tube only would represents the amount of x-ray photons attenuated only by the nanoparticles 

thmeselves. This operation eliminates the contribution to the attenuation of the glass capillary 

tubes. Hence, it is possible to consider that the resulting subtracted energy spectra provide an in-

direct measure of the amount of x-ray photons per unit time attenuated from the primary excitation 

beam by the nanoparticles.  

The count rates determined by the subtracted energy spectra calculated in such way are also with 

a good precision and correctness an estimate of the theoretically maximum rate of x-ray photons 

completely absorbed by the nanoparticles from the excitation beam, if all the occurred interactions 

were photoelectric absorptions. Moreover, such maximum estimate is not severely far from the 

actually rate of excitation x-ray photons really absorbed by the nanoparticles. This can be assumed 

because both LaF3 and Y2O3 have large photoelectric cross sections for the photon energies used 

in all the excitation strategies of the described measurements. Anyway, such assumption cannot 

be properly verified without a Monte Carlo simulation or a model for the x-ray interactions and 

transport. Therefore, in this discussion, it will be assumed that the count rates in the subtracted 

energy spectra represents the rate of x-ray photons attenuated from the primary excitation beam 

by the nanoparticles, and at most the theoretically maximum rate of absorbed ones. 

The rate of excitation energy, in keV/s, attenuated by the nanoparticles from the primary x-ray 

photons can then be calculated from the subtracted energy spectra discussed previously, for all the 

excitation strategies tested in the measurements. To do this, the count rates CPS𝑖 in each energy 

channel 𝑖 of all the energy spectra are multiplied for corresponding the energy centroid E𝑖 of such 

channel, and then all these quantities resulting from the multiplication are summed, channel by 

channel, to obtain the total rate of attenuated excitation energy Φ𝐸. The total number of channels 

(or bins) in the spectra taken with the CdTe spectroscope is equal to 2048, for the Amptek detector 
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used in the XFCT/XLCT system. Thus, it can be written that:  

Φ𝐸 = ∑ CPS𝑖 ⋅

2048

𝑖

E𝑖 

As previously stated, such rate Φ𝐸 for each set of tested excitation strategies is measured in keV/s. 

An example of the transmission energy spectra collected during the quantification study and the 

resulting subtracted spectra is shown in Figure 4.7, for the irradiation of LaF3 with the polychro-

matic source at 50 kVp and 1 mA. 

The transmission energy spectra of both the empty tube and the nanoparticles in the glass tube 

clearly have the typical shape of the spectrum of a polychromatic x-ray tube. The peaks generated 

by characteristic x-rays from the tungsten anode of the source are also present. Comparing these 

two transmission energy spectra and also analyzing the resulting subtracted attenuation energy 

spectrum, it is evident that the nanoparticles are attenuating a large fraction of the x-ray photons 

from the primary beam, compared to the empty glass tube. Such aspect may be used to enforce the 

assumption, previously proposed, that the nanoparticles predominantly interact with the x-rays 

through photoelectric absorption, or at least via Compton scattering with large scattering angles, 

thus depositing almost all their energies in the sample.  
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Subtracted attenuation energy spectrum of LaF3 NPs only- Polychromatic x-ray tube (50 kVp, 1 mA)    

Figure 4.7: Transmission energy spectra for the empty tube (top left), the LaF3 nanoparticles in the glass 

tube (top right) and the subtracted attenuation spectra (bottom), which is given by the first spectrum mi-

nus the second one. The polychromatic x-ray tube at 50 kVp and 1 mA was used for the irradiation. 
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It must also be noted from the figure, that the fraction of x-ray photons from the excitation beam 

having energies above the K-edge of lanthanum (around 40 keV) is very small, therefore the pref-

erential absorption of these energy is not particularly manifest in the transmission spectra. 

The same image is also provided for the irradiation of the same type of nanoparticles, using the 

filter composed of 200 µm of cerium plus 5 mm of aluminum, in Figure 4.8. 

It can be seen form the transmission energy spectra that the polychromatic x-ray beam has been 

greatly modified by the filtering, hugely diminishing the flux of x-ray photons at the lower energies 

(with a larger fraction in correspondence of the tungsten characteristic x-rays) and also the energies 

above the K-edge of cerium (40.41 keV). The overall flux is also greatly reduced, in comparison 

with the previous, in Figure 4.7, without the filtering action and at the same tube voltage and tube 

current. Again, it is evident that the LaF3 nanoparticles attenuate the primary beam photons more 

than the empty tube, as demonstrated by the large difference in the net count rates from the trans-

mission energy spectrum of the empty tube only and that of the nanoparticles plus the empty tube. 

This further corroborates the assumption made previously about the absorbed photons, 
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Subtracted attenuation energy spectrum of LaF3 NPs only- Polychromatic x-ray tube in  with Ce 200 um+ Al 5 mm

Figure 4.8: Transmission energy spectra for the empty tube (top left), the LaF3 nanoparticles in the 

glass tube (top right) and the subtracted attenuation spectrum (bottom), which is given by the first 

spectrum minus the second one. The polychromatic x-ray tube at 50 kVp and 1 mA was used for the 

irradiation, filtering the beam with cerium and aluminum. 
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Another example of transmission energy spectra acquired during the quantification study of the x-

ray excitation energy is reported in Figure 4.9, for the Y2O3 nanoparticles, showing this time the 

irradiation with the polychromatic source at 35 kVp and 1 mA. 

This time, the transmission energy spectra of Y2O3:Eu(III) clearly show that, at the energy of the 

K-edge of yttrium (17.03 

keV), a large fraction of x-

ray photons from the pri-

mary beam is absorbed by 

the nanoparticles, in com-

parison with what hap-

pened previously with the 

spectra from LaF3:Tb.  

Finally, Figure 4.10 illus-

trates the same transmis-

sion energy spectra and at-

tenuation spectra, again for 

Y2O3, with irradiation us-

ing the monochromatic x-

ray beam at 17.48 keV. In 
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Figure 4.9: Transmission energy spectra for the empty tube (top left), the Y2O3 nanoparticles in the glass tube 

(top right) and the subtracted attenuation spectrum (bottom), which is given by the first spectrum minus the 

second one. The polychromatic x-ray tube at 35 kVp and 1 mA was used for the irradiation. 
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Figure 4.10: Transmission energy spectra and subtracted attenuation spec-

trum for irradiation of Y2O3 with monochromatic x-ray source at 17.48 keV. 

Pulse pile-up 
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the case of the monochromatic x-ray source, pulse pile-up peaks due to the very high flux of pho-

tons is visible (in the red circle). This is caused by the simultaneous detection of two events by the 

detector, without being able to discriminate them.  

In addition to the previously discussed rates of excitation energy, in keV/s, attenuated by each 

nanoparticle from the primary x-ray photons, in the various tested stimulation strategies, the aver-

age attenuated energy was also calculated, for each of the same measured excitation configura-

tions. Such average attenuated energy E̅att was derived from the subtracted attenuation spectra 

(calculated as it was explained previously) by simply dividing the total attenuated energy rate Φ𝐸, 

for each energy spectrum, by the total count rate in the whole spectrum, i.e. the sum of all the 

count rate per energy channel over the total number of channels (equal to 2048). Thus: 

E̅att =
Φ𝐸

∑ CPS𝑖
2048
𝑖

=
∑ CPS𝑖 ⋅
2048
𝑖 E𝑖
∑ CPS𝑖
2048
𝑖

 

The average attenuated energy (in keV) can also be considered an estimate of the mean excitation 

energy absorbed by the nanoparticles, if all the occurred interactions were photoelectric effects, in 

the same way as assumed for the attenuated energy rates. An example of such calculation with the 

transmission and the attenuation energy spectra, for the irradiation of Y2O3 with the polychromatic 

source filtered with 100 µm of tungsten plus 5 mm of aluminum, is shown in Figure 4.11. 
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Energy spectrum

Average attenuated energy

Figure 4.11: Transmission energy spectra for the empty tube (top left), the Y2O3 nanoparticles in the glass tube 

(top right) and the subtracted attenuation spectrum (bottom). The polychromatic x-ray tube at 50 kVp and 1 mA 

was used for the irradiation, filtering the beam with cerium and aluminum. The dashed red line shows the average 

attenuated energy that has been calculated. 
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The average attenuated energy calculated with the previous procedure is labelled in the figure 

using a dashed vertical line in red. 

The result from the quantification of the excitation energy attenuated from the primary beam by 

the two investigated nanoparticles will be presented and discussed in Chapter 5, in combination 

with the outcomes of the XF and XL signal quantification study of the previous Paragraph. 

 

4.3 XFCT imaging study of a mouse phantom loaded with metal compounds 

The first of the two imaging studies, which has been performed with the XFCT/XLCT system 

proposed and described in this thesis work, involved the use of a plastic phantom, modeled as a 

mouse head and loaded with some of the nanoparticles and metal-based compounds, among those 

illustrated in Chapter 1 for theranostic applications [62]. The main purpose of this imaging study 

regards the testing of the feasibility of XFCT at molecular or near-molecular imaging levels using 

the current system, with also the evaluation of its performances, mainly in terms of spatial resolu-

tion, sensitivity and capability of multiplexed imaging.  

Considering such objectives, the imaged phantom was designed in order to stress and challenge 

these aforementioned characteristics of the XFCT/XLCT system, in particular for what concerns 

its size, its geometric features and details and the concentrations of the target material used. Hence, 

two identic double-tube cylinders, each one composed by two borosilicate capillary tubes concen-

trically put one inside the other, were prepared and filled with different metal-based compounds. 

The external capillary tube (Drummond Microcaps® 1-000-1000 [61]) had an inner dimeter equal 

to 1049.02 µm, while the outer diameter was 1435.10 µm. Thus, the thickness of glass of the tube 

was 193.04 µm. On the other hand, the internal capillary tube (Drummond Microcaps® 1-000-

0010 [61]) had an inner dimeter equal to 200.66 µm and an outer diameter of 660.40 µm. Thus, 

the thickness of glass for this tube was 229.87 µm. Considering such dimensions, then the inner 

annular gap between the two capillary tubes was equal to 194.31 µm. The metal-based compounds 

were inserted both in such an-

nular gap and in the inner ca-

pillary tube. A scheme of 

such configuration for both 

the double tube cylinders is 

schematized in Figure 4.12. 

The dimension of the capil-

lary tubes were chosen also 

accordingly to the mean free 

path and the attenuation of the XF photons produced by the compounds that were put inside them. 

Figure 4.12: Scheme of the cross section of the double tube 

cylinders used in the imaging study. 
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One of the two double tube cylinders was filled on the inside region with LaF3:Tb nanoparticles 

in powder form (compound 2 in Figure 4.12) and in the annular region with Cisplatin in water 

solution (compound 1 in Figure 4.12), at a concentration of 1mM, corresponding to 300 µg/mL. 

A picture of such double tube cylinder is shown in Figure 4.12 [62].   

The other double tube cylinder was filled on the inside region with Y2O3:Eu(III) nanoparticles in 

powder form (compound 2 in Figure 4.12) and in the annular region with HfO2 nanoparticles dis-

solved in water solution (compound 1 in Figure 4.12), at saturation. A picture of such double tube 

cylinder is also reported, in Figure 4.14 [62]. 

All the four metal-based compounds used in the two double tube cylinders have been introduced 

in Paragraph 2.4 and are suitable agents for theranostic applications, such as XPDT, x-ray induced 

Auger therapy and x-ray induced radiosensitization of tumors. 

The two double tube samples just described were then glued to an optically transparent phantom 

made of plastic, which was 3D-printed using the model of a mouse head. Such phantom had ap-

proximate dimensions equal to about 15 mm x 11 mm for the height and the transversal diameter, 

respectively. The model for the phantom, using a head of a mouse, was chosen to simulate as much 

LaF3:Tb 

Cisplatin 

Figure 4.12: Glass double tube filled with LaF3:Tb nanoparticles in powder form (inside) and 

300 µg/mL of Cisplatin solution in water (outside) [62]. 

 

HfO2 

Y2O3: Eu(III) 

Figure 4.14: Glass double tube filled with Y2O3:Eu(III) nanoparticles in powder form (inside) 

and HfO2 nanoparticles in water solution at saturation (outside) [62]. 
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as possible small animal imaging, which is the closest application for future developments of the 

XFCT/XLCT system. Different views of such mouse head with attached the two double tube cyl-

inders arereported in Figure 4.15 [62], showing also the position and the arrangement of these two 

samples. 

The XFCT imaging study of the mouse head sample just described was performed inside the 

XFCT/XLCT system, which has been illustrated and discussed multiple times, especially in Chap-

ter 2. The XFET imaging geometry using a pencil beam and a slit collimator (as described in 

Paragraph 3.3) was chosen, due to the small size of the imaged object and the low concentrations 

of the samples involved. In fact, such geometry, as written previously, is the one with the highest 

sensitivity and detection efficiency. Moreover, the longer acquisition time of such configuration 

was compensated by the limited size of the phantom to be scanned.  

The monochromatic GeniX3D source, at 17.48 keV, was used for the x-ray excitation of the sam-

ples, with a pencil beam of size equal to 200 µm. The diameter of the x-ray beam was chosen to 

be roughly the same dimension of the four regions in the two double tubes filled with the metal-

based compounds, as to potentially be able to spatially resolve the geometric features of the whole 

phantom. The mouse and the pencil beam of x-rays were aligned using the Zyla sCMOS camera, 

by qualitatively measuring the variation in the attenuation through the different sample materials, 

Y2O3: Eu(III) + HfO2 

LaF3:Tb +  Cisplatin 

LaF3:Tb +  Cisplatin 

Figure 4.15: Lateral view (top) and frontal view (bottom) of the mouse head phantom with the 

two double tube cylinders loaded with metal-based compounds. The respective compositions of 

the cylinders are labelled in red [62]. 
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and also using the CdTe spectroscope, in order to detect changes in the XF signal from the com-

pounds, when differrent regions of the phantom were irradiated by the excitation source. In addi-

tion, the CdTe spectroscope was also actively used to collect the energy spectra at different exci-

tation positions, during the scanning of the phantom throughout the entire XFCT imaging study. 

Finally, the x-ray CCD camera of the system was employed to collect and record the projections 

of the x-ray fluorescence photons emitted by the various material in the phantom. The single slit 

aperture that has been designed in Paragraph 2.3 were created and mounted in front of the CCD, 

to collimate the XF photons emitted by the samples before they reach the detector. As described 

in the abovementioned Paragraph, the slit 

had a width of 100 µm. A photo of the 

single slit aperture that was made and 

used for the XFCT is reported in Figure 

4.16 [62]. 

During the XFCT imaging study, 16 

scanning irradiation positions of the x-

ray pencil beam were acquired for each 

tomographic slice, having a thickness 

equal to the size of the beam (200 µm). 

Translational steps of 200 µm were ap-

plied to move from one position to the 

successive, in order to cover the entire volume that included the two double tube cylinders. 6 of 

the 16 scanned positions covered the first double tube cylinder filled with Y2O3:Eu(III) and HfO2, 

acquiring 200 frames at 2 seconds per frame for each of these positions. Therefore, the total imag-

ing time per position for the cylinder filled with Y2O3:Eu(III) and HfO2 was equal to 5 minutes. 

Similarly, other 6 of the 16 total scanned positions also covered the cylinder filled with LaF3:Tb 

and Cisplatin, this time acquiring 600 frames at 2 seconds per frame for each of such positions. 

Hence, the total imaging time per position for the cylinder filled with LaF3:Tb and Cisplatin was 

four times as long as that for the other cylinder, being equal to 20 minutes. This was because of 

the weak XF signal being produced by Cisplatin, having the lowest concentration involved in the 

study. As said before, XF energy spectra were collected with the CdTe detector per each position. 

The XF signal from each frame acquired with the CCD during this imaging procedure was then 

used for reconstruction of a single tomographic slice of 200 µm, using the methodology already 

described in Paragraph 3.3. Multiplexed imaging of the slice was also obtained by isolating the 

XF signal from each target compound in the mouse head phantom, using the XF energy spectra 

collected with the CdTe spectroscope. 

Figure 4.16: Picture of the 100 µm-single slit aperture used 

in the XFCT imaging study [62]. 
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The final results of this XFCT imaging study just described, with the mouse head phantom filled 

with metal-based compounds, will be presented and discussed in details in the next Chapter. 

 

4.4 Combined XFCT and XLCT imaging study of double tube with metal compounds 

The second imaging study presented in this thesis work, again using the XFCT/XLCT system here 

described and developed, involved the use of a double tube glass cylinder, with bigger dimensions 

than those of the previous experiment, yet loaded again with metal-based compounds. Such sample 

was imaged through combined XFCT and XLCT, with the aim of test the feasibility of such sim-

ultaneous dual-modality with the current setup and evaluates its performance for potential molec-

ular imaging. The capability to perform multicolored imaging with two different radiation signals, 

the x-ray fluorescence and x-ray luminescence, was also one of the main objective of the study. In 

fact, it would demonstrate the fitness of the system to detect multiple agents at the same time, even 

in the case such agents are concurrently producing either x-ray fluorescence, x-ray luminescence 

or both. In addition, the detection of simultaneous XF and XL signal could demonstrate the ap-

plicability of such system for theranostics, in particular for delivering and monitoring XPDT, 

where the x-ray luminescence provides the therapeutic effect and the x-ray fluorescence the de-

tectable signal for imaging. For this reason, the double tube cylinder used in the imaging study 

was filled with some of the compounds discussed in Paragraph 2.4, which have been proved to 

suitable for the abovementioned kind of theranostic application [62]. 

The sample used in this imaging study was composed of two borosilicate glass test tubes, the 

smaller one inserted concentrically inside the bigger one, as to form a double tube cylindrical 

structure with an internal region and an external annular region, as for the previous configuration 

of the capillary tube samples shown in Figure 4.12. The internal glass tube had an inner diameter 

of 3 mm, while the external tube had an inner diameter of 5 mm. The annular region between the 

two tubes had a thickness of 1 mm. The inner region was then filled with Y2O3:Eu(III) in powder 

form, which produces both XF and XL signal (as investigated in the previous paragraphs and 

Chapters), while the annular region was loaded with sodium bromide (NaBr) in water solution. 

NaBr is capable of emitting x-ray fluorescence with external x-ray excitation, due to the presence 

of bromine (Br, Z=35, K-edge = 13.48 keV), with Kα1-fluorescence at 11.92 keV and Kβ1-fluores-

cence at 13.29 keV. A picture of the final double tube sample is shown  in Figure 4.17 [62]. 

Figure 4.17: Glass double tube filled with Y2O3:Eu(III) nanoparticles in powder form (inside) and 

NaBr in water solution (outside) [62]. 

Y2O3: Eu(III) NaBr 
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The combined XFCT and XLCT imaging study of the abovementioned double tube sample was 

conducted using the proposed XFCT/XLCT system. For this second study, the imaging geometry 

using a sheet planar beam of x-rays and a pinhole collimator (as described in Paragraph 3.3) was 

chosen this time, for both XFCT and XLCT, mainly because of the larger dimensions of the sam-

ples that implies a longer acquisition time and a greater number of scanned positions. The excita-

tion with the planar x-ray beam reduces the scanning time by irradiating a larger volume. However, 

such improvements is counterbalanced by the lower sensitivity provided by the pinhole.  

The polychromatic x-ray tube, at 50 kVp of tube voltage and 1 mA of tube current, provided the 

x-ray stimulation of the sample. Its cone beam was collimated with a tungsten single slit aperture, 

having a width equal to 200 µm, in order to create the thin sheet beam of x-rays required by the 

imaging geometry. For the detection of the x-ray luminescence signal, the EMMCD plus DM tube 

assembly of the system was used, while the x-ray CCD camera performed the detection of the x-

ray fluorescence signal. Single tungsten pinholes of 300-µm were attached in front of both the 

CCD camera and the DM tube, as to collect and transmit the XL and XF projections of the photons 

emitted by the various material in the phantom. Finally, the CdTe spectroscope was used again to 

collect the XF energy spectra at different excitation positions, during the entire scanning of the 

sample. Pictures of the slit collimator for the x-ray cone beam and of the type of pinhole used in 

front of the two detectors are reported in Figure 4.18 [62]. 

During the combined XFCT and XLCT imaging study, 27 total scanning positions of the x-ray 

sheet beam irradiating vertical slices of the double tube cylinder were acquired, composing the 

tomographic slices for the volumetric reconstruction. Each slice have a thickness equal to that of 

the plane beam (200 µm). Translational steps of 200 µm were applied to move from one position 

Figure 4.18: Pictures of the 200-µm single slit aperture used to collimate the x-ray cone beam into 

a plane (left) and of the 300-µm pinhole for the two detectors in the XCFT/XLCT study [62]. 
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to the successive, in order to cover the entire volume of the sample.  For each position, 3600 frames 

were acquired with the CCD camera, at 2 seconds per frame, while for the EMCCD plus DM tube 

assembly, 7200 frames were acquired at 1 second per frame. The total imaging time was then equal 

to 2 hours per position. Such long acquisition time was required due to the bigger size pf the 

sample, compared to the previous imaging study, and because of the reduced sensitivity provided 

by the single pinholes collimators. Moreover, XF energy spectra were also collected with the CdTe 

spectroscope, per each position. All the frames per position were summed, for both the two detec-

tors, to create the respective XF and XL slice projections. Such slices were combined together for 

the reconstruction of the 3D volumetric image of the entire double tube cylinder, using the meth-

odology already described in Paragraph 3.3. Multiplexed imaging with x-ray fluorescence was 

also obtained by isolating the XF signal from each of the two target compounds in the sample, 

using the XF energy spectra collected with the CdTe spectroscope. The resulting images from both 

XF and XL signal were then superimposed to obtain multimodal multicolored 3D information. 

The ultimate results and outcomes of this aforementioned combined XFCT and XLCT imaging 

study, using a double tube sample loaded with metal-based compounds, will also be presented and 

discussed in details in Chapter 5. 
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5. Results from the experimental studies with the XFCT/XLCT 

system 

 

In this Chapter, the main and most important results of the experimental studies and investigations, 

which have been performed with the XCFT/XLCT system (the subject of this thesis work) and 

that has been described in their procedures and purposes in the previous paragraphs, will be shown 

and discussed in details. 

First, the outcomes of the quantification study of the x-ray fluorescence and x-ray luminescence 

signal from theranostics nanoparticles will be presented, discussing how such signal varies with 

the different excitation strategies used. Then these results will be combined with those produced 

by the experimental evaluation and quantification of the excitation energy used for the 

abovementioned measurements, analyzing how it relates to the generated signal and its intensity. 

An efficiency and yield evaluation of the XF and XL signal for both the nanoparticles, LaF3:Tb 

and Y2O3:Eu(III), will be proposed, based on the estimated excitation energy. Finally, a comparison 

both between the two different nanoparticles and between the respective XF an XL signal will be 

discussed, always in a perspective of their theranostic applicability. Conclusions about the best 

excitation strategies to perform therapy and imaging will be drawn from these data. 

Afterwards, the results from the two imaging studies carried out with the XFCT/XLCT system 

designed and developed during this project will also be produced, as explained in Chapter 4. The 

outcomes of these studies will permit to assess the performances of the system, mostly in terms of 

spatial resolution, sensitivity and capability of multiplexed and multimodal imaging. Again, the 

potentials to use the system for theranostics applications, such those described in Paragraph 2.4, 

will be derived and evaluated from the data gained from the two imaging studies.  

 

5.1 Quantification of XL and XF signal from x-ray stimulated nanoparticles 

The quantification study described in Paragraph 4.1 was conducted using two nanoparticles, 

LaF3:Tb and Y2O3:Eu(III), which are considered suitable for theranostics applications, such as x-

ray induced and monitored XPDT, to be performed with the XFCT/XLCT system here proposed. 

Various excitation strategies were tested, in order to find the best way to stimulate the two 

theranostic agents. The emitted XF and XL signal from those different excitations were 

subsequently collected and then quantified from the corresponding detectors in the setup, 

following the procedure and the modalities explained in the previous Chapter, and considering the 

attenuated excitation energies involved.  

The first major group of excitation strategies that has been investigated was represented by the 
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nine increasing tube voltages, from 10 to 50 kVp with 5 kVp incremental steps, at which the 

polychromatic x-ray tube was ran for the stimulation of the nanoparticles. Such tube voltages 

corresponds, for the energy spectra of the polychromatic source, to the maximum energies, in keV, 

of the x-ray photons of the excitation beam. Therefore, they can be compared also with the 

corresponding data from the excitation with the monochromatic x-ray source, which has an energy 

of 17.48 keV. In Figure 5.1, the resulting trends for the XL intensity rate (ADU/s) with the variation 

of source maximum energy are reported, for both the nanoparticles.  

First, it can be seen clearly from the graphs that the XL signal rate emitted by Y2O3:Eu(III) is at 

least one order of magnitude larger than that emitted by LaF3:Tb, for the same maximum energy 

of the source. Moreover, the difference between the two rates becomes greater and greater as the 

Figure 5.1: Variation of the XL signal rate with source maximum energy, for LaF3 (top left) and 

Y2O3 (top right). A comparison on the same scale of the two curves is also reported (bottom). 
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source maximum energy increases. In general, both the two curves show an approximately 

quadratic growth of the XL signal with the source maximum energy, although with different slopes 

and different curve concavity. Such trend may be expected, as the photon flux become higher with 

the rise of the source tube voltage, which in turn is directly correlated to the maximum source 

energy shown in the plots. For the LaF3:Tb nanoparticles, an asymptotic behavior may be reached 

for higher energies, but such hypothesis cannot be confirmed due to the lack of data for energies 

above 50 keV. Regarding the data points for the monochromatic excitation, it is evident that, while 

the XL signal stimulated by the monoenergetic beam at 17.48 keV and emitted by LaF3:Tb follows 

the tendency of the other data points, for Y2O3:Eu(III) a sharp increase in the luminescence signal 

is present. This may be because of the enhanced photoelectric absorption in correspondence of the 

K-edge of Yttrium (17.03 KeV). 

The same types of plots are reported, in Figure 5.2, also for the XF intensity rates (in counts/s).  

Figure 5.2: Variation of the XF signal rate with source maximum energy, for LaF3 (top left) and 

Y2O3 (top right). A comparison on the same scale of the two curves is also reported (bottom). 
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The curves in the previous figure visibly show the onsets of the x-ray fluorescence for both the 

two nanoparticles, approximately in correspondence of their respective K-edges, as expected. 

Before such energies, the X signal is totally negligible, because no photon in the polyenergetic 

beam form the x-ray tube has an energy above the maximum energy of the source (which is below 

the K-edges in these circumstances). Furthermore, also in the case of x-ray fluorescence, the XF 

intensity rates of both the two nanoparticles increase almost quadratically with the maximum 

energy of the polychromatic source and the XF signal of Y2O3:Eu(III) is much higher than that of 

LaF3:Tb, almost by two orders of magnitude, as the maximum energy grows. Again, this may be 

due to the increase in the gross photon flux (which is also usually quadratic with source tube 

voltage), and thus in the overall photoelectric absorptions by the nanoparticles, beyond their 

respective K-edges. 

For what concerns the excitation with the monochromatic source, it must be noted that no data are 

shown for the x-ray stimulation of LaF3:Tb with the monoenergetic beam at 17.48 keV. This is 

obviously because the energy of such beam is far lower than the K-edge of lanthanum (38.92 keV), 

thus no K-fluorescence signal is produced. In fact, it must be remembered, as said in the previous 

chapter, that the L-edge fluorescence from LaF3:Tb has not been considered because of its 

overlapping in the XF energy spectra with the characteristic x-rays peaks from tungsten in the 

source anode).  On the other hand, the data point from the excitation of Y2O3:Eu(III) with the 

monochromatic beam displays a very high XF signal emitted by yttrium under such stimulation, 

as expectable due to the tuning of the monoenergetic beam with the K-edge of such element (17.03 

keV). The XF signal rate produced by Y2O3:Eu(III) with the monochromatic excitation is about 

three thousand times greater than the corresponding on at the same energy using the polychromatic 

source, and even higher than the XF signal with maximum energy equal to 50 keV. An explanation 

to such event can be derived considering: (1) that the monochromatic source has a higher x-ray 

photon flux than the polychromatic one, at equal maximum source energy; (2) that for the 

monochromatic source, all the photons have an energy equal to about the maximum energy of the 

beam (with a small standard deviation), while only a small fraction of photons in the polychromatic 

beam of the x-ray tube have the same energy of the maximum of the energy spectrum, due to its 

shape. 

Instead of using the maximum values of the energies of the x-ray excitation beams, a better 

evaluation and comparison of the XL and XF signal of the two nanoparticles can be done by 

considering the average attenuated energy of the primary x-ray photons, as it has been calculated 

in Paragraph 4.2. While there is no difference for the monochromatic source between these two 

energies, for the polychromatic beam of the x-ray tube, the average attenuated energy take into 

account the net attenuated flux of stimulating x-ray photons, per keV, and thus is more 
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representative of the effective excitation energy that generated the XF and XL signal. Moreover, 

using the average attenuated energy, the results from the quantification of the XF and XL signal 

produced with the filtered polychromatic source (the third major group of tested excitation 

strategies) can also be taken into account and compared with the others. Hence, in Figure 5.3, the 

resulting trends for the XL intensity rates with the variation of the average attenuated energy are 

depicted in plots, for both the two nanoparticles and for each different excitation strategy.  

Figure 5.3: Variation of the XL signal rate with average attenuated energy, for LaF3 (top) and Y2O3 

(top bottom) and for all the excitation strategies that have been measured.  
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From the previous plots, it can be first noticed that XL signal rates for the different excitations 

with the unfiltered polychromatic beam have still increasing trends also with the average attenu-

ated energy. The maximum men attenuated energy calculated in these cases results equal to about 

17 keV for LaF3:Tb and around 19 keV for Y2O3:Eu(III), both in correspondence of the maximum 

tube voltage of 50 kVp. This demonstrates that the yttrium-based nanoparticles attenuates higher 

energy values of the primary x-ray photons. Moreover, it is evident that the XL signal rates pro-

duced by both the nanoparticles with the filtered excitation beam are generally lower than those 

regarding the unfiltered excitations, although the average attenuated energies are higher, ranging 

between 28 and 38 keV, according to the filtering. In particular, it can inferred from the graphs 

that, for both the two nanoparticles, the filtered data shows a decreasing tendency of the XL signal 

rates with the average attenuated energy, as the degree of filtering increases. A reason for that, as 

mentioned previously, may be the decreasing x-ray photon flux produced by the filtering, which 

eliminates more and more photons per each layer of filters added. However, such assumption 

seems not to agree with the monoenergetic excitation data points, which, as the plots show, present 

a lower XL signal rate, even if the total x-ray photon flux produced by the monochromatic source 

is generally higher than that form the polychromatic x-ray tube. From such results, it is possible to 

start to assume that for x-ray luminescence, the tuning of the excitation energy with the K-edge 

may not be fundamental in the physical emission process. The same types of plots are also reported 

for the XF signal rates, in Figure 5.4 and 5.5 for LaF3:Tb and Y2O3:Eu(III), respectively. 

Figure 5.4: Variation of the XF signal rate with average attenuated energy, for LaF3 and for all the 

excitation strategies that have been measured.  
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For the x-ray fluorescence data, the same decreasing trends of the XF signal rates with the average 

attenuated energy can be found, for both the two nanoparticles, regarding the excitation with the 

different filters before the primary beam. Such tendency seems to be almost quadratic, especially 

for the Y2O3:Eu(III) data. The same consideration about the decreasing x-ray photon flux as a 

possible cause for such tendencies may be proposed in this case, as well. Furthermore, for the 

fluorescence data, the XF signal rate produced by the monoenergetic excitation strategy is in 

agreement with such assumption, being far higher that the corresponding signal with all the 

stimulations using the polychromatic x-ray tube. Again, it can be assumed that the K-edge tuning 

of the excitation energy of the primary beam may have fundamental importance in the production 

of x-ray fluorescence, but not the same influence for x-ray luminescence. Such aspect will be 

elaborated and examine in depth in the next paragraph. Finally, it must be reported that no 

monoenergetic excitation data has been considered for LaF3:Tb, as explained before. Furthermore, 

it can be seen, also in the case of x-ray fluorescence, that the XF signal for the filtered data is not 

as high as the signal produced with the other excitation configurations. For XF, this may be related 

not only to the decrease in the primary photon flux, but also to the fact that photoelectric absorption 

is disadvantaged for the filtered excitations, due to two different reasons, according to the 

considered nanoparticle. For Y2O3:Eu(III), it may be because at higher and higher energies above 

the K-edge, the photoelectric cross section of yttrium decreases exponentially. On the other hand, 

for LaF3:Tb, it may be due to the fact that the average energy attenuated by each one of the filters 

Figure 5.5: Variation of the XF signal rate with average attenuated energy, for Y2O3 and for all the 

excitation strategies that have been measured.  
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is always lower than the K-edge of lanthanum, thus photoelectric absorption is not favored in such 

excitation configurations. 

At this point, the rates of attenuated energy (in keV/s) calculated during the experiments, as 

described in Paragraph 2.2, can be considered and combined with the quantified XL and XF signal 

rate data. Therefore, the plots of the variations of the XL intensity rates with the corresponding 

attenuated energy rates are shown, in Figure 5.6 for LaF3:Tb and in Figure 5.7 for Y2O3:Eu(III). 

Figure 5.6: Variation of the XL signal rate with attenuated energy rate, for LaF3 (top) and for all the excita-

tion strategies that have been measured. The plot is also enlarged to highlight the filtered data (bottom). 
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The first thing to appear clearly from the graphs is that the attenuated energy rates of all the 

excitation strategies, for both the two nanoparticles, are not always comparable and do not lie on 

the same ranges of keV/s. For example, the monochromatic data point for Y2O3:Eu(III) is at least 

one order of magnitude higher than the rest of the data. This is due to the enhanced energy 

absorption per unit time of yttrium at 17.48 keV, which is just above its K-edge. Furthermore, for 

both the two nanoparticles, the XL signal rates associated with the data with the tungsten filters 

are those showing the lowest attenuated energy rates. An explanation to this can be given by 

Figure 5.7: Variation of the XL signal rate with attenuated energy rate, for Y2O3 (top) and for all the excitation 

strategies that have been measured. The plot is also enlarged to highlight the filtered data (bottom). 
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looking back at the average attenuated energies shown in Figure 5.3, Figure 5.4 and Figure 5.5. In 

fact, the tungsten filter data are associated with the highest average attenuated energy, thus the x-

ray absorption cross section of both the nanoparticles for highest energies are generally smaller 

than those for lower energies. Finally, it can be seen that, when the attenuated energy rates are 

considered, the trends of the XL signal with the unfiltered polyenergetic excitation are quadratic, 

but seems to tend towards asymptotic values towards the highest attenuated energy rates. This is 

valid for both the two nanoparticles. 

The same kind of graphs are also shown for the XF signal rates, in Figure 5.8. 

Figure 5.8: Variation of the XF signal rate with attenuated energy rate, for LaF3 (top) and Y2O3 (bottom) 

and for all the excitation strategies that have been measured.  
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Again, the onset of the x-ray fluorescence is present, for the polyenergetic excitation data at 

different tube voltages, and it can be correlated to the corresponding attenuated energy rate, for 

each of the nanoparticles. Furthermore, it can be clearly seen that the monochromatic excitation 

for Y2O3:Eu(III) provides the highest XF signal rate, but also has by far the largest attenuated 

energy rate, meaning that the process may not be so efficient in term of XF yield per unit energy. 

Such aspect will be discussed an analyzed in details in the next paragraph. Moreover, for LaF3:Tb, 

the excitation with the filtered polyenergetic beam seems to produce a higher XF signal at the same 

rate of attenuated energy, while it is not the case for Y2O3:Eu(III). This may be because, at the 

considered attenuated energy rates, the unfiltered polyenergetic beam has always a maximum 

energy of its photons below the onset of fluorescence due to K-edge. On the other hand, the filtered 

stimulation, although having a mean attenuated energy always below the K-edge of lanthanum 

(39.82 keV), has a maximum energy of the primary photons (50 keV) above the k-edge, because 

the source is ran at 50 kVp of tube voltage. Hence, a fraction of photons from the unfiltered 

excitation beams, yet small, has energies above the K-edge of lanthanum, producing a non-

negligible XF signal, as it can be seen in the figures. In the case of Y2O3:Eu(III), the filtered 

excitation data are usually in the same increasing quadratic trend of the unfiltered data and for the 

lowest energies, they account for about the same XF signal rates, especially for all the tungsten 

and the cerium plus aluminum filter data . However, as the attenuated energy rates increasing, the 

unfiltered polyenergetic excitation produces a higher XF signal than the unfiltered one, thus having 

a steeper increasing tendency. This can be seen in a better way by looking at the same plot, enlarged 

in the region of the filtered data, as in Figure 5.9.   

Figure 5.9: Enlarged plot of the variation of the XF signal rate with attenuated energy rate, for 

Y2O3 and for all the excitation strategies, as to highlight the filtered data. 
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As to briefly summarize the main conclusions and outcomes derived from the results of the 

quantify-cation of the XF and XL signal just described, it can be stated that: 

1) Both the x-ray fluorescence and the x-ray luminescence intensity rates produced by 

Y2O3:Eu(III) are generally even order of magnitude higher than those emitted by LaF3:Tb, 

for all the excitation configurations. Such comparison will be extended in Paragraph 5.3; 

2) The XL signal seems no to strictly depend on the K-edge energy tuning of the primary 

excitation beam, while it is clearly a major factor for the XF signal, although the mono-

energetic excitation may not be energetically efficient. Also this point will be analyzed 

further and deeper, in the next Paragraph; 

3) The filtered polychromatic excitation mainly produces a lower signal rate for both XF and 

XL and for all the nanoparticles, except for the case of LaF3:Tb below the K-edge, where 

it is the only predominant XF signal, yet lower than for the other excitation strategies when 

considered above that energy value. 

 

5.2 Best excitation strategies and XF-XL signal yields for x-ray stimulated nanoparticles 

In the analysis of the quantified XF and XL signal from LaF3:Tb and Y2O3:Eu(III) nanoparticles 

presented in the previous paragraph, a preliminary evaluation of the different tested excitation 

strategies has been proposed. This was done by taking into account the net XF and XL signal rate 

production in the different configurations, according to either the average attenuated energy or the 

attenuated energy rates. However, a better assessment of which type of excitation is the most suited 

and advantageous for producing x-ray fluorescence and x-ray luminescence for imaging and 

theranostics applications (such as XPDT) van be performed by considering an estimate of the 

amount of both XF and XL signal per unit of attenuated energy. Such estimates will give an 

understanding of the XL and XF signal yields, in ADU/keV and counts/keV respectively, 

representing the efficiency of a given excitation strategy to produce x-ray fluorescence and/or x-

ray luminescence according to the energy necessary to generate it. Such evaluation is fundamental 

because it can provide a general index of the XF and XL signal produced per unit dose related to 

each from of stimulation. These would be the best factor to be used to compare such different 

excitation strategies in a perspective of medical applications, especially molecular imaging and 

theranostics, where dose efficient modalities are strongly required. It will also help to understand 

how to improve both the XF and XL signal emission during imaging and the treatment delivery 

during therapy, for the current XFCT/XLCT system. This will also provide information about how 

to furtherly develop such system, according to such results. 

Therefore, an estimate of the just proposed the XL and XF signal yields per unit energy can be 

calcula-ted by simply dividing the XF and XL signal rates for the corresponding attenuated energy 
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rates, in each excitation configuration and for both the two nanoparticles. Thus: 

Signal energy yield [intensity/keV] =
Signal intensity rate [Intensity/s]

Attenuated energy rate [keV/s]
 

From that, the variation of such energy-normalized signal, for the case of x-ray luminescence, with 

the rates of attenuated energy is reported in Figure 5.10, for LaF3:Tb. 

Figure 5.10: Variation of the energy-normalized XL signal rate with attenuated energy rate, for 

LaF3 (top) and for all the excitation strategies that have been measured. The plot is also enlarged to 

highlight the filtered data (bottom). 



113 
 

The same kind of results are also shown for and Y2O3:Eu(III), in figure 5.11. 

The first and most interesting result that emerges from the two previous figures is the presence of 

local maximum points in the curves for the energy-normalized XL signal, for both the 

nanoparticles. Such maximum peaks are visible in the polyenergetic excitation plots, ranging 

between 1.5x106 and 2x106 keV/s for both LaF3:Tb and Y2O3:Eu(III), but also in the filtered data. 

Figure 5.11: Variation of the energy-normalized XL signal rate with attenuated energy rate, for 

Y2O3 (top) and for all the excitation strategies that have been measured. The plot is also enlarged 

to highlight the filtered data (bottom). 
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In fact, both the excitation strategy using filters with cerium and that using tungsten filters have 

this type of local maxima, although in a slightly lower range of the attenuated energy rates (around 

1x106 keV/s). The very similar results for the maxima and the values of the attenuated energy rates 

shared by the two different nanoparticles are greatly interesting, introducing the possible existence 

of an optimal rate of attenuated energy that is required to produce XL signal in the most energy-

efficient way, thus to maximize the signal yield. It is also important to notice that for both the 

nanoparticles, the estimated XL signal yield given by the monoenergetic excitation is consistently 

lower than that produced by the poly-energetic excitation. In fact, it is quite comparable with the 

XL signal yield from the filtered data, and in the case of Y2O3:Eu(III) has surprisingly almost the 

lowest yield value among all the data points. Therefore, it can be assumed that the monochromatic 

source is possibly inefficient to produce XL signal compared to the energy attenuated by the 

nanoparticles. In particular, for LaF3:Tb, the monoenergetic excitation deliver almost the same rate 

of attenuated energy as the unfiltered polyenergetic stimulation at 50 kVp, although producing as 

much as a sixth of XL signal yield. This may be dependent on the composition of the excitation 

beam in the two different configuration, with the polyenergetic one, having photons with various 

and diverse energies in a large range, being the more suitable for an efficient XL signal generation. 

Even in this case, by analyzing the monochromatic data for Y2O3:Eu(III), it seems that the K-edge 

tuning is not playing a pivotal role in the energy-efficient production of x-ray luminescence. 

Same sets of curves can be plotted also for the XF signal yield, as shown in Figure 5.12, for 

LaF3:Tb. 

Figure 5.12: Variation of the energy-normalized XF signal rate with attenuated energy rate, for 

LaF3 and for all the excitation strategies that have been measured.  
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Likewise, the curves and data points of the energy normalized XF signal with the attenuated energy 

rate are depicted also for Y2O3:Eu(III), in Figure 5.13. 

For both the two nanoparticles, the curves of the data for the unfiltered polyenergetic excitation 

pre-sent again the well-established onset of x-ray fluorescence at the K-edge and seem to have a 

quadratic increase above such value, as the attenuated energy rate increases. However, the XF 

signal yield curve for Y2O3:Eu(III) shows, as for XL, a local maximum peak at around 5x106 

Figure 5.13: Variation of the energy-normalized XF signal rate with attenuated energy rate, for 

Y2O3 (top) and for all the excitation strategies that have been measured. The plot is also enlarged 

to highlight the filtered data (bottom). 
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keV/s. Such result is again interesting because it suggest the presence of an optimum value of 

energy also for the most efficient stimulation of the XF signal, as it has been assumed for the XL 

signal. This aspect is also hinted by looking at the filtered excitation data for both the two 

nanoparticles, especially for LaF3:Tb. In particular, it must be noted that, for such type of 

nanoparticle, the highest XF signal yield at the lowest attenuated energy rate is provided by the 

excitation with the tungsten filter, with a local maximum corresponding to the stimulation with the 

polychromatic beam filtered with 100-µm thick tungsten plus 3 mm of aluminum. Moreover, after 

the value of the attenuated energy rate corresponding to the onset of K-edge fluorescence in 

LaF3:Tb, it seems that the unfiltered polyenergetic data become the ones with the highest XF signal 

yield. Such event does not happen in the case of Y2O3:Eu(III), where the XF signal yield from the 

unfiltered stimulation is always the highest. This result appears unusual and further investigations 

may be necessary. Finally, it can be seen that unexpectedly the monoenergetic excitation of 

Y2O3:Eu(III) at 17.48 keV, although tuned to the K-edge of yttrium, is not as efficient as the 

polyenergetic excitation, because of the large rate of attenuated energy triggered by the 

monochromatic source. Even this aspect was not predicted, though it can be inferred from the 

graphs that the monoenergetic excitation data point may be following the general trend of the 

polyenergetic curve, which decreases beyond the local maximum as the attenuated energy rate 

increases. A better understanding of all these aspects may be given by the analysis of the variation 

of the XF and XL signal yields with the calculated average attenuated energy (as seen in Paragraph 

4.2). Such results for the XL signal and first for the Y2O3:Eu(III) nanoparticles are illustrated in 

Figure 5.14. 

Figure 5.14: Variation of the energy-normalized XL signal rate with average attenuated energy, for Y2O3 

and for all the excitation strategies that have been measured.  
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Then, the same curves for LaF3:Tb are also reported as well, in Figure 5.15. 

The plots of the XL signal yield with the average attenuated energy confirm the presence of local 

maximum points in the curves for the unfiltered polyenergetic excitation, which are actually even 

more emphasized, especially for LaF3:Tb. Both the two nanoparticles reach the maximum XL 

signal yield among all the excitation strategies with the polychromatic source without filters, in a 

Figure 5.15: Variation of the energy-normalized XF signal rate with average attenuated energy, for 

LaF3 (top) and for all the excitation strategies that have been measured. The plot is also enlarged to 

highlight the filtered data (bottom). 
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range of average attenuated energies between 12 and 14 keV. For the other excitation 

configurations, the XL signal yield is always far lower, even for the monoenergetic excitation with 

Y2O3:Eu(III). This seems to confirm the hypothesis that the tuning of the excitation source with 

the K-edge of the target does not have a positive influence on the amount of luminescence per unit 

energy produced. Generally decreasing values of the XL signal yield are reported for the highest 

values of attenuated energies, but also for energies below 10-11 keV. Thus, it may be concluded 

that the optimal range of excitation energies for the most efficient production of x-ray 

luminescence with the polychromatic source lies between 12 and 14 keV for both the two 

nanoparticles. Maximum peaks can be identified also for the filtered polyenergetic excitation of 

Y2O3:Eu(III), with a local maximum for the 200 µm cerium plus 5 mm aluminum filter, at around 

31 keV and another maximum for 100 µm tungsten plus 3 mm aluminum at slightly below 38 keV. 

Such aspect shows a discontinuity with the previous sets of data considering the attenuated energy 

rates, where all the maximum points were centered on the same range of rates. The difference in 

the net x-ray photon fluxes from on excitation strategy to the other could be the reason of such 

behavior, although deeper investigations may be needed. On the other hand, all the filtered data 

for LaF3:Tb does not show particular peaks and has a decreasing tendency of the XF signal yield 

with the average attenuated energy, except for the data point corresponding to filtering with 200 

µm cerium plus 5 mm aluminum. This may be due to an error in the acquisition of the transmission 

energy spectra for this particular data point. 

The same plots can be obtained also for the XF signal yield, as shown in Figure 5.16 for LaF3:Tb. 

Figure 5.16: Variation of the energy-normalized XF signal rate with average attenuated energy, for LaF3 

and for all the excitation strategies that have been measured.  
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Figure 5.17 depicts the same plots for the other nanoparticle, Y2O3:Eu(III). 

The first important and expected result that can be evinced from the graph in Figure 5.17, referred 

to Y2O3:Eu(III), is the location of the previously identified maximum in the energy-normalized XF 

sig-nal for the unfiltered polyenergetic excitation, which has the highest XF signal yield among all 

the data. Such maximum seems to occur with an average attenuated energy almost in 

correspondence of the K-edge of yttrium, as expectable. This means that the most efficient 

excitation configuration for maximizing the XF signal yield is the one where the average 

attenuated energy matches the K-absorption energy of the nanoparticle. Such excitation is provided 

by the unfiltered polychromatic x-ray tube at 45 kVp. However, this aspect cannot be confirmed 

for LaF3:Tb as well, due to the lack of a local maximum in the unfiltered data. Anyway, all such 

attenuated energies are far below the K-edge of lanthanum. Therefore, data points for excitation at 

higher energies are required. In addition, the filtered data for Y2O3:Eu(III) seems again to follow 

the tendency of the unfiltered ones, as after the local maximum the XF signal yield with the 

polyenergetic excitation appears to decrease with the rise of the average attenuated energy. On the 

other hand, the filtered excitation data points for LaF3:Tb provides an opposite behavior, with an 

increasing trend towards the higher energies. A local maximum is also present, for the 200 µm 

cerium plus 5 mm aluminum filter, but even in this case the attenuated average energy may have 

been calculated from a wrong or inaccurate transmission energy spectrum. Moreover, it is 

interesting to notice that all this points may have followed the same XF signal yield, as the 

unfiltered data if the x-ray photon flux of the filtered excitation beam were high enough, thus 

Figure 5.17: Variation of the energy-normalized XF signal rate with average attenuated energy, for 

Y2O3 and for all the excitation strategies that have been measured.  



120 
 

producing a greater net XF signal rate. For the filtered data related to the excitation LaF3:Tb, it can 

be also hypnotized that a maximum in this increasing trend may be reached at the K-edge of 

lanthanum, but without further data for higher energies this cannot be confirmed. Finally, the 

surprisingly low XF signal yield from the excitation of Y2O3:Eu(III) with the monochromatic 

source tuned at the K-edge of yttrium must be reported. This fact shows that, although the 

monochromatic source produces by far the highest XF signal rate among all the excitation energies 

(as seen in the previous paragraph), it is not an efficient stimulation process, because a high 

attenuated energy rate seems to be required to generate such signal. The XF signal yield of the 

monoenergetic excitation exactly demonstrate this. This controversial aspect would need further 

studies and more experimental data to be analyzed. 

Important conclusions can be drawn from the analysis of the XL and XF energy-normalized data 

from the two nanoparticles and all the sets of excitation configurations that has been tested. These 

conclusions can be summarized in the following major points: 

1) For x-ray luminescence, the most efficient excitation strategy, in terms of maximum XL 

signal yield is always provided by the unfiltered polychromatic source for both the two 

nanoparticles. In particular, a maximum of such yield can be found for attenuated energy 

rates ranging between 1.5x10-6 and 2.5x10-6 keV/s, which correspond to an average 

attenuated energy provided by the polienergetic beam at about 12-14 keV. Thus, low energy 

photons in this range may be to be more efficient and suitable in producing x-ray 

luminescence with the lowest energy rates. Such result could be important in a perspective 

of therapeutic delivery using the XL signal, such as in XPDT. An optimal XL signal yield 

at low dose rates of radiation is in fact highly favorable and advantageous for theranostics 

applications, especially in clinical human imaging and therapy; 

2) For x-ray luminescence, the monoenergetic excitation, even if a high photon flux is used, 

seems to be energetically inefficient and leads to low XL signal yields. It may not be advan-

tageous for maximizing the XL signal production, because of the high attenuated energy 

rates required for that, which in terms of related dose rates are not favorable neither for 

molecular imaging nor for theranostics; 

3) For x-ray fluorescence, the unfiltered polychromatic excitation seems to be the best and 

most energetically efficient strategy to stimulate both the two nanoparticles. For 

Y2O3:Eu(III) a maximum in the XF signal yield has also been found, in correspondence of 

an average attenuated energy very close to the K-edge of yttrium.  Tuning the x-ray beam 

to the K-edge of the target material may be fundamental to maximize the XF signal at low 

dose rates, as expectable theoretically. Even the filtered data for LaF3:Tb seems 

demonstrated that, but no average attenuated energies above the K-edge of lanthanum was 
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available to further confirm that. As discussed multiple times, the x-ray photon flux may 

be crucial in establishing such aspect; 

4) For x-ray fluorescence, it was unexpectedly found from the experimental data that the 

mono-energetic excitation tuned with the K-edge of Y2O3:Eu(III) was not as energetically 

efficient as the unfiltered polyenergetic one, producing a lower XF signal yield per unit 

energy. Although the monochromatic source generates by far the greatest XF signal rate 

(as shown in the results in the previous paragraph), the attenuated energy rates required for 

such rates are incredibly high, thus implying consistent dose rates for potential theranostic 

applications. 

 

5.3 Comparison between XF and XL signal from different nanoparticles 

A direct comparison between the x-ray fluorescence and x-ray luminescence signals can be 

performed in a quantitative way, from the sets of data that has been shown and discussed in a large 

part previously. Such comparison is conducted not only amongst the two types of nanoparticles 

that has been tested in this quantification study, but also between the two kind of signal, the x-ray 

fluorescence and x-ray luminescence, that each nanoparticle is able to produce. The first important 

comparison above-mentioned will permit to furtherly evaluate which nanoparticle is more suited 

for theranostics applications using the XFCT/XLCT system described in this work. A brief 

assessment of such aspect has been already proposed in Paragraph 5.1, when the XL and XF signal 

rates generated by the two nanoparticles has been analyzed and compared. However, this time also 

the energy signal yields calculated and reported in the previous Paragraph will be taken into 

account. The second comparison, considering the XF and XL signal produced by each single 

nanoparticle in all the configurations, will allow to estimate which type of emission is the most 

favorable or the most predominant during the simultaneous x-ray stimulation, according to the 

type of excitation used. 

First of all, for the comparison between the two nanoparticles, the ratio of the XL signal rate (in 

ADU/S) emitted by Y2O3:Eu(III) over the XL signal rate produced by LaF3:Tb has been calculated 

from the previous data. Considering that each nanoparticle involves different rates of attenuated 

energies and also different average attenuated energies (as they have been derived in Paragraph 

4.2), the variation of the ratio between the XL signal rates of the two compounds were plotted only 

in dependency of the changes in the maximum energy of the excitation beam (see Paragraph 5.1). 

Therefore, only the data from the unfiltered polychromatic source and those from the 

monochromatic source has been considered, because they maximum beam energies were known. 

For the filtered excitations, this is not possible, because the all the data have been acquired using 

the polychromatic source at 50 kVp. Hence, all those data share the same maximum energy of the 
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excitation source, but the distri-bution of the energies of their x-ray photons, given by their energy 

spectra, is hugely variable and cannot be represented only by the maximum value. Then, the graph 

for the ratio between the Xl signal rates of Y2O3:Eu(III) over LaF3:Tb, with the variation of the 

maximum energy of the source, is re-ported in Figure 5.18. 

The graph in the previous figure has a decreasing trend until a discontinuity point of local 

minimum at 20 keV, after which the curve shows a smooth growth of the ratio between the XL 

signal rates of the two nanoparticles, as the source maximum increases. It is evident that the XL 

signal rate of Y2O3:Eu(III) is always as high as at least ten times that of LaF3:Tb, confirming what 

it has been already inferred from the results in Paragraph 5.1. However, the local minimum 

indicates a possible reversal in such tendency, as the source maximum energy increases. It is 

interesting to notice that the local minimum is just above the K-edge energy of yttrium, maybe 

hinting that after such energy and by approaching the K-edge of lanthanum, the Xl signal produced 

by LaF3:Tb could become predominant over Y2O3:Eu(III). Anyway, although there are no data 

above keV enough to enforce that, the fact that, around the K-edge of lanthanum (39.82 keV), the 

curve is still very flat may already dis-courage such hypothesis.  

It can also be seen from the plot that for the monoenergetic excitation, the ratio between the XL 

signal rates of Y2O3:Eu(III) over LaF3:Tb is almost at its maximum value and it is higher than the 

corresponding values at the same source maximum energy for the polyenergetic excitation. This 

is because of the tuning of the monochromatic x-ray beam with the K-edge of yttrium, which 

maximizes the absorption of x-ray photons by Y2O3:Eu(III). Thus, the XL signal produced in this 

Figure 5.18: Variation of the ratio between the XL signal rates of Y2O3 over LaF3 with the source 

maximum energy, for the polychromatic and monochromatic excitation. 
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case can be influenced by this enhanced absorption, rather than in the case of LaF3:Tb. 

Nevertheless, the previous results from the quantification of the XL signal yields has shown a low 

or even negligible impact of the monoenergetic excitation on the production of x-ray 

luminescence. This fact seems to disagree with the data point in Figure 5.18 about the 

monochromatic source.  To resolve such issue, it may be useful to calculate and analyze the ratio 

between the XL signal yields, instead of the signal rates. Such ratio has been derived, again for 

Y2O3:Eu(III) over LaF3:Tb. The results are shown in Figure 5.19, as the source maximum energy 

changes from 10 to 50 keV. 

It can be seen that the first part of the curve, blow the minimum point, has not changed drastically 

from the previous plot regarding the signal rates. However, the local minimum now has a lower 

value than before (about 7.5 instead of 10). In addition to that, the second part of the curve beyond 

such point is now even more flat and almost constant, until a slightly increase at 50 keV. Therefore, 

it can be stated that Y2O3:Eu(III) reaches the greatest difference in XL signal yield, with respect to 

LaF3:Tb, for the lowest values of the source maximum energy. It may be possible that this is 

connected to the presence of the local maximum in the XL signal yields for both the nanoparticles 

exactly for energies between 10 to 12 keV. Anyway, further understanding of such aspect is 

required to confirm this. Finally, the resulting ratio between the XF signal yields for the 

monoenergetic excitation resolves the previous issue emerged from Figure 5.18. In fact, the data 

point for the monochromatic source has the lowest value among all and it confirms the assumed 

negligible influence of the monochromatic excitation over the produced XL and especially over 

Figure 5.19: Variation of the ratio between the energy-normalized XL signal rates of Y2O3 over 

LaF3 with the source maximum energy, for the polychromatic and monochromatic excitation. 
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the corresponding XL signal yield. 

The same kind of graphs, as those shown in Figure 5.18 and Figure 5.19 for x-ray luminescence, 

can be derived for x-ray fluorescence, showing both the ratio between the XF signal rates and the 

ratio between the XF signal yields of Y2O3:Eu(III) over LaF3:Tb, again for the variation of the 

source maximum energy. Such plots are reported in Figure 5.20. 

The two curves in the figure, for both the ratio between the XF signal rates and the ratio between 

the XF signal yields, show almost perfectly identical trends, with the only difference being in the 

Figure 5.20: Variation of the ratio between the XF signal rates (top) and of the ratio between en-

ergy-normalized XL signal rates (bottom) of Y2O3 over LaF3, with the source maximum energy. 
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scale of the respective values. In fact, the ratio between the XF signal rates is almost twice as the 

ratio between the XF signal yields. However, the similarity between the tendencies of the plots 

may suggest a negligible influence of the attenuated energy in the comparison between the x-ray 

fluorescence signals of the two nanoparticles. By looking carefully at the both the two curves, it 

can be clearly seen that a maximum peak is present, at 30 keV. Below such point, both the two XF 

ratios increases from almost zero to such maximum value. This is because the XF signal of both 

Y2O3:Eu(III) and LaF3:Tb is negligible until the onset of x-ray fluorescence at the K-edge, which 

happens first for yttrium. Hence, beyond such value (between 15 and 20 keV in the curve), the XF 

signal of Y2O3:Eu(III) is predominant, as shown by the two ratios, until the maximum peak. After 

such value, the onset of x-ray fluorescence for lanthanum occurs and then the ratio between the 

XF signals of the two nanoparticles becomes lower and lower, due to the increasing production of 

x-ray fluorescence by LaF3:Tb. However, the quantification data from the results in Paragraph 5.1 

have clearly shown that the XF signal of Y2O3:Eu(III) is always higher than that of LaF3:Tb, at 

least of one order of magnitude. 

The second comparison of the data discussed in this Paragraph, between the XL and the XF signals 

of each nanoparticle, can be easily estimated by calculating the ratio between the XL signal rate 

and the XF signal rate (in ADU/counts) of both Y2O3:Eu(III) and LaF3:Tb. Such ratio can be 

calculated for all the excitation strategies that has been tested in the experimental studies. 

Furthermore, such ratio is the same for both the signal rates and the signal yields, due to the same 

attenuated energy rates. The first graph is shown in Figure 5.21, for LaF3:Tb, with the average 

attenuated energy. 

Figure 5.21: Variation of the ratio between the XL signal rate and the XF signal rate of LaF3, with 

the average attenuated energy and for all the excitation strategies that have been measured. 
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The most evident aspect emerging from the plot for LaF3:Tb is the predominance of the XL signal 

over the XF signal for this nanoparticle, which is from five to nine orders of magnitudes higher 

than the x-ray fluorescence emitted by the same compound. This result is expected, because of the 

lower energy required to produce a visible light photon (few eV), compared to that required to 

generate a characteristic x-ray photon. The lowest values for the ratio are presented by the 

characteristic x-rays, which have average attenuated energies closer to the K-edge of lanthanum. 

The curve for the unfiltered polyenergetic data also show a maximum value of the ratio center on 

about 12-14 keV. Such value corresponds almost to the energy that maximized the XL signal yield, 

as shown in the previous Para-graph, thus enforcing the hypothesis about the most efficient action 

of these lower energies for the production of x-ray luminescence. The ratio between XL and XF 

signal rates tends to decrease as the average attenuated energy increases, moving toward the K-

edge of lanthanum, as noticed previously. 

 An equivalent graph is also depicted for the second nanoparticle, i.e. Y2O3:Eu(III), in Figure 5.22. 

As it was seen previously for the case of LaF3:Tb, the graph of the ratio between the XL and the 

XF signal of Y2O3:Eu(III) with the unfiltered polyenergetic excitation shows a maximum value, at 

around 10-12 keV, approximately in correspondence of the range of energies that was found to 

maximize the XL signal yield (see Paragraph 5.2). Beyond such value, the XL over XF signal ratio 

greatly decreases and becomes almost flat beyond the K-edge of yttrium. It is interesting to see 

that the ratio between the XL and XF signal for the monoenergetic excitation is the lowest value 

depicted, as to demonstrate the great influence on the XF signal production given by the tuning of 

Figure 5.22: Variation of the ratio between the XL signal rate and the XF signal rate of Y2O3, with 

the average attenuated energy and for all the excitation strategies that has been measured. 
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the monochromatic source with the K-edge of yttrium. Furthermore, the filtered excitation data for 

Y2O3:Eu(III) shows an increasing trend with the average attenuated energy, as the degree of 

filtering grows. This is a fact that dis-agree with the previous plot for LaF3:Tb, where a decreasing 

trend for the same configuration was visible. The decreasing trend for LaF3:Tb was explained 

considering the proximity with the K-edge of lanthanum. On the contrary, for the case of yttrium, 

the increase in the average energy reduces the probability of having photoelectric effect, thus 

decreasing the production of x-ray fluorescence for the XL over XF ratio. Finally, it can be noticed 

that, in general, the ratio between XL and XF signals is greater for Y2O3:Eu(III), rather than for 

LaF3:Tb. 

In the end, the major conclusion that can be inferred by the previous graphs and the analyzed data 

from the different comparisons of the result of the quantification study is related, as already seen, 

to the predominance of the XF and XL signal produced by Y2O3:Eu(III), as compared to that 

emitted by LaF3:Tb, for all the various excitation strategies. In a perspective of molecular imaging 

and theranostics, Y2O3:Eu(III) nanoparticles can be considered the most suitable and favorable 

among the two types considered, especially for XPDT, for these kinds of applications with the 

current XFCT/XLCT system of this work. 

 

5.4 Results from XFCT imaging of metal-based compounds in the mouse phantom 

The results from the first imaging study carried out with the XFCT/XLCT system are now 

discussed and presented [62]. As illustrated previously n Paragraph 4.3, a mouse head phantom 

with two double tube cylinders loaded with metal-based compounds was used in such XFCT 

imaging study. One of the cylinders was filled with Y2O3:Eu(III) and HfO2 nanoparticles, while 

the other with LaF3:Tb and Cisplatin. The XFCT study was performed applying the first XFET 

geometry involving a pencil beam of x-rays for the excitation and a single slit aperture for the 

collection of the XF signal before of the x-ray CCD camera. Simultaneously to the detection of 

the x-ray fluorescence projections through the slit with the CCD, the CdTe spectroscope was used 

to acquire the XF energy spectra emitted by the samples in each scanned position. These spectra 

were used later to isolate the peaks of each of the x-ray fluorescence emitting compounds, in order 

to create a multicolored image by superimposition of the single slices for each target material.  

Therefore, an example of such XF energy spectra is shown in Figure 5.23, for all the compounds 

in both the two double tube cylinders. Such specific XF spectra were acquired in positions where 

both the two materials filling each tube were irradiated simultaneously, as for all the x-ray 

fluorescence peaks emitted by the targets to appear. The only exception is for lanthanum in the 

LaF3:Tb nanoparticles. Such lack of the XF peak of lanthanum is obviously due to the use of the 

monochromatic source at 17.48 keV for the imaging study. Thus, the energy of the x-ray photons 
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emitted by the source was lower than the K-edge of lanthanum, while the L-fluorescence peaks 

have energies that were too low to be detected clearly in the XF spectra [62]. 

In the first spectra, the two L-fluorescence peaks of hafnium (7.89 keV and 9.02 keV) and the K-

fluorescence peak of yttrium (14.96 keV) have been isolated. In the second spectra, the same was 

done for the two L-fluorescence peaks of platinum (9.44 keV and 11.07 keV). The peak generated 

by the scattering (mainly coherent and Compton scattering) of x-ray photons from the primary 

beam is also evident in both the XF spectra, showing the great contribution to the noise of such 

7.89 keV  

 9.02 keV 

14.96 keV Hf 
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7.89 keV  
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Figure 5.23: XF energy spectra acquired in arbitrary positions, at which the mouse head phantom was scanned 

during the XFCT study. The energy-isolated peaks for the compounds in the first double tube cylinder, con-

taining Y2O3:Eu(III) and HfO2 (top), and those for the second cylinder, loaded with LaF3:Tb and Cisplatin 

(bottom), are identified and labelled [62]. 
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process. Peaks from undesired x-ray fluorescence emitted by various materials in the surrounding 

environment are also present, mainly due to iron (6.40 keV) and lead (10.52 keV). 

The net count rates associated with the XF signal of all the three compounds is relatively low and 

the scattering is predominant in the energy spectra. This is due to the very low concentrations of 

materials filling the samples that has been used for the imaging study. However, the counting 

statistics for all the peaks and the energy resolution of the CdTe detector is favorable enough to 

perform energy isolation of such XF peaks, as to reconstruct a single 200-µm tomographic slice 

of the imaged target. The procedure for the image reconstruction has been explained in Paragraph 

3.3. A 4 x 4 binning of the pixels of the x-ray CCD camera was chosen, in order to increase the 

net amount of signal per unit area in the slice, at the cost of spatial resolution. At this point, the 

results from the energy isolation of each x-ray fluorescence peak form the various compounds and 

their reconstruction into monocolored transversal slices are reported in figure 5.24, including the 

energy isolation of the peak produced by the scattering from the primary beam [62]. 

The results from the reconstructed slices show that all the features of both the double tube cylinders 

are clearly resolved and distinguishable. Thus, it is demonstrated that the XFCT/XLCT system is 

able to reach a spatial resolution of about 200 µm, the size of the smallest region resolved. The 

energy-isolated slice of platinum, and slightly also the energy-isolated slice for yttrium, presents 

noise perturbations due to scattering contaminating the isolated signal from the XF peaks. Anyway, 

Hafnium energy-isolated slice 

Yttrium energy-isolated slice 

Cisplatin energy-isolated slice 

Scattering energy-isolated slice 

Figure 5.24: Energy-isolated slices for each of the three main compounds of the XFCT imaging study, 

i.e. hafnium (top left), cisplatin (top right) and yttrium (bottom left). The energy-isolated slice for the 

scattering is also shown (bottom right) [62].  
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even the lowest concentration of target material, i.e. 300 µg/mL for Cisplatin, has been detected, 

tough the not-negligible presence of noise. The sensitivity performances of the XFCT/XLCT 

system are then assessed for x-ray fluorescence.  

Finally, the four energy-isolated slices previously shown are combined and superimposed to create 

a single 200-µm multicolored slice, visible in Figure 5.25 [62]. 

In the multicolored image, the scattering slice has been used as a sort of structural frame for the 

entire image, because of the visibility of the shapes and contour of the mouse head phantom. All 

the main features of the sample at 200-µm size are again clearly visible and spatial resolved, even 

after the superimposition of the energy-isolated slices. This demonstrates the feasibility of 

multiplexed XFCT imaging at high resolution with the proposed XFCT/XLCT system. 

 

5.5 Results from XFCT and XLCT imaging of metal-based compounds in the double tube 

Finally, this paragraph will introduce and discuss the 3D imaging results from the combined XFCT 

and XLCT study of a double tube cylinder, loaded with metal-based compounds [62]. As described 

in Paragraph 4.4, the glass double tube (of 1 to 3 mm-size) was filled on the inside with 

Y2O3:Eu(III) in powder form and on the annular region with NaBr in water solution.  

The imaging study was carried out using an XFET/XLET imaging geometry, which involved an 

excitation with a sheet x-ray beam, produced by collimating with a slit the cone beam of the 

polychromatic x-ray tube, and the collection of the XF and XL signal coming from the materials 

Figure 5.25: Multicolored slice resulting from the XFCT imaging study. The scattering contribution 

(in gray) and the signal from yttrium (blue), hafnium (green) and platinum (red) are visible [62]. 
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with a pinhole. Two different pinholes were mounted in front of both the x-ray CCD camera, for 

XF detection, and the EMCCD plus DM tube assembly, for XL detection.  

Single vertical slices corresponding to the XF and XL projections of the irradiated plane in the 

double tube cylinder were acquired. From such slices, a 3D volumetric image was then 

reconstructed by stacking them all together, as explained in Paragraph 3.3. The CdTe spectroscope 

was used to acquire XF energy spectra from the two metal-based compounds, in order to isolate 

the XF peaks of each of the imaged materials and perform multiplexed imaging of different 

emitters. The XF slices were then combined with the corresponding slices obtained from the XL 

projections. Afterwards, the final multicolored and multimodal 3D image was obtained. Such final 

volumetric image and two single slices, one for XF only and the other with the combination of XF 

and XL signal, are reported in Figure 5.26, as the main results of the abovementioned imaging 

study with the proposed XFCT/XLCT system [62].  

The 3D image clearly shows all the major contributors for the XF signal emitted by the double 

tube cylinder: the XF signal isolated from Y2O3:Eu(III) in yellow and the XF signal isolated from 

NaBr in red. A third XF signal is visible as an outer layer in blue. The glass, from impurities of 

zinc, emits such XF signal. Anyway, the zinc XF signal provide structural information about the 

Figure 5.26: Main results of the combined XFCT and XLCT imaging study. A 3D XFCT volumetric image 

is shown (left), where Y2O3 (in yellow) and NaBr (in red) are visible. The outer layer (in blue) is XF signal 

coming from zinc impurities in the glass. A complete XF slice is also reported (center), with again Y2O3 (in 

green), NaBr (in red) and zinc (in blue) clearly present. Finally, a combined XF and XL slice (right) is also 

presented, showing XF signal from NaBr (in red) and XL signal from Y2O3 (in blue) [62]. 
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outer contour and thick-ness of the double tube cylinder. It is evident from the image that all the 

three major features have been clearly and sharply resolved in the XFCT study, with excellent 

spatial resolution. This is also due to the bigger dimensions of such sample compared to the mouse 

head phantom used in the previous study (1 mm rather than 200 µm). The slice reported in Figure 

5.26 showing the three major XF projections from the sample enforces such statement and 

demonstrates the good performances of the XFCT/XLCT system. Finally, the last slice reported in 

the figure, shows the combination of the imaged XL projection emitted by Y2O3:Eu(III) and again 

the XF projection from NaBr. Again, all the details of the double tube sample are perfectly resolved 

and distinguishable. Moreover, the multiplexed and multimodal image openly demonstrates the 

feasibility of combined XFCT and XLCT with the system proposed in this thesis work. Attenuation 

correction, using a transmission x-ray detector, such as the Zyla sCMOS, has not been performed 

on the final resulting images, thus some area in the pictures appears less resolved and with a lower 

amount of signal. This is due to the gradual attenuation of both the primary x-ray beam across the 

thickness of the double tube, and also of the corresponding XF and XL photons emitted by regions 

deep within the sample. Attenuation correction may have furtherly improved the quality of the 

final images. 
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6. Conclusions and future work 

 

As mentioned multiple times throughout all the previous Chapters, the main motivation behind 

this work has been the design, creation and development of a smart, advanced and innovative 

XFCT and XLCT imaging system, as to investigate potential theranostic applications of this type 

of technology, such as x-ray induced and monitored XPDT. The system has also been characterized 

in details and various experimental studies have been conducted to test and evaluate its 

performances. Spatial resolution, sensitivity and capability of multiplexed and multimodal 

imaging were among the main features that has been assessed. Furthermore, an extended 

quantification study for the x-ray fluorescence and x-ray luminescence signals was one of the core 

targets of the experimental applications of such XFCT/XLCT system. Various x-ray excitation 

strategies has been tested and evaluated, in combination with nanoparticle agents as the main 

targets and vehicles for theranostics.  

At this point, the current Chapter will first summarized the entire work that has been here described 

and illustrated, highlighting the most important aspects, the fundamental basis of the XFCT/XLCT 

system and the primary results obtained from the experiments. Afterwards, future directions for 

this thesis project, together with potential developments and improvements of the current 

XFCT/XLCT system proposed here, will be discussed briefly. 

 

6.1 Summary of the work and relevant conclusions 

The key features and aspects concerning the design, construction and development of the 

XFCT/XCT system can be summarized through the main points in the following list: 

1) The system has been primarily designed for combined XFCT and XLCT imaging. The 

main purpose of the system is assessing the feasibility of using such emission techniques 

also to deliver therapeutic effects, triggered by x-ray selective stimulation, and to 

simultaneously monitor and image such treatments with suitable molecular imaging 

performances; 

2) The system is embodied in a benchtop laboratory setup, compose of commercial and 

custom-made detectors. Such aspect is important, as to demonstrate the practicability of 

XFCT and XLCT technology outside synchrotron facilities and its potential for future 

commercial pre-clinical and even clinical applications; 

3) The system implements XFET (x-ray fluorescence emission tomography) and XLET (x-

ray fluorescence emission tomography) imaging geometries, in order to perform the 

scanning of the target object with the x-ray beam and to acquire the final XL and XF 
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signals. XFET/XLET geometries involves the use of collimated x-ray beam with specific 

shapes for x-ray stimulation and also the collimation of the emitted XF/XL signal with 

different apertures to collect and transmits the respective projections to the detectors. Their 

main objective is to reduce the image acquisition time of both XFCT/XLCT, to maximize 

the tradeoff between spatial resolution and geometric sensitivity of the setup, and finally 

to allow image reconstruction without complex algorithms or the necessity to calculate any 

sinogram; 

The XFCT/XLCT has been used to conduct experimental investigations on the applicability of x-

ray fluorescence and x-ray luminescence in nanoparticle-mediated therapy, with simultaneous 

monitoring of the treatment via tomographic treatment. Nanomaterials were chosen as potential 

theranostics agents with XFCT/XLCT, because of their versatility and unique properties. In 

particular, two types of nanoparticles were tested and studied: LaF3:Tb and Y2O3:Eu(III). A 

quantification study of the XF and XL signal produced by these two nanoparticles under different 

x-ray excitation strategies were per-formed. The tested excitation strategies carried with the 

XFCT/XLCT system includes: 

 Excitation with a polyenergetic x-ray cone beam produced by the polychromatic source of 

the setup, using different sets of tube voltage (from 10 to 50 kVp with 5 kVp increment 

steps); 

 Excitation with a high-flux monoenergetic x-ray beam at 17.48 keV, produced by the 

mono-chromatic source of the setup; 

 Excitation with a filtered and hardened polyenergetic x-ray cone beam, using different 

seven filters that involves various thicknesses of cerium, tungsten and aluminum. The x-

ray beam was produced again by the same polychromatic source of the setup. 

An estimate of the energy attenuated by the nanoparticles in each excitation strategy was also 

calcula-ted, using the measured x-ray transmission energy spectra of the primary beam passing 

through the samples. It can be assumed that such estimated attenuated energy is the theoretical 

maximum energy absorbed by the nanoparticles in such configurations, if all the interactions 

occurred as photoelectric effects. Moreover, it can be proposed that such energy is also not so far 

from the real absorbed energy, due to the high photoelectric cross sections of the nanoparticles 

involved. 

The first important result emerged from the quantification study regards the preponderance of both 

the XF and XL signal produced by Y2O3:Eu(III), over that emitted by LaF3:Tb for all the excitation 

strategies. This was demonstrated considering both the XL and XF intensity rates of the two signals 

and their energy-normalized intensity rates, which give indexes of the signal yields per unit energy 

of the two nanoparticles. Therefore, it can be concluded from such study that Y2O3:Eu(III) is 
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definitely more suitable and efficient to be used as theranostics agents for combined XFCT/XLCT 

therapy and imaging, in particular for light-based therapies such as the aforementioned XPDT. 

Secondly, other results of the quantification study has suggested that the unfiltered polyenergetic 

source was the best and most energy-efficient among the tested excitation strategies for x-ray lumi-

nescence production, in particular using the minimum attenuated energy rates to stimulates the 

nanoparticles. The highest XL signal rate was achieved with the polychromatic source at its 

maximum tube voltage (50 kVp) and the trends of the intensity rates curves hinted to a possible 

further increase in the XL signal as the maximum energy of the source grows. However, such 

excitation was not the most efficient in terms of rate of energy attenuated by the samples. In 

particular, for all the excitation strategies, XL signal production of both the nanoparticles presented 

maxima points of its energy-yield in correspondence of relatively low rates of attenuated energy, 

ranging between 1.5·106 and 2.5·106 keV/s. Similarly, XL signal yields for both the nanoparticles 

with unfiltered polyenergetic beam presented a maximum peak in efficiency for average attenuated 

energies at 12-14 keV. Hence, it can be concluded that excitation with low-energy photons may be 

the most efficient in stimulating XL production with the lowest energy involved in the process.  

Such result is greatly interesting and important, in a perspective of theranostics applications of x-

ray luminescence. In fact, optimizing XL signal production per unit of attenuated energy is 

equivalent to reducing to the minimum the dose rates involved in the stimulation, during both the 

therapeutic and the imaging procedure. Such aspect should be furtherly investigated in the future. 

However, a hypothesis on the physical causes of such maximization at low energies may be 

introduced: low-energy x-ray photons may be more suitable to produce x-ray luminescence 

because the generally produce photoelectrons with low kinetic energy, during interaction with the 

nanoparticles. Hence, low kinetic energy electrons are more advantaged in recombining within 

scintillation centers in the light-emitting materials, compared to electron with high kinetic energy, 

produce by high-energy photons. Such electrons, in fact, have first to lose part of their energy 

through collisions before reaching the proper energy for recombination inside luminescence 

centers for XL production. 

For what concerns x-ray fluorescence, the quantification study has confirmed the expected impor-

tance and influence of using x-ray excitation energies that are tuned to the absorption edges (in 

particular the K-edge) of the target materials. In fact, the highest XF signal rate measured was 

produced by the stimulation of Y2O3:Eu(III) with the monoenergetic beam at 17.48 keV, just above 

the K-edge of yttrium (17.03 keV), thus maximizing the photoelectric absorption of x-ray photons 

in the material. In the same way, for LaF3:Tb, the filtered excitations, which were designed to 

harden the x-ray stimulating beam towards energies as close as possible to the K-edge of 

lanthanum, were found to produce a consistent XF signal. Specifically, they were the best 
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excitation strategies in maximizing the XF signal yield of LaF3:Tb at the lowest attenuated energy 

rates. The maximum net XF signal rate, for LaF3:Tb, was still produced by unfiltered polyenergetic 

excitation with energies above the K-edge, yet the highest photon flux produced by such strategies 

is probably the cause of that. In fact, beam hardening through filtering reduces the net x-ray photon 

flux of the stimulating source. 

Lastly, it was surprisingly and unexpectedly found that the monoenergetic excitation tuned at the 

K-edge of Y2O3:Eu(III) was not the most energy-efficient stimulation strategy for maximizing the 

XF signal yield at the lowest attenuated energy rates. In fact, the monoenergetic excitation 

produced by far the greatest rate of attenuated energy, almost an order of magnitude higher than 

those of the other strategies. This may be due effectively to the enhanced photoelectric absorption 

with the K-edge tuning, thus corresponding to very high energy deposition rates in the target 

materials. However, it seems that an equivalent increase in the XF signal production is not 

corresponding to such heightened energy absorption. Hence, it can be assumed that a large fraction 

of this energy is not used for x-ray fluorescence generation and then it can be considered as 

“wasted”, in a perspective of XFCT. 

As a last significant result, it must be reported also that a comparison between the XL signal and 

the XF signal produced simultaneously by the same nanoparticle has shown, for both Y2O3:Eu(III) 

and LaF3:Tb, that x-ray luminescence is by far the type of radiative emission produced in the 

largest quantity. The x-ray luminescence signal (in ADU/s) was even as high as a million time the 

x-ray fluorescence one (in count/s). Anyway, such result is not startling, because it is known that 

a much lower photon energy is required to produce an optical photon of few eV, compared to a 

characteristic x-ray of even tents of keV. It can be noticed that the ratio between the required 

energies is exactly in the order of 109-1010, as the comparison between the two signals has found. 

Furthermore, the outcomes of the two imaging studies performed with the XFCT/XLCT system 

has provided important conclusions and evaluations regarding the imaging performances of the 

current setup. The first XFCT study with the mouse head phantom and the double tube cylinders 

has demonstrated the excellent spatial resolution achievable with the XFCT/XLCT system using 

x-ray fluorescence and the XFET imaging geometries. In fact, all the 200-µm features of the 

sample were resolved and distinguishable, although a not-negligible noise contribution primarily 

coming from scattered radiation was present. Such spatial resolution level is already an order of 

magnitude higher than that achievable with clinical nuclear medicine techniques and even higher 

than the respective preclinical modalities (as shown in Paragraph 1.3). It is also comparable to the 

best state-of-the art modalities for high-resolution imaging, such as micro-CT and micro-MRI. 

Similarly, the sensitivity of the system was high enough to detect even the lowest concentration 

used, which was equal to 300 µg/mL of Cisplatin in water solution. Such result is promising, 
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although it is still order of magnitude lower than conventional molecular imaging modalities such 

as PET and SPECT. Moreover, the clinical concentrations of Cisplatin found in tumor during 

chemotherapy are still ten times lower (around 30 µg/mL) than the sensitivity limit of the system. 

Such concentrations are the necessary sensitivity targets for the XFCT/XLCT system, in order to 

be used for Auger therapy or radiosensitization of conventional chemotherapy. However, as it will 

be described in the next Paragraph, there is a large margin of improvement of the system sensitivity 

with further development of the XFCT/XLCT setup, in particular regarding its geometry and 

detection efficiency. Capability of performing multiplexed XFCT with different compounds was 

also proved by these imaging results. 

On the other hand, the second imaging study has mainly demonstrated the feasibility of combined 

XFCT and XLCT with the current system of this thesis work. The results also confirm the good 

spatial resolution performances of the system even for simultaneous XFCT/XLCT, with optimum 

visuali-zation of all the details of the millimeter-sized double tube cylinder imaged in the 

experiment. Multi-modal and multicolored imaging with both XFCT and XLCT was also proven. 

In conclusion, this thesis project has demonstrated and shown the promising potentials of XFCT 

and XLCT for both molecular imaging and theranostics, following the premises illustrated in the 

very introduction to this work. The system here proposed is based on a preliminary design and it 

was thou-ght for research applications and tests. However, several improvements can be 

implemented in the current setup and such system can be an optimal and solid starting point from 

more advanced proto-types with possible commercial purposes, beginning with preclinical 

applications. This will be briefly discussed and considered in the next Paragraph about the future 

directions of this work. 

 

6.2 Future work and directions 

Although important results has been achieved with the XFCT/XLCT system design proposed in 

this thesis work and the excellent potential of this technology has been preliminary assessed and 

proven, several improvements and further developments can be proposed to the current setup. 

First and most, x-ray transmission CT can be considered and tested in future imaging studies, as 

to demonstrate the feasibility of tri-modal XFCT, XLCT and traditional CT in a single setup. The 

system is already capable to perform an imaging study of this type, by using either the Zyla 

sCMOS camera or the flat panel. This will add an important and helpful benefit to the system, 

allowing it to combine molecular and functional imaging with structural and anatomical 

information provided by x-ray CT. 

Similarly, x-ray CT can be used to estimate x-ray attenuation of the primary beam through the 

imaged object. Such attenuation estimate can be used to correct the lack of homogeneity of the 
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signal at different values of the thickness of the sample, thus furtherly improving the quality of the 

resulting XFCT/XLCT images. 

In terms of system performances, spatial resolution of the XFCT/XLCT system can be pushed 

farther towards smaller and smaller values, by trying to collimate the x-ray excitation beam with 

pinholes and slits of sizes below 200 µm, or even below 100 µm. On the other hand, sensitivity 

can be also improved by minimizing as much as possible background signal. In the case of x-ray 

fluorescence, this can be done by shielding any radiation produced by metals or high Z material in 

the surroundings, while for x-ray luminescence, by using more efficient optical filters and furtherly 

prevent ambient light to contaminate the XL signal. 

The quantification study can be repeated to confirm the results obtained in this thesis. For example, 

a more accurate estimation of the energy absorbed by the nanoparticles can be directly acquired 

using dosimeters, such as gel or liquid dosimeters. Specific phantoms with dosimetric gel can be 

prepared and filled with nanoparticles or other theranostics compounds, in order to measure the 

dose rate absorbed by the samples. Moreover, additional excitation strategies can be tested, such 

as using different filters, sources with higher flux or with different values of their maximum energy. 

XPDT feasibility with the proposed XFCT/XLCT system and using the types on nanoparticles 

tested in this thesis work can be assessed by directly measuring the amount of cytotoxic effect 

induced in biological tissues. This can be done by incorporating water solutions or tissue-

mimicking phantoms in the setup together with the nanoparticles. Then the production of free 

radicals, such as singlet oxy-gen 1O2 by x-ray luminescence can be quantified using specific 

chemical markers and dyes, like singlet oxygen sensor green (SOSG). 

In addition to that, new and different theranostics and imaging agents can be tested with the current 

XFCY/XLCT setup, envisioning even other theranostics applications, such as x-ray mediated drug 

release or Cherenkov radiation PDT [4] [32] [35] [36]. 

Finally, the XFCT/XLCT system proposed and discussed in this project can be a promising starting 

point for more advanced and commercially focused designs and versions. In fact, a novel XFCT 

full-ring detection system with small pixel CdTe detectors for nanoparticle-mediated theranostics 

appli-cations has been recently proposed by L. Giannoni et al. [62]. Such design will incorporate 

multiple cadmium telluride detectors in a full ring assembly. The system design is based, as it is 

reported in the figure, on the MRC-SPECT I system developed in the Radiation Imaging and 

Detection Group at the University of Illinois at Urbana-Champaign (UIUC) [63]. Detection 

efficiency and overall sensitivity of the setup will be greatly enhanced, compared with the 

XFCT/XLCT system of this thesis work, thanks to the full-ring geometry. Room-temperature CdTe 

detectors, such that used for the spectroscope in the XFCT/XLCT setup, have been chosen because 

of their good detection performances and high energy resolution with x-ray photons. This is due 
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to their high density, atomic number and capability of creating pixelated arrays with micron-size 

pixel pitch. The full-ring XFCT system would also implement the same XFET geometries 

described in this thesis work, but furtherly improving geometric sensitivity and imaging skills by 

using multiple-slits apertures or multiple pinholes, instead of single ones. The main targets for 

such a commercial system will be preclinical and small animal imaging, using a field of view 

(FOV) of few centimeters, which is perfectly suitable for mouse brain imaging. Such design of a 

full-ring CdTe detection assembly for XFCT is introduced in Figure 6.1 [62] [63]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Design of a full-ring XFCT detection system composed on small-pixelated CdTe detectors 

(left). It is based on the MRC-SPECT I model developed at UIUC (right) [62] [63]. 
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