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Abstract:  

The work presents a new design of X-ray source for digital mammography imaging with the 
help of crystal sources and X-ray optics technology.  

The aim of the project was to introduce a new source for medical x ray imaging and evaluate 
its ability of performance.  

The source is build of an array of multiple micro-emitters instead of a single source.  These 
sources are made of pyroelectric crystals. The produced Xrays are then getting focused by 
passing through prism array lenses. These lenses are used as focusing pre-object collimator,  
to reduces the divergence of the beam and increases the utilization of the available X-rays. 
The lenses are coupled with collimators to avoid scatter rays.  

The software used for the simulations of the system and evaluations is MATLAB. Several 
methods, like calculating the point spread function and modulation transfer function, have 
been applied in order to evaluate the system imaging ability and the system efficiency. Later 
on in calculations, an anti scatter grid is added as a post collimator and system efficiency is 
calculated again before and after the grid.  

The ability of the system to perform is calculated for digital mammography. The results in the 
end showed how the lenses perform while using different photon energies. However the 
current results were not enough to approve the ability of the system for medical imaging uses. 
For achieving more comprehensive and certain answers further investigations will be 
necessary. 
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1.System	  Background	  

1.1	  Introduction	  

1.1	  .1	  Mammography	  Imaging	  	  
Breast cancer is the most frequent disease among woman living in the western world. More 
than 12% of women develop breast cancer during their lifetime. In Europe it is estimated that 
every two minutes a women is diagnosed with breast cancer and every sixth minute someone 
dies from the disease. This translates to about 275 000 diagnoses of breast cancer per year in 
the European Union (EU) and approximately 88 000 deaths. [1] 
 
When breast cancer is detected in an early stage, chances of successful treatment are high. 
To detect breast cancer in an early stage, many countries have established screening 
programs. 

Among all the radiological methods mammography has been proved to be the best method to 
achieve early detection in a large population. Survival rates among breast cancer patients in 
Western Europe, Australia and America have been increasing since the beginning of 90’s as 
the result of screening programs.  [1] 

To display a factual advantage of detecting smaller objects that could be linked to cancer, it is 
necessary to demonstrate that earlier detection have a real effect on the long-term outcome of 
patient disease-free survival. It can be shown also by proving that in historic data, smaller 
cancers certainly have a better prognosis. Using the data from previous studies it can be 
observed that detecting cancer with a size of 0.5 cm or smaller offer a better prognosis than 
detecting it when it is 0.6-1.0 cm big. [2] 

 

 

Figure 1.1: Five-year survival after removal small invasive breast cancers with no evidence of 
disease [2] 
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1.1.2	  Digital	  mammography	  	  
Several difficulties are associated with imaging in breast.  Mammography is probably one of 
the most technically demanding radiological techniques when it comes to spatial resolution 
and contrast resolution. [3] 

First generation of mammography screening was film-based. In conventional systems the 
screen-film system acts as the detector as well as the image storage and display device. Film 
is limited by its nonlinear response. The gradient of the film response is too low in the parts of 
the breast tissue that attenuate X-rays greatly, and also in the parts which are radiolucent, (i.e. 
where the transmitted X-ray fluence is low or high). This of course results to a poor image 
contrast. Moreover, the signal-to-noise (SNR) properties of the screen-film image receptors 
are far from optimal. [4] 
 
Detection and diagnosis of microcalcifications in the breast tissue requires extremely high 
resolution.  The key goals of digital mammography are to allow the detection of smaller 
breast cancers and to improve the differentiation of benign and malignant lesions. One 
remarkable feature of digital mammography is that image acquisition, image display and 
image storage and retrieval are not coupled. This allows each process to be optimized 
independently. The improvement in image contrast and so the image quality results 
advantages such as more precise detection, diagnosis and image-guided treatment of disease. 
Another remarkable characteristic of digital mammography is the simple way of extracting 
the useful information from the image, because of digitalized images on the computer. [4] 

 

1.1.3	  Aim	  of	  the	  project:	  
 
During this project optimizations in different aspects of imaging have been performed. The 
aim was to introduce a new source for medical x ray imaging and evaluate its ability of 
performance. These conditions include a different arrangement and design for the X-ray 
source, focusing X-ray beams by the mean of X-ray lenses developed by Cederström et al. 
(2004) [5]. 
More specifically, aim was to first investigate the functioning of new Xray source while 
collimated by lenses and in the same time study the lenses performance while using different 
energies for the source. 
Digital mammography offers the potential to improve the accuracy of detection and diagnosis 
of breast cancer. 
Key elements of the system are the X-ray source, detector and collimators. The design of each 
of these  parts must be optimized to provide the expected performance of this new imaging 
technique. 
For the new system design, the potential for mammography has been investigated. 
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However, the fundamental differences of the system and the existing systems complicate a 
fair comparison. Hence, some effort has been made to estimate the important differences such 
as photon economy, energy and efficiency. 
 
 

1.2.	  Crystal	  sources	  and	  the	  flat	  panel	  Xray	  source	  

1.2.1System	  description	  

The type of the source chosen for the system is based on the micro-emitter X-ray source that 
is developed at the University of California, Los Angeles (UCLA) by the Particle Beam 
Physics Laboratory under supervision of the research scientist Gil Travish. The company 
behind the x-ray source ‘Radius Health’ is developing a commercial version of a flat-panel X-
ray source developed by physicists at the university.  

Light weighted, micro-emitter X-ray source is an option, which has been proposed to serve as 
a source. The system merges the benefits of field-enhanced emitters with pyroelectric crystal 
field generators to make a flat panel mechanism that can generate X-rays from very low-
power sources.  

A Crystal x-ray source is operated with the help of pyroelectricity (i.e. the capability of a 
material to create electrical field when it is heated or cooled). Pyroelectric crystals can 
produce an electric field through heating or cooling in a surprisingly large area. In latest 
developments of X-ray technology it has been recommended as a device to construct a stand-
alone electron beam source. [6] 

1.2.2	  Beam	  generation	  by	  pyroelectric	  crystals	  

Pyroelectric crystals (PECs) are a class of materials that experience spontaneous charge 
separation when out of temperature equilibrium, forming a layer of uncompensated surface 
charge that produces large electric fields near the crystal surface.  

The crystals are lithium niobate (LiNbO3), lithium tantalite (LiTaO3), barium titanate 
(BaTiO3), and triglycine sulfate (TGS). These crystal which are usually neutral but have a 
charged  layer on their surface cancel the polarization charge. alter of the temperature makes 
the bulk polarization to change as well. This consequences to generation of high electric field 
(10^4–10^8V/m) at the crystal surface. Heating and cooling decides the sign of the field of 
the crustal.  

Since the crystal resistance is tremendously large, therefore it takes few hours for the crystal 
to get back to equilibrium by bulk conduction. pyroelectric electron emission or PEE is 
possible to occur using field emission or field ionization in this strong field. . while in the 
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conventional structures for multikilovolt electron beams demand high voltage to operate , a 
pyroelectric based source does not need a high  input. [7] 

Despite the fact that previous work has verified that the external field generated by PECs can 
be strong enough to cause Fowler-Nordheim-like emission (Fowler-Nordheim [19]) of 
surface electrons from the crystal, the emission can be greatly enhanced by adding needle 
cathodes or other sharp surface features, as has been well documented in conventional 
electron guns [8]. The combination of field generation by uncompensated charge in a PEC and 
field emission from a sharp tip represents a novel approach to electron beam generation.  

 

Fig 1.2: Electric point: This point, carved into a pyroelectric crystal, emits electrons when 
the material is heated. A flat-panel x-ray source uses an array of such points to make a more 
uniform field for medical imaging. [6] 

An advantage of this source in medical imaging usage is that the voltage required to generate 
energetic electrons is produced within the crystals. Therefore, this eliminates the need for 
high-voltage power supplies, transformers and high voltage electronics.  

When a pyroelectric field emitter made of crystal is heated in a vacuum, a large electric field 
develops across it. The top surface of the crystal becomes positively charged and attracts 
electrons. When the crystal is then cooled, the electrons from the top surface of the crystal 
accelerate towards a metal target, which is at ground potential, producing X-rays. By 
thermally cycling the pyroelectric emitter, a constant beam of X-rays can be produced. [6] 

 

1.2.3	  Micro-‐emitter	  array	  
Chemical engraving is used to carve wafers of pyroelectric crystals into small tiles, which 
afterwards are arrayed on top of a resistive heater. The surface of the crystal is patterned with 
fine points that allow electrons to leave only at those points. 
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 This guarantees a solid beam of electrons that can then be used to generate aligned x-rays 
suitable for imaging.  It is possible to control the emission of electrons from such sources 
adequately, in order to maintain a stable source of medical X-ray imaging. [6]  

1.2.4	  Application	  of	  the	  source	  in	  the	  system	  	  
 
The x-ray equipment used in hospitals nowadays uses a high-energy source of the radiation. A 
tungsten filament at one end of a long vacuum tube emits electrons when heated and those 
accelerate down the tube until they hit a metal electrode, making it to produce x-rays.  
However, in our new system, each source radius is expected to be 1 micro-meter and it is 
expected to accelerate small electron bunches from 25–30 kV to several MV. [7] 
 
A core advantage of flat panel X-ray source system is that it uses an array of emitters, rather 
than a single source. There is some potential to reduce the x-ray dose if you can control 
hundreds or thousands of x-ray sources independently. With suitable collimation, this would 
enable such an array of tiles to produce a large area of parallel X-rays at a size that matches 
that of a flat-panel detector, enabling a compact, portable system to be created. The image 
below demonstrates an example of the configuration of the micro emitter array.  

 

 
Fig1.3: Array of emitters [6] : Note that the image above is an example of how an array of 
detector could look like (the measurements are not exact measurements for this project) 

The tiled wafers are topped with a metal foil that emits x-rays when bombarded by electrons 
from the crystal beneath. A conventional x-ray tube creates a cone-shaped beam of radiation 
with a hot spot in the middle, which means radiologists have to place patients farther away 
from the x-ray source to get an image of a larger area. Then in order to compensate for the 
loss in intensity over distance, the fluence of the radiation has to be increased. [6] The new 
system produces uniform, parallel rays. Another advantage of the new design is that, since it 
employs many emitters and targets spread over a large surface area, the energy density is also 
low. [6] 
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1.3.	  	  X-‐ray	  Optics	  

1.3.1	  Introduction 
 
In digital mammography systems a quiet large amount of radiation is blocked before the 
object by the pre-collimator. Therefore the available photons need to be used more efficiently. 
X-ray optics is a new alternative to enhance photon economy.  
Capillary optics can be placed in bundles after the patient to reduce scattered radiation and to 
improve resolution [9]. But divergence of the radiation at the exit side disturbs the resolution 
so to make up for that capillaries have to be combined with a diffracting crystal. The 
capillaries increase the flux to the crystal and the limited acceptance angle of the crystal 
reduces the divergence of the beam. 
Another approach is to use an array of refractive x-ray lenses as a focusing pre-object 
collimator that reduces the divergence of the beam. This technique is applied in this project. 
Refractive lenses are less likely to harm the resolution and are convenient from a 
manufacturing point of view. [10] 
 

1.3.2	  Prism	  Array	  lenses	  	  
 
The prism array lens (PAL) is a refractive x-ray lens. The main advantage of it over other x-
ray lenses, such as parabolic lenses, compound refractive lenses, and Fresnel lenses, is the 
simplified manufacturing process. (17) 
There are at least two different ways a PAL can be employed in scanning systems for medical 
x-ray imaging; First is to use it as an energy filter, to optimize the x-ray spectrum and second 
as a focusing pre-object collimator that reduces the divergence of the beam and increases the 
utilization of the available x rays compared to a slit collimator. In this project the second 
approach is used. Below it is a structure of a PAL lens. [13] One of these small lenses is 
demonstrated in figure 1.4.  
 

 
Fig 1.4: Magnified Schematic of configuration of a small prism array lens [5] 
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Where L is the length of the PAL, ya is the product of number of prisms on the first column 
‘M’ and the height of each column ‘h’.  

The focal length of a PAL is calculated as:  
 

                                                             (1-1)       
   
Where d is the successive displacement, (θ) is the prism base angle, and δ  is  the decrement 
from unity of the real part of the index of refraction. [13] 
The figure below demonstrates the status of the rays passing though a normal slit collimator 
and passing a lens.   

                                      

                                      Fig 1.5: Schematics of the slit (left) and MPL (right)  
                                      setups compared [11] 
 
As it is obvious more rays can be directed and focused towards the object while using a prism 
array lens rather than a normal slit collimator, which is an advantage. 

The lenses, which are used in the simulations, are designed to perform at their best near 
certain energy. This energy in the thesis report is referred as the design energy.  
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2.	  Methods	  	  
In this section the design and optimization of the system is clarified. The aim was to 
characterize the new design of the system and determine the potential of the system for 
medical imaging usage.  

	  

2.1	  System	  design	  and	  modification	  
The primary ray-tracing algorithm, used in the project, is initially developed by Peter Nillius 
[20]. During the project the algorithm was further developed and modified for simulations 
based on the necessities of the work. The algorithm is basically a ray-tracing algorithm, which 
investigates events that a single photon undergoes during its travel from source to the 
detector, taking into account different calculations for all the components in the system. 
Simulations of the lens and setup were performed by ray tracing, using a geometric model of 
the lens and collimators. Refractions and reflections were computed according to Snell’s law 
and Fresnel's formulae. Compton scattering was treated as attenuation. 
Values for refractive index decrement δ where computed from Henke et al (1993)[21]. 
Interpolation and extrapolation was done by fitting the data to the quadratic model: δ = c E^{-
2}. Linear attenuation coefficients were computed and interpolated in the log domain from the 
XCOM photon cross-section database Berger et al (2006)[22]. 
 
Simulations start with modelling the lens with special parameters like its characteristics 
(absorption, diffraction, refraction), prism angel, lens material, energy, attenuation coefficient, 
etc. then other parts of the system like the collimators and the detector are simulated, each 
with their correspondent measurements. Then these parameters are sorted in a list of objects 
and then the source is simulated and positioned. Afterwards the number of rays is chosen and 
rays are simulated. The algorithm then follows the photon through its way from source to 
detector, to find out which object it hits (from the object list), then checks if it is diffracted 
(coherent scattering, since Compton is treated as attenuated), absorbed or passed through the 
object. Then efficiency (number of photons reaching the detector) is calculated by finding out 
the bin centres and photon intensity.  

Another important issue is optimizing the x-ray spectrum, which would give us the 
ideal balance between image contrast and patient dose for mammography.  The decreased 
spectrum would lead to increased patient dose and decreased body penetration. While higher 
energies than the optimum, will result to an increased penetration, consequently lower dose 
but a poor contrast. Hence it was essential to have the correct spectrum. To explain more, the 
simulations are run for one energy at a time then it is combined to give us an spectrum  

For this purpose, an anode target material of molybdenum was chosen, as it is the most 
suitable anode material for average (2-4 cm) breast thickness in mammography (although for 
thicker breast size molybdenum is not proper considering that it gives the highest dose)[23]. 
However the spectrum extends on up to the KV value, which usually leads to a decreased 
contrast, so it needs to be filtered. Therefore, to produce this optimized spectrum an 
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aluminium filter at 30 KV was used to attenuate that part of the bremsstrahlung that was 
below the desired energy range. 

	  

2.1.1	  Simulating	  the	  system:	  System	  Overview	  
A three dimensional system would consist of an array of X-ray sources and lenses paired with 
collimators, which are precisely parallel to the grid of sources. The reason for placing 
collimators behind the lenses is that due to imperfections in the lens some of the photons will 
be scattered. The collimators behind the lenses can absorb these scattered photons later. The 
pyroelectric crystal sources are on a 50-micron tile. The X-ray lenses will be made from 
epoxy and have the aperture of 0.1 mm. the length of lenses is assumed to be about 10 mms 
long. As some rays have the potential of being scattered while passing the lenses, some 
collimators were coupled to the lenses, just before the object. In the physical structure, the 
collimators are basically filing the gaps between lenses.   
 

                                 

                                 Fig 2.1: Horizontal schematic of Source, Lens, Collimator structure  

	  

2.2	  System’s	  efficiency:	  
The system was simulated in a ray-tracing model using MATLAB. One million rays per kilo-
electron volt in steps of 1 keV from 1 to 40 keV were traced through the PAL. The reason of 
having one million photons in the simulation is to gain a better precision in the evaluations; 
otherwise few thousands of photons would be enough for basic estimations of the system. 
Since the aim is to have an array of multiple emitters as the source, origins of the rays were 
randomly distributed over the area of the source. Later on, based on the observations during 
the procedure, the rest of the simulations were performed for the energies within the range of 
19 to 26 keV in a step of 1 keV.  The design energy for the lenses was 23 keV. It means that 
the monochromatic source energy was varied while the lens design energy was kept constant 
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at 23. The purpose was to find out about the lens performance for the energies close to the 
design energy. 
 
As discussed before the lens has the dimensions of approximately 10 mm in length and 
aperture of 0.1 mm.  However the focal length (i.e. distance of the lens to the micro source) 
was one of the initial matters of investigation. Tuning focal length is very important, since it 
indirectly decides the amount of radiation that will be scattered or absorbed by the grid later 
on (by affecting the angels). [18]  

The focal length of 40 to 120 mm was applied to the system simulations in order to find the 
optimized measure. For each focal length the corresponding intensity of the rays on the 
detector was calculated and recorded. As observed in previous works, in the case of longer 
focal lengths there is always the drawback of loosing of radiation before it reaches the lens.  

Second step during the process was to optimize the size of the collimators, which are attached 
to the lenses. For this purpose, collimator length and thickness were studied.  Collimator 
length was varied between 8 and 30 mm with the operating energy of 23 kV and relevant 
intensity was calculated on the detector.  

In the meantime, for each collimator length under study, the collimator thickness was varied 
between 0.01 to 0.1 mm.  

In order to choose the right thickness and length, besides considering the gained radiation on 
the detector, the status of radiation was also studied. The reason is that it is imperative to 
know if the radiation received has the necessary information or it is just another diverged 
scattered ray, which will lead to blurring in our image later on.  More clearly, all the events, 
which a photon was experiencing during its way to the detector, were inspected.  

 Once more, a rerun of the procedure of selecting the right length and thickness for the 
collimator was performed under different values of the energy (the intensity and fraction 
scattered radiation for different source energies were calculated for different collimator width 
and height). Energies were varied between 20 to 26 keV.  
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Fig 2.2: System’s Structure with one source:  From left to right correspondingly:  source, lens, 
collimator, and detector.  

 

                           

Fig 2.3 (a): Vertical view  a: source, b: lens, c:collimator                    Fig 2.3 (b): The 
magnified view 

The blue rays in the graph above indicate the non-scattered rays, while the red ones are 
representing the scattered ones. So from current results it can be concluded that this kind of 
setup is applicable.  

In the end of the calculations, when all the measurements were decided, the system’s 
efficiency (i.e. photons reaching the detector) was calculated for all the energies with the help 
of radiation’s intensity. 
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2.2.1	  X-‐ray	  Photon	  Economy	  	  
 
As it was declared before, in digital mammography systems a relatively large amount of 
radiation is blocked before the object by the pre-collimator. Therefore too few photons get 
through collimators and we might need to use a higher flux to achieve the desired image 
quality. Moreover, some photons might be scattered afterwards, so they will not contribute to 
the image resolution but they still will give dose to the patient. One of the aims of the project 
after designing the system was to optimize it to increase the photon economy. More clearly, 
we need to concentrate on efficient usage of the generated photons, which have passed 
through the pre-collimator, and make them contribute to the image, so we will get a lower 
patient dose.  
Evaluating efficiency of anti scatter grid will guide us to our purpose.   
 
For this aim an anti scatter grid (a post collimator) was added to the system, right after the 
object and before the detector. The anti scatter grid is a set of collimators just like the one 
used after the lenses, before the object. Subsequently the efficiency of the system was 
calculated twice; once before the anti scatter grid and once after.  
However for better evaluation of the system in imaging point of view, more precise 
estimations have been gained, by utilizing proper methods like calculating the system’s 
transfer function.  

2.3	  The	  Point	  Spread	  Function	  
Performance of an imaging system can be characterized with the help of spatial resolution. A 
system’s spatial resolution can be evaluated by imaging a point object; the image of the point 
object is called point spread function. [12] Hypothetically, a PSF is the image obtained of an 
ideal point. It can be defined in 2D as:                   Point (x,y) = δ(x,y) = δ(x) δ (y) (3-1) 

If (u,v) are the conjugate spatial frequency variables for the spatial variables (x,y), then the 
modulation transfer function MTF(u,v) is obtained from the point spread function PSF(x,y) as 
the magnitude of its two-dimensional Fourier transform.[12] 

                                                  STF (u,v) = ℑ{ psf(x,y)} (3-2) 

                                                   MTF (u,v) = |STF(u,v)| (3-3) 

STF (u,v) is the “system transfer function”. It might be a complex function (signified by finite 
real and imaginary parts or otherwise by finite magnitude and non-zero phase parts). 
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2.3.1	  The	  PSF	  of	  the	  System	  
	  

As mentioned before the point spread function (PSF) and its spatial frequency representation 
(MTF) are the most significant theoretical descriptors of the spatial resolution of an imaging 
system. The point spread function is not so easy to determine in practice. The reason is that an 
infinitesimal point object cannot be produced perfectly, only approximated.  

In this project a point object is calculated to investigate the response of the lenses to the 
different energies; basically to investigate the chromaticity of the lenses. When a lens is very 
chromatic then it just works at one certain frequency but it immediately stops working at the 
other. In order to find out how much the rays are converging with different energies the point 
spread function for different energies on detector were calculated. In other words, with these 
calculations we can see how much the lens chromaticity and consequently optical resolution 
impacts the image resolution and quality.   

 The PSF was investigated with the aid of a point object and then its image on the detector has 
been studied. It is a 13-micron tungsten cylindrical object, which is located 70 mm from the 
lens and there is no other collimator after the object. So, the X-rays cross the targeted object 
and form an image on the detector with a resolution of 50 microns.  The object was imaged 
for the energies of 20 to 26 keV.  

The reason for choosing 13 micron-sized object was that the object should be smaller than the 
detector resolution of 50 micron but also big enough to be able to show some comprehensive 
results.  

However for more clarification, extracting the PSF preceded the procedure. The (PSF (x,y)) 
of the system was determined based on the captured intensity values across the point image.  

 

2.3.2	  Full	  width	  Half	  Maximum	  
	  

In order to have a precise look at the issue, the amount of blurring by the system was 
investigated by means of full width half maximum. The Full width half maximum is 
calculated from the image of the calculated point spread function. 

The FWHM is another alternative for evaluating a system’s image resolution. The FWHM is 
the width of a peak at half the maximum value of the peak. In a two-dimensional peak the 
FWHM was taken to be the largest diameter when the peak was not completely circular. The 
FWHMs of the PSFs were calculated. 
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2.4	  Edge	  spread	  function	  	  
A final method to define the spatial resolution of an imaging system is in terms of its "edge-
response" function.  The advantages of this method are high accuracy and a flexible use, for 
extracting certain information. In this technique, the source is presented with an object that 
transmits radiation on one side of an edge, but is perfectly attenuating on the other.  Hence, its 
transmission is defined according to the equation: 

                                               ( 4-1) 

As Barrett and Swindell [16] point out, this function (Eq 4-1) also can be written as: 

                          (4-2) 

If the system operator S is linear and treating the integral as a generalized summation yields 

 (4-3) 

so that the line spread function is the derivative of the edge-spread function,  

                                                        (4-4) 

Hence, we obtain a density profile to determine the edge-spread function when imaging an 
edge.  The derivative of the edge-spread function is the line-spread function, the Fourier 
transform of which yields the MTF in one dimension. [16] 

 

2.4.1	  System’s	  ESF	  
In this stage of the project, system’s modulation transfer function was aimed to be calculated 
with the aid of edge-spread function. Therefore a tungsten box with a thickness of 20 microns 
were placed 70 mm from the source, and system was simulated with the detector resolution of 
50 microns.  
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Fig 2.4: System order with box [from left to roght: lens, collimator, box, collimator, detector] 

Please note that in this picture collimator is bigger than the lens, the reason is that in simulations, the 
source and the lens are constantly moved around. In this way it is possible to investigate the status of 
rays coming from all the emitters (from all wholes of the micro-emitter array source which is not 
drawn in the picture).  
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3.	  Results	  and	  Conclusion	  	  	  

3.1	  System’s	  efficiency	  	  
In investigations for fining the optimum focal length, the highest intensity on the detector was 
observed at the focal length of 98 to 100 mms. In fact the intensity value was observed to be 
linearly growing by gradual increase of the focal length till 98-100; afterwards it started to 
decrease again. The intensity rate (i.e. intensity per number of rays) observed at the focal 
length of 100 mm was 0.75; meaning that 75 per-cent of the radiation reaches the detector.  
The graph is showing the results observed:  

 

Fig 3.1: Focal length vs Ratio of photons reaching the detector  

Yet, the investigations to find the best focal length were not limited by just the design energy.  
In order to get a more comprehensive output, the same procedure was performed under energy 
values of 19 to 26 keV. Optimal focal lengths for different energies were obtained and saved. 
The further outcomes were an affirmation to our expectations. The highest intensity value was 
observed during the design energy of 23 and focal length of 98 to 100 mm.  

 The thickness and length of collimators were studied afterwards for different energy values. 
In the response to the calculations for collimator length, in the case of longer lengths most of 
the radiation was blocked inside the collimator on their way to the detector, resulting in a 
notably low intensity. On the other hand, very short collimators were unable to take care of 
the scattered radiation properly.  

The collimator thickness, which was varied between 0.01 to 0.1 mm, showed some interesting 
results. it was observed that thick collimator size (0.05 to 0.1) were not so effective 
considering that some of the useful photons were mistakenly caught up by the collimator even 
before entering it. The graph below is showing the different intensity values (ratio of photons 
reaching the detector) for different collimator length and thicknesses.  
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Fig 3.2: Collimator thickness vs ratio of photons reaching the detector for the collimator 
thicknesses of 5,10,20 and 30 mms respectively.  

 

Although for collimator thickness of 5 mm more photons got to the detector, the rays were 
including also many scattered ones, which were not properly collimated would result to noise 
in the image. 
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One the length and thickness were decided, the energy was varied, in order to decide the 
energy value which best suits these measurements.  

As a result it was perceived that the chosen setting works best for the design energy of 23 
keV, since we got the highest intensity and the lowest fraction of scattered rays for that 
energy. The results are shown in the graph below. 

 

Fig 3.3: Percentage of scattered photons on the detector with 7 different energies 

The system therefore responded the best with the collimator thickness of 0.03, and length of 
10 mm, operating with the design energy. With this setting we perceived 72 percent of the 
radiation on the detector having 99 % of that as useful radiation. 

 

Fig 3:4: Energy vs Efficiency graph of the system  

 

Taking into account all the outcomes of the investigations it can be concluded that a system 
with such settings would able to obtain between 60 to 70 percent of the radiation on the 
detector. In fact this could be considered the efficient potential of the system for imaging.  
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3.1.1	  Photon	  economy	  
For this aim an anti scatter grid (a post collimator) was added to the system, right after the 
object and before the detector. Then the efficiency of the system was calculated twice; once 
before the anti scatter grid and once after. It returns the values of 71 percent and 57 percent 
respectively. 
 
 

3.2	  PSF	  
The Simulated intensity on the detector is shown in the figure below. It is worth to mention 
that by intensity we mean the photon fraction on each pixel on the detector.  

 

 

 

 

 

 

 

             

Fig 3.5: Intensity image on the detector (the position and size of the object image on the 
detector; view from under the detector) 

The PSF of the point object is the dark circle in the central of the image. The source is 
illuminating the area, however the object blocks the light in the middle. The dark spot in the 
centre is actually the shadow that the point object is causing. . It is the width of that spot 
which is interesting and the illuminated area is not so important.  The width of the projected 
object is calculated later in this section in terms of full width half maximum.  

As it is observed, the image of the object is visible with a decent contrast by intensity 
differences during the imaging the object.  

Intensity on the detector is computed when the simulation is run. The PSF was calculated by 
extracting the intensity values by finding the certain bin centres, which were in interest (bin 
centres in middle line of the image).  
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The point-spread function is the graph of the positions of measured values. The 1D profile 
through the center of the 2D PSF for all seven energies is shown in the figures below. The 
vertical axis indicates the intensity and horizontal axis indicated the position on the detector.  

 

Fig 3.6: Point Spread Function 

 

As observed in the PSF curve, besides the energies 20 and 26 keV, we were able to get 
smooth curves. However we have best curves at energies 21, 22,23 meaning that the lenses 
responded good to the design energy and the energies close to it. But it could be said that 
because of so much convergence of the rays on the other energies, we do not get a good 
result. Ideally the width of the curve would exactly match the object width and the curve will 
be smooth for all energies. Yet, for a non-ideal condition, the resulted PSF curve for energies 
23 and 24 keV clarify that the lenses are very dependent on the energy so they are highly 
chromatic.  

 

3.2.1	  FWHM	  
The FWHMs of the PSFs were calculated and are shown in Figure (3.4). The resulted graph 
as shown below has a U shape that is quiet expected if the lens is highly chromatic.  
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Fig 3.7: Energy used during the simulations versus full width half maximum of the PSF image 
on the detector  

As observed from the graph above, in energies 22 and 23 the lens is functioning good since 
we have precision of 0.148 and 1.54 for the energies respectively, which is 2 microns more 
than the length of the cylinder object. As expected from the observations on the PSF graph, 
the other energies did not result a promising precision, which can be explained as a result of 
converging rays and lens chromaticity. 	  

3.3	  ESF	  

 

Fig 3.8: The resulted intensity on the detector( as its seen a little part of the radiation also 
passes the tungsten and is not absorbed 100%) 
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Fig 3.9: Intensity Image on the detector while illuminating on the tungsten box at the half of it 

 

The profile of the edge for the different energies was extracted from the image (the intensity 
was summed along each column in fig 3.9). 

 

 

Fig 3.10: Edge Spread Function 

The ESF curves for the different energies are demonstrated by different colors. the 
simulations did not give the perfect  smooth edge response result, as the edge lines observed 
are quiet noisy which means that the box is not ideally attenuating the radiation.  However the 
outcome for most of the energies, especially for the design energy shows that we were able to 
image the edge. The departures from the perfect edge indicate lost of some useful radiation 
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compared to the input one.  The fluctuations of intensity observed just before the edge could 
also be result of the scattered photons on the detector.  

As a corollary of above explained, the LSF was calculated by taking the derivative of the ESF 
function. It should be mentioned that during the calculations of ESF and LSF the detector 
resolution was changed from 50 microns to 100 microns.  

 

 

Fig 3.11: Line Spread Function 

Just as in PSF the LSF width (FWHM) determines whether if the image is sharp or not; the 
narrower the width, more sharp will be the image. The fwhm for the designed energy was 
calculated. The result for design energy 23, and energies 21, 22 and 24 with the detector 
resolution of 100 micron were around 0.03 and 0.038 mm and the rest of energies were about 
0.045.  

The one advantage of edge spread function approach is that it is more practical than point 
spread function approach; because edges can be easily made in an image, it is easy to 
calculate their response as well. Moreover, both line spread function and modulation transfer 
function can be calculated from it. In edge approach you can also simply find out how an edge 
in the image is blurred. However ESF approach entails spatial derivative operation, which 
might decrease the precision. PSF also provides a whole 2D optical transfer function. 
Therefore it was decided to go on with the both methods in this study. 

In terms of frequency, the system always behaves as a low pass filter and the amount of 
frequency passed by the system characterizes its performance. In this sense, the system’s 
response to the edge can be expressed as rather satisfactory, and further optimizations will 
definitely give a better result. To conclude the results, considering the ESF and LSF functions, 
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quantifying system’s blurring amount and representing its performance, the outcome showed 
that the optical resolution of (5 micro-meter pixel) is degrading the system’s total resolution 
minimally.	  

 

3.4	  Final	  Conclusion	  on	  the	  system	  simulations	  
One important goal during the study was to investigate the ability of new multi crystal array 
source and the PAL lenses potential for medical imaging. For this reason the potential of 
lenses as a focusing collimator of crystal lenses were investigated. The results confirmed the 
ability of lenses for focusing of X-rays produced by the crystal sources. It also became clear 
that the optical resolution of is degrading the system’s total resolution negligibly so that it is 
possible to use the lenses as collimators for MAX crystal source array. however the outcomes 
were not enough to decide the system’s ability for mammography imaging purposes. In order 
to evaluate the system’s ability for digital mammography purposes more investigations will 
be needed.  

It should not be neglected, that considering the advantages with the dose and photon economy 
that was discussed before, with further optimization, this system might be a new rival to the 
current x ray sources in use.   

Further researches could investigate the scattered radiation in and out of the patient in detail.  
Also one could study the amount of scattered radiation on the detector itself and find the 
sources of noise. If all works well for mammography imaging, later on potential of the system 
for other medical imaging applications, including bigger organs and whole body imaging 
could be worth of consideration.  
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