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Outline

- Brief review of the radiation-matter interactions

- The image formation in radiography

- Imaging methods: absorption, dual energy, phase contrast

- From 2D to 3D: computed tomography

- The key elements of the imaging setup: source & detection systems
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X-ray sources
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Synchrotron radiation

Electrons are accelerated in rings up to several GeV. 
If electrons are compelled to move out of their orbit by deflecting 
magnets or “wigglers”, “bending magnets”, or “undulators” they 
emit an X-ray radiation named “synchrotron light”. 

From the beam of photons, monochromator crystals can select 
photons of well defined energy (usually from 5 to 100 keV). 

The beam is very intense, which is orders of magnitude higher 
than that produced by X-ray tubes. This high flux allows for rapid 
data acquisition at very high spatial resolutions, resulting

Monochromatization permits an easier quantification of the 
elements in X-ray imaging and avoids image artefacts.

X-ray sources
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SR bending magnet and wiggler spectrum

Fully available spectrum

Beam monochromatized
by a crystal: very narrow
bandwidth
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Microfocus and nanofocus
- Limited flux 
- For having high spatial resolution and avoiding the “penumbra effect”, 
X-ray tubes must have a small focal spot. 
- The tubes having a focal spot of the order of few microns (< 1 micron) 
are named microfocus (nanofocus) 
- They can operate only at low current level (few μA)
- Operation voltage (X-ray energies) are around 5-30 kV (keV)

Morigi et al. Appl Phys A (2010) 100: 653–661
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4.1 Sorgente a raggi X a micro/nanofuoco  

Verrà fornita una sorgente di tipo aperto, la X-RAY WorX XWT-240-TCNF Plus, con anodo 
in trasmissione e tensioni massime fino a 240 kVp (cfr Fig. 4.2). Si ricorda che l’utilizzo di 
tale sorgente richiede un nulla osta di Cat. B.  

 

 

Fig. 4.2: immagine della sorgente X-RAY WorX XWT-240-TCNF Plus 

Essa è in grado di lavorare in tre modalità distinte: Nanofocus, Microfocus e High Power. Le 
caratteristiche riportate in Tab. 4.1 evidenziano le peculiarità di ciascuna di esse e la 
flessibilità di utilizzo del dispositivo. La testa è dotata di un innovativo sistema di 
raffreddamento a liquido per una migliore stabilizzazione della macchia focale e particolari 
accorgimenti sono adottati per ridurre le vibrazioni della pompa turbomolecolare.  

Parametro  Valore 

Min-max Voltage 20-240 kV 

Min-max Current 0.5-1 mA 

Tipologia tubo Trasmissione 

Angolo emissione 160° 

Target Power Nanofocus 0.1-1.5 W 

Target Power Microfocus 1.0-10.0 W 

Target Power High Power 10-50 W 

JIMA resolution range 

Nanofocus 

0.5-1.5 um 



Conventional X-ray tubes: effect of varying I and kVp

Huda, Slone, Rev. Radiologic Physics IIEd. 

Conventional X-ray tubes cannot produce monochromatic radiation
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Characteristic / Source Synchrotron radiation sources
(BM, wiggler, undulator)

Conventional X-ray
tubes / linacs

Energy range Up to 100 keV 5-250 keV

X-ray Intensity maximum 5-10 orders of 
magnitude less

Longitudinal coherence
(Monochromatization)

By crystals (BM, W), or 5-10% (U) Broad spectrum

Spatial coherence (small source 
size + sample far)

Best possible (10-20 micron large 
source at 30-150 m)

5-30 micron source at
0.5 m

Availability >50 sources, high competition Laboratory

Comparative summary of X-ray sources
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- A radiation source

- An equipment for moving (radiography-2D) or rotating (tomography 3D) the object or the  
source-detector system in order to acquire the digital radiographies at different angles, 
necessary to do the tomographic reconstruction

- A detector for digital images collection

- A computer for managing image acquisition

- A computer for image processing and rendering

How is it an X-ray imaging setup made? 



reveals INHOMOGENEITIES and SINGULARITIES in the sample

through the interaction of the used probe (i.e. X-rays) with the object

Mrs. Röntgen’s hand 

“X-rays are a non-destructive method for looking inside an object”  

X-rays and Radiology
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The interaction of X-rays with the sample
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The photoelectric effect is the dominant contributor
to the generation of signal in an x-ray image.

The x-ray is coming in and will be stopped and deposit
its energy locally. A lower energy photon is emitted
(fluorescence photon) together with an electron.

https://howradiologyworks.com/x-ray-interactions/

Short summary of X-ray interactions with matter

Photoelectric effect

Compton Scattering is the second dominant 
effect in x-ray imaging. 

Compton scattering

The x-ray photon interacts with an electron in the 
outer shell. A lower energy photon is emitted and an 
electron. 
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In the range E=1-100 keV the probability of this 
event is significant only at energies below 10 
keV.

Coherent happens when an X-ray photon 
interacts with electron cloud and goes out. The 
X-ray is scattered after this interaction but it has 
the same energy as it leaves.

Coherent (Rayleigh) scattering

Couple production It occurs only for X-ray energies > 1.022 MeV

Not relevant for SR imaging.



Relative contribution of the 3 major interactions

There are free large zones. 
1) At low photon energy, AND low/medium/high Z target, photolectric effect prevails.
2) Compton prevails at low photon energies only for very low Z materials; or it prevails at larger energies, for
Low/medium Z values.
3) Pair production prevails at energies ≥ 20 MeV

Z: Z of the atom, or Z 
effective for a compound
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Summary of main X-ray-matter interactions in the energy range 10-100 keV

Input Output
Energy/Dose 

deposition
How impacts

images
Z 

dependence
Energy 

dependence

Photoelectric
X-ray

- Electrons
- Fluorescence

radiation

YES:
- Electrons

- Fluorescence

Main image 
contrast
source

Z3  - Z5 1/E3

Compton 
scattering

X-ray

- X-ray at lower 
energy and 

different direction
- Electron

YES:
- Electron + 

secondary
photon

The emitted X-
ray contributes
to image noise

Z 1/E2

Coherent
scattering X-ray

X-ray of same
energy at different

direction
NO

The emitted X-
ray contributes
to image noise

Z - Z2 1/E2



How can I know what will happen to the X-rays incoming on my sample?

The total probabilility of interaction of X-rays with the material is the sum of the probabilities of the 3 
events in the sample. This is defined by the total linear attenuation coefficient.

𝜎𝑅 = cross section for Rayleigh

𝜏 = cross section photoelectric

𝜎𝐶 = cross section for Compton

The interactions are probabilistic, NOT deterministic. So we can only determine the likelihood that
one of these event occurs in a given sample thickness. 

When passing through the sample, the same X-ray can undergo a sequence of interactions before
exiting the sample: first Compton, then the emitted X-ray can undergo Coherent and finally
disappear by photoelectric effect
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µ

ρ
µThey report the mass attenuation coefficient,          instead of the linear attenuation coefficient:

Atom characteristics are the same for water and ice, only density changes

Where do I find the linear attenuation coefficients for the materials in 
the public (official) databases ?
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https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients

https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html

Attenuation coefficients:

The other interactions:

http://xdb.lbl.gov/ 

Excitations, binding energies etc: 

Most useful databases



Energy-dependence of the mass absorption coefficient

- One set of curves for each element or 
compound

- The linear coefficient strongly depends on 
the energy!

water
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https://physics.nist.gov/PhysRefData/XrayMassCoef/ComTab/water.html

https://physics.nist.gov/PhysRefData/XrayMassCoef/tab4.html

Database NIST ICRU Report 44

https://physics.nist.gov/PhysRefData/XrayMassCoef/ref.html#IC89
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The image formation in radiography



I = I0 exp (-µx)  

I = I0 exp (-
µ

𝛒
𝝆 x)

X-rays

µ

sample
I0

I

detector

x

▪ INTENSITY downstream the sample: 

µ = total X-ray attenuation coefficient 
for a given material and at the given energy

Let’s consider the case of monoenergetic X-rays:

I

y

X

The Lambert-Beer’s law

How many photons will I have after the sample reaching the detector? 
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A radiography: a map of the transmission of the X-rays through the sample

X-rays

µ

sample

I0 I

detector

x

I = I0

I = I0 exp (-µx1)  

I = I0 exp (-µx2)  

I = I0 exp (-µx3)  

To each value on the detector is assigned a gray scale:

From 0 to 1023 if the detector   has 10 bits
From 0 to 16383 if the detector has 14 bits
From 0 to 65535 if the detector has 16 bits
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A radiography: a map of the transmission of the X-rays through the sample

Let’s suppose that the X-ray detector has 16 bits (0-65535)

If I send > 65535 photons to the detector, then the image will be saturated

Warning!

Most of the detector have an unrealiable behaviour (non-linear response) already before
saturation. It is therefore important to know (ask) which is the maximum number of X-rays
that the detector can convert linearly in gray-scale



Ib =  I0 exp (-µb xb)X-rays

µb

sample

I0
I

d
et

ec
to

r

x

Lambert-Beer’s law

µt

xt

µ = X-rays attenuation 
coefficient for a given 
material

▪ INTENSITY on the detector: 

CONTRAST:  

C increases exponentially with either x (thickness) and Δµ

=
𝐼0 exp −𝜇𝑏𝑥𝑏 − 𝐼0 exp −𝜇𝑏 𝑥𝑏 − 𝑥𝑡 exp −𝜇𝑡𝑥𝑡

𝐼0 exp −𝜇𝑏𝑥𝑏
= 1 − exp −𝑥𝑡 𝜇𝑡 − 𝜇𝑏

Image contrast (ideal case)

𝐶 =
𝐼𝑏 − 𝐼𝑡
𝐼𝑏

=

(monoenergetic case)

xb

Ib

It =  I0 exp(-µb (xb–xt)) exp(-µtxt)

= 1 − exp −𝑥𝑡Δµ

#

# this is one of the definitions of contrast present in the literature

Image contrast is the difference in between the intensity values 
in different parts of the image that enables to distinguish 
different tissue types

b: background
t: tumour

Ib

Ib

It

It



Detectors: indirect (X-ray) conversion

- X-rays are transformed into visible light by an X-
ray scintillator. 

- The visible light is then transmitted to a 
photodiode (flat panels) or a CCD detector or a 
CMOS detector, both very similar to those used 
in phone cameras or video cameras. 

- The photodiodes, CCDs and CMOS transform the 
visible light signal in electron/holes in the 
semiconductors, which are polarized; this signal 
is finally transformed into a voltage difference
or current and finally digitalized in bits.

- Scintillators can be structured (they channel 
light) for higher resolution imaging, or 
unstructured (for higher efficient dose imaging)



https://pubs.rsna.org/doi/full/10.1148/radiol.2018172656

Detectors: direct (X-ray) conversion

- Each photon that hits the detector element generates an
electrical pulse

- The pulse height is proportional to the energy deposited by
the photon.

- The electronics system of the detector counts the number of
pulses with heights that exceed the preset threshold level.

- Substantial reduction of image noise (virtually zero
electronic noise)

- Increase of the spatial resolution (except at the borders
between two pixels, all signal is recorded in a single pixel).

- Allows to reduce the radiation dose
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The spatial resolution of the detection
system



Spatial resolution

Is the ability of an imaging system to resolve two adjacent high-contrast objects as discrete entities

▪ Spatial resolution can be described also in terms of BLUR

Saadi, Microprocessors and Microsystems Volume 37, Issue 1, 52–64

blurredno blurred

Physics of Radiology, Johns, Cunningham

http://www.sciencedirect.com/science/journal/01419331
http://www.sciencedirect.com/science/journal/01419331/37/1


- An ideal infinitely thin signal («one ray of light») from an object is spread over more than one pixel
due to the transfer function of the optical system. This transfer function is called Point Spread Function
(PSF).

- When a  real sample is imaged, the optical system spreads out the signal, in the same way as the system 
does for an infinitely thin sample.

https://radiologykey.com/image-quality-3/

- The narrower the PSF is, the better the detector system reproduces the reality (higher spatial
resolution)
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The PSF along a given direction is called Line Spread Function (LSF)

Image from:  DOI: 10.1117/12.602124

To measure the two LSFs, we can use a set of lines, of different spacing, typically made of lead. 

How to measure the spatial resolution of an imaging system?



▪ Resolution units is line pairs per millimeter (lp/mm)  

1 lp/mm = 0.5 mm lead bars separated by 0.5 mm of radiolucent material
2 lp/mm = 0.25 mm lead bars separated by 0.25 mm of radiolucent material

1 line = 1 opaque line + 1 radiolucent space

S (             ) =

How to measure the spatial resolution of an imaging system?
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▪ The limiting spatial resolution is the max number of lp/mm that can be  recorded by the imaging 
system

▪ Human eye →max 30 lp/mm on close inspection (0.5 lp/mm at 25 cm dist.)

▪ Film have high spatial resolution: ex. Mammography 15-20 lp/mm

The spatial resolution is represented by the Modulation Transfer Function
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In practice:

- For indirect conversion detectors, the spatial resolution is about 2-2.5 times the pixel size

- For direct conversion detectors, the spatial resolution is close to the pixel size.
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The importance of a small X-ray
source size
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Image blurring sources: case of an ideal source (no blurring)

Point 
X-ray source

Sample

Detector

One-to-one correspondence between
the signal recorded in a given pixel
and a section (slice) of the sample

Extended 
X-ray source

Sample
Detector

The signal recorded in a given pixel
corresponds to different zones of the
samples -- >blurring of the image

Image blurring sources: extended source
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Synchrotron radiation has an extremely small X-ray source size: 20-50 microns x 20-50 microns
Placed a dozen of meters far away from the sample

Conventional X-ray tubes have an X-ray source sizes similar or much larger : 20-400 microns x 
20-40 microns placed at 1-50 cm from the sample

Synchrotron radiation determines much reduced blurring (due to the X-ray source) than a 
conventional source.

This is said that SR has much higher spatial coherence



X-ray imaging modalities
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X-ray absorption

Dual energy imaging

sample

sample sample

Image

Image 1 Image 2

Final image

detector
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Phase contrast imaging

sample

Suitable sample-detector
distance



X-ray absorption
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Visible light image
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SR radiograph 50 keV

K. Krug et al. Appl. Phys. A 83, 247–251 (2006)



Dual energy imaging
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Let’s analyse again the linear attenuation coefficient vs energy for water
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Specific shell absorption energies

The behaviour of the mass attenuation coefficient,
exponentially decreasing, is interrupted by an abrupt
jump in cross section:

it corresponds to the opening of the photoelectric
interaction of the X-rays with electron in the K, L, M, N
… shells. This effect is called K-edge (L-edge, etc).

There is no couple of elements in the periodic table that
have K-edges at the same energy! In a small energetic
interval (ex: 200 eV) any other element will have an
almost constant attenuation coefficient
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Energy EK - Energy EK +

Dual energy imaging

Map of Lead: 
Image (E-) – Image (E+)

(with some weighting coefficients)
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“Electron binding energies in eV”, X-ray data booklet, http://xdb.lbl.gov/ 

K- and L-edge absorption energies for selected elements
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Visible light image
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SR radiograph 50 keV; no energy subtraction

K. Krug et al. Appl. Phys. A 83, 247–251 (2006)
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Barium map image

K. Krug et al. Appl. Phys. A 83, 247–251 (2006)
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Lead image

K. Krug et al. Appl. Phys. A 83, 247–251 (2006)
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Visible light image SR radiograph 50 keV; no energy subtraction

Barium image Lead image

Perfect separation of colors; quantitative information of the local concentration 
is obtained
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Optical image
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Lead image



Phase contrast imaging
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Images from http://www.bigshotcamera.com/learn/imaging-lens/refraction

Refraction of visible light: it occurs when light 
(electromagnetic radiation
moves from one material to another one.

The refracted ray moves away several degrees
with respect to the incoming ray

Refraction of X-rays : 10-5 degrees

Very difficult to detect
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A difference in phase is 
caused by a change in object 

thickness z.

Phase
gradients are proportional to 

the refraction angle from 
sample interfaces.



Absorption image



Phase contrast image
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From 2D to 3D: computed tomography



2D imaging (Radiography) vs 3D (Computed Tomography)

❑ 2D Radiography

Sum of the attenuation along a ray

→Good lateral resolution

→No depth resolution
X-rays
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2 projections 0, 90 ° 1000 projections3 projections 0, 45, 90 ° 30 projectionsOriginal sample

Let’s image a cylinder with an increasing number of projections

The background is still a problem
-- > Use of a high-pass filter to suppress it

Nb_proj=  ( 
𝜋

2
)* (Number of pixels covered by sample)

How many radiographs (projections) do I need?



Prof. P. Coan

Double movement: 
- translation of the source and detector to cover the organ at a fixed angle
- Repetition of the same procedure over 180°

First clinical implementation: step rotation=1°, 160 data points per projection

Historical implementation of CT: pencil beam case



0°

360°

0°

90°

180°

270°

0°

360°

Computed tomography: image acquisition
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Computed tomography: the pipeline from acquisition to visualization

Images from DOI: doi.org/10.1017/S0031182017002074

https://doi.org/10.1017/S0031182017002074


PHerc 375

PHerc 495

ESRF-ID 17 Medical Beamline







Pherc 495



Virtual slicing to study the internal structure



PHerc 495
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Summary - Conclusions

SR emitted by a bending magnet or a wiggler permits to select the most suitable energy for 
analysing a given sample, thanks to monochromators.

Different imaging techniques can be applied, including: radiography based on differential
X-ray absoption,  Dual energy imaging, phase contrast imaging

Absorption imaging produces a map of the tranmission of the X-rays

Dual energy imaging permits to produce image maps of an individual element by performing 2 images
At energies just above and below the characteristic «K-edge» of the specific element, an to subtract
The background

Phase contrast imaging allows to enhance the borders of details/objects, improving their visibility

Computed tomography allows to visualize the samples in 3D


