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⚫ X-rays are a form of ionizing radiation. 

⚫ One characteristic feature is the energy of 
the photons, up to hundreds of keV

⚫ Moseley’s law  determines most energetic 
X-rays encountered in medium

What are x-rays
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⚫ X-rays are produced by x-ray tubes

⚫ Two major components – electron 
accelerator (linear accelerator – linac) and 
anode target

⚫ Linac accelerates electrons to relativistic 
velocities. Two operational parameters:

⚫ Cathode current -> number of electrons 
accelerated

⚫ Anode voltage -> electron maximum 
velocity

⚫ Hitting the anode, electrons deccelarate and 
produce radiation

X-ray generation
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⚫ A spectrum is a distribution

⚫ For EM radiation, the quantity being 
distributed is energy density flow (j) 
over wavelength (dj/dλ)

⚫ Since photon energy can be calculated 
from λ, it is equivalent to distribution of 
N photons over λ, dN/dλ, or, 
equivalently to dN/dE, where E is 
photon energy.

⚫ Since energy flow is N*E, distribution 
of intensity is E*dN/dE=K*(E-E0), 
where E0 is maximum source energy.

X-ray spectrum
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⚫ Sharp emissions within the spectrum

⚫ Particular series of events where 
incident electron interacts with electron 
bound in medium

⚫ Ejected electrons clears a space on 
normally occupied orbital (atom is 
excited)

⚫ In termal relaxation, the orbital gets 
filled by an electron from a higher, less 
bound electron state

⚫ The difference in energies between the 
states is carried by an emitted photon 
of sharp energy

Characteristic lines
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⚫ Conversion of photons to electrons

⚫ Nucleus is involved -> very likely on 
inner orbitals

⚫ Ejected electron energy nearly identical 
to incident energy

⚫ Likely for high Z (n=4-5) and low 
energy incident rays

Interactions of photons with matter -
photoeffect
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⚫ Elastic collision of initial photon with a 
bound electron

⚫ Not sensitive to orbitals, etc.

⚫ Weak dependence on energy and 
material (Klein & Nishina, 1928)

⚫ Two particles produced – a scattered 
photon and an excited electron

⚫ Nearly constant over materials and 
energies, μ/ρ=0.1/gcm-2

⚫ Scattered electrons are a headache

Interactions of photons with matter –
Compton
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⚫ Pair creation is a process where photons 
generate electron-positron pair

⚫ Only possible where energy of photon 
exceeds a sum of electron and positron 
mass (1022 MeV) -> ignored

⚫ Coherent scattering (Thomson, 
Rayleigh) doesn’t change energy of the 
photons.

⚫ Relative contribution for x-rays is small 
(not neccesarily negligible)

Interactions of photons with matter - other
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⚫ Each process has a range where it 
dominates 

⚫ Ideally – photoeffect; realistically –
Compton scattering (in tissue, 
detectors,...)

Interactions - overview
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⚫ Typically – detectors ionization, ion-
electron pairs created in medium

⚫ Only charged particles ionize (Bethe 
equation)

⚫ Detection of neutral particles 
(neutrons, photons) is a two-stage 
process

⚫ Convert photons to electrons (photo-
effect, Compton scattering)

⚫ Collect ionization with a suitable 
detector

X-ray detection

Photons

Electrons

Ionization
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⚫ Two major approaches

⚫ indirect

⚫ direct

⚫ Direct detection preferred, 
particularly for tight 
distribution of hit pixels

⚫ Indirect solutions are far 
easier (cheaper) to implement

Standard detection techniques
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⚫ Based on scinitillators

⚫ Scintillators convert ionization 
back to visible light

⚫ Visible light is easy to detect 
with standard silicon based 
detectors such as thin-film 
transistors (TFT) or charge-
coupled devices (CCD)

⚫ Scintillators are common 
materials such as NaI or 
slightly less common CsI, 
hence cheap

⚫ Difficult to control spread of 
light – signals spread over 
multiple pixels

Indirect detection
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⚫ Based on semiconductors

⚫ Ionization excites electrons 
from valence band to 
conduction band

⚫ Once in conduction band, 
electrons are mobile

⚫ Equal contributions from holes

⚫ Slight differences in electron, 
hole mobility and life-time in 
different sensors (Si, Ge, 
CdTe, Se)

⚫ Segmenting electrons allows 
for spatial information

Direct detection
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⚫ For x-rays, the active region 
replaced with a high Z(!) 
material

⚫ Spread of ionization is 
controlled by the electric field 
applied between backplane and 
segmented front end

⚫ Front-end composed of 
embedded TFT or CCD network 

⚫ Tight signal, but complex 
device production

Direct detection
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⚫ Modulation transfer function is 
a measure of detector 
performance.

⚫ A FFT of a point source 
response

⚫ A tighter MTF indicates blury 
images

⚫ A wide MTF indicates sharper 
images

⚫ An inverse of MTF at 0.5 is a 
measure of ultimate spatial 
resolution

⚫ This is also a range of pixel 
sizes used in detection

Performance comparison - MTF
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