
n  Photoelectric effect 
n  Rayleigh scattering 
n  Compton scattering 
n  Pair production (above 1.022 MeV) 

X-ray interaction with matter 

The 4 major interactions of x-ray and gamma-ray photons with matter are: 





The relationship for thin slab ΔX, can be integrated. If N0 is the number of  the incident photons 
and N the transmitted photons through a thickness x without any interaction (primary):  
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Linear attenuation coefficient 



Let’s consider monoenergetic photons through an absorber of infinitesimal thickness dx of 
the same material and the same density  
If n is the number of photons removed from the beam: n = -dN 
 
where  -dN is the variation in photon number; minus sign indicating that the intensity is 
reduced by the absorber 
                                    -dN = µ N dx 
Dividing by N 
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This equation describes the situation for thin absorber with thickness dx.  
For the thickness x of an absorber we integrate the above equation.  
From thickness 0 to x, the radiation intensity will decrease from N0 to N: 
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Linear attenuation coefficient 
mathematical model 



µwater > µice > µwater vapor  

Linear attenuation coefficient 



Mass attenuation coefficient 



Mass attenuation coefficient 



Linear attenuation coefficient 



Good and bad geometry 



Half-value layer 

Underestimation of attenuation means overestimation of HVL 



The HVL of a diagnostic x-ray beam, measured in millimeters of aluminum 
under narrow beam conditions, is a measure of the penetrability of the x-ray 
spectrum. 
 
Relationship between µ and HVL 
 
N is equal to N0/2 when the thickness of the absorber is 1 HVL. Thus, for 
monoenergetic beam: 
 

Half-value layer 



Half-value layer 



Half-value layer 



n  Semi-logarithmic graph: 
transmission decreases linearly 

n  Smaller the energy, higher the 
attenuation: the slope is higher 

n  Beam attenuation for 
monoenergetic beams for 
different tissue thickness (in cm) 

Monochromatic beam attenuation 



Polychromatic beam attenuation 



Average energy 
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The conventional notation for photon fluence (photons/mm2) at a given energy E is φ(E).  
The corresponding energy fluence ( joules/mm2 or φ(E) × E  is ψ(E)) 
In case of polyenergetic beams the concept is replaced by fluence spectrum and energy 
fluence spectrum, differential in energy E  (fluence/rate if per unit of time ) 

We can calculate the average energy of a given spectrum and the average 
energy of an attenuated spectrum after x mm of Al. 
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φi (Ei) is the total photon fluence in an 
i-th energy interval with bin width ΔE  

Eatt =
φi (Ei )e

−µ (Ei )xEi
i
∑

φi (Ei )e
−µ (Ei )x

i
∑



Beam hardening 



Exposure and HVL  

n  An air-ionization exposure meter is a device capable of accurately measuring x-ray 
exposure. Exposure is a term which relates primarily to the x-ray beam intensity or the 
beam quantity.  

n  Measuring the x-ray energy spectrum is much more difficult, and requires sophisticated 
equipment that is only available in a handful of laboratories. Nevertheless, some idea of 
the spectral distribution (beam quality) of the x-ray beam can be evaluated. The x-ray 
attenuation coefficients are energy dependent, and therefore by measuring the exposure 
attenuation, a parameter relating to the x-ray beam energy distribution ( (E)) can be 
assessed. 

n   The parameter used to characterize polyenergetic beam quality in field measurements of 
attenuation is called the half-value layer (HVL). The HVL, usually calculated using 
aluminum in diagnostic radiology, is the thickness of aluminum required to reduce the 
exposure of the x-ray beam by a factor of 2 (i.e., to 50% of its unattenuated exposure).  

n  Exposure is defined in air (only), and therefore the HVL is properly measured only using 
an air ionization exposure meter; the HVL measured using a solid state x-ray detector 
system, for example, will be different.  



The HVL of a diagnostic x-ray beam, measured in millimeters of aluminum under 
narrow beam conditions, is a measure of the penetrability of the x-ray spectrum. 
Since x-ray beams in radiology are polyenergetic, the determination of HVL is the way 
of characterizing the penetrability of the x-ray beam for a given kV.. 
 The HVL (in mm of Al) can be converted to a quantity called the effective energy. 
 
 

Effective energy 

It is an estimate of the penetration power 
of the x-ray beam, expressed as the 
energy of a monoenergetic beam that 
would exhibit the same “effective” 
penetrability. 
 
The effective energy from a typical 
diagnostic x-ray tube is one third to one 
half the maximum value. 





Beam hardening 



n  The values of spectrum for a variety of spectra are calculated for different kV. The HVL, the 
exposure, the x-ray fluence for a wide range of spectra can be estimated. 

n  Note: Energy_effective < Energy_average  



n  Just as the total linear attenuation coefficient µ is the sum 
of the linear attenuation coefficients of the individual 
interaction types, the total mass attenuation coefficient is 
the sum of its constituents as well:  

 
n  Attenuation is useful in describing the propagation of x rays 

through a material, but it does not tell the complete story in 
terms of energy deposition. Energy deposition is important 
both in the calculation of the radiation dose to a patient, 
and for the calculation of the total signal generated in an x-
ray detector  

Attenuation and energy deposition 



Energy absorption and biological damage 



Misura di Laboratorio. Spessore di dimezzamento 
•  Half Value Layer HVL e’ lo spessore di un materiale necessario per ridurre della meta’ 

l’intensita’ del fascio. 
•  Caratterizza il tubo fissata la tensione 
•  Va controllato il suo valore nel tempo 
 

•  Misurare il valore di HVL e di Eeff per il primo ed il secondo 
dimezzamento per  diversi spettri di partenza 

–  Due senza filtro e diverso kV e uno con il filtro di Mo 

•  Discutere la variazione dell’Eeff con la  quantita’ di filtro totale di Al 
applicato 

–  Vedi anche spettro simulato 
–  https://health.siemens.com/booneweb/index.html 
(https://www.oem-xray-components.siemens.com/x-ray-spectra-

simulation) 
 

•  Discutere il variare dell’Eeff con la presenza del filtro di Mo. 



Misura di HVL 
Lo scatterig e’ 

importante: quindi la 
posizione degli 
assorbitori rispetto al 
detector e’ critica 

 
NB raddoppiare lo 

spessore NON 
significa andare a 
1/4 di flusso 

Laboratorio di fisica medica 



HVL 
measurements 
n  The	X	ray	spectrum	is	NOT	

monochroma4c	!	
n  The	a6enua4on	is	NOT	

exponen4al	!	



Eeff calculation 

keV 



Eeff calculation 

M.H. McKetty RadioGraphics 1998; 18:151-163 
 
 



 
 
 
 
 
X-ray spectra simulation: 
 
https://health.siemens.com/booneweb/index.html 
 

https://physics.nist.gov/PhysRefData/FFast/html/form.html 

Database NIST – attenuation and absorption coefficients 
 
https://www.nist.gov/pml/x-ray-form-factor-attenuation-
and-scattering-tables 

XCOM 
https://www.nist.gov/pml/xcom-photon-cross-sections-database  
      database search form  
      (https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html) 

XMuDat software (not for Mac): 
https://www-nds.iaea.org/publications/iaea-nds/iaeands-0195.htm 


