
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 



Total photon 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. 

E =
φi (Ei )Ei

i
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φi (Ei) is the total photon fluence in an 
i-th energy interval with bin width ΔE  
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Beam hardening 



Radiological Units 



Exposure 
ICRU (1980) International Commission on Radiation Units and Measurements 

Exposure is defined as dQ/dm, where dQ is the sum of the 
electrical charges of all ions of one sign produced in air when 
all the electrons and positrons liberated by photons in a 
volume of air whose mass is dm are completely stopped in 
air.  

X=dQ/dM 
The ionization arising from the absorption of bremsstrahlung or 

annihilation radiation emitted by the electrons is not to be 
included in dQ. 

Owing to the difficulty of measurement, exposure is not 
normally used when the photon energy exceeds 3 MeV. 

Unita’ di misura: 
 Sistema Internazionale C kg-1 

 Roentgen R=2.58 10-4 C kg-1 
 

NB: Average atomic number of air and soft tissue is about the same !  



Exposure and absorbed dose in air 
How do we measure them X rays? X-ray beam can be measured using the ionization it 
produces in air. An ionization chamber is an air-filled chamber surrounded by electrodes (a 
positive and negative electrode). X rays ionize the molecules of air present in the chamber, 
and the electrons follow the electric field lines and are collected on the positive electrode, 
while the positive ions are collected on the negative electrode. The net charge is collected on 
the electrodes. The unit of exposure is the roentgen (R), where: 
 
                                                1R = 2.58 x 10-4 C/kg 

A typical ionization chamber for general diagnostic measurements has a volume of 
approximately 6 cm3. At standard temperature and pressure, the mass of air in 6 cm3 is about 
7.8 mg. A 1-R exposure will liberate a charge of 2.0 × 10−9 coulombs inside the chamber, 
corresponding to 1.2 × 1010 ions.  
The roentgen is defined only in air, and under conditions of electron equilibrium. Electron 
equilibrium occurs when the number of energetic ions entering the measurement volume equal 
those leaving it.  

Empirically  it takes W=33.97 eV to produce an ion pair in air,  equal to 33.97 joules/C. 
Thus the energy absorbed in air/mass, i.e. absorbed dose in air, by a 1-R exposure is: 

Dair = Eabs/m=2.58 × 10−4 C/kg × 33.97 J/C = 0.00876 J/kg = 0.00876 Gy 

Exposure (X) corresponds to absorbed dose in air: 

Dair (mGy) = 0.00876 X(mR) 

Dair (mGy) = 8.76 X(R) 



Exposure and attenuation calculation 

For an x-ray spectrum consisting of many different energies (a polyenergetic spectrum), the 
attenuation curve of the exposure  has curvature on the semi-log plot, indicating a slight 
deviation from exponential falloff.  
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The attenuation A(x) of the exposure of a polyenergetic x-ray spectrum 
from a sheet of aluminum of thickness x is given by:  

A(x) =
φ(E) ξ (E)−1 e−µ (E )Al x dE
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Dair (E) = φ(E) E
µen (E)
ρ

We can calculate the exposure  (~charge per unit of mass in air) from the energy absorbed/m 

W = 34 J/C 

where φ(E) is in photons/mm2 and the 
function ξ−1(E) is in mR per (photon/mm2) 

The x-ray fluence per unit exposure is given by: 
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When the mass energy absorption coefficient for air 
(µen/ρ) is in units of cm2/g, and E is in keV, the units 
of ξ(E) are photons/mm2 per mR. 
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Fluence/exposure 
ξ(E) describes the photon fluence per unit of exposure 
For the energy range from 1 to 150 keV, this can be calculated using: 

where a = −5.023 × 10−06, b = 1.81 × 10−07, c = 0.00884, E is in keV, and 
ξ(E) is in the units of photons/mm2 per mR. 



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. The x-ray attenuation 
coefficients are energy dependent, and therefore by measuring the exposure attenuation 
(A(x) of a known material (e.g., aluminum), 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 



Photon fluence vs. exposure 

n  The number of x-ray quanta striking a detector per unit area (the x-ray fluence) is an 
important experimental parameter However, the fluence is not directly measurable in most 
laboratories.  

n  The function ξ(E) which is the energy-dependent photon fluence per exposure (photons/mm2 
per mR). It’s inverse function, ξ-1(E), gives the exposure per fluence (mR per photons/mm2). 
If the spectrum is known and the exposure (X, in mR) is measured, the photon fluence per 
exposure for the entire spectrum can be calculated:  



n  The values of spectrum for a variety of spectra were calculated using Eq. (1.25), and these 
values are incorporated into Table 1.5. Armed with the kVp, the HVL, and 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 



Mass energy transfer coefficient  

n  The mass energy transfer coefficient is that fraction of the mass attenuation coefficient 
which contributes to the production of kinetic energy in charged particles. Photons which 
escape the interaction site do not contribute to the kinetic energy of charged particles.  

n  For the photoelectric effect the total energy of the incident x-ray photon, E0, is transferred 
to the photoelectron. Part of this energy is used to overcome the binding energy of the 
atom (EBE), and the remaining fraction becomes the kinetic energy T of the photoelectron:  

n  The ionized atom will either emit one or more characteristic x rays (also called fluorescent 
x rays), which will leave the interaction site, or alternatively a series of nonradiative 
transitions involving Auger electrons will take place, resulting in the complete local 
deposition of energy through charged particles. Since the fluorescent yield of the atoms 
which comprise tissue is negligible, for tissue (τ/ρ) = (τtr/ρ). This is not the case for x-ray 
detector materials.  

n  For Compton scattering, a large fraction of the incident x-ray energy leaves the site of the 
interaction in the form of the scattered photon. If the average kinetic energy imparted to 
electrons during Compton scattering is Ek, then the Compton mass energy transfer 
coefficient is given by:  

n    
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Energy absorption and biological damage 



 
 
 
 
 
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 

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 


