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Outline

– Development of interference effects in 
coherent X-ray scattering model.

– Development of diffraction process in 
polycrystalline materials.

– Development of refraction/reflection of X-rays.



Development of interference effects in coherent 
X-ray scattering model

In Rayleigh (Coherent) Scattering, photons are scattered by bound atomic electrons without 
excitation of the target atom, i. e., the energy of incident and scattered photons is the same. 
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For each material a proper Form Factor including interference effects is required



Development of interference effects in coherent 
X-ray scattering model

 The Penelope model was modified to read 
molecular form factors (FF) with 
interference effects [G. Paterno et al, Physica 
Medica 51 (2018) 64–70]. 

 A library of about 70 FFs is made available. 
 Every biological tissue can be segmented in 

4 basis components.

• The user can introduce custom form factors 
with interference (using the support of  
G4ExtendedMaterial).

• The cross-section is re-calculated integrating 
the DCS. 

• The code allows the user to:

      - remove scatter from images,

      - simulate WAXS/SAXS experiments,

      - classify unknown tissues.
 Coherent scattering dominates Compton 

scattering at low angles and it is 
distinguishable from primary beam.
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Scattering of a 20 keV photon beam in a human breast sample

With MI Without MI

The peaks of FF are 
characteristic of the material



Development of interference effects in coherent 
X-ray scattering model

Read the Form Factors with Molecular Interference (MIFF)
A new method of G4PenelopeRayleighModel: ReadMolInterferenceData(G4Material*) 
is used to read the form factor (FF) with molecular interference (MI) of a selected 
variety of materials, according to a well-defined association “matname” → “MIFF”. 

MIFF then are stored in a dedicated map (matname is the key):
std::map<G4String,G4PhysicsFreeVector*> *MolInterferenceData;
This map is recalled in BuildFormFactorTable(const G4Material*) method. 

For materials with MIFF, the cross-section is calculated by integrating the DCS (overriding of 
ComputeCrossSectionPerVolume(const G4Material*) of G4VEmModel). If a coherent scattering 
event occurs, the scattering angle is sampled according to RITA algorithm, which was not modified). 



Development of interference effects in coherent 
X-ray scattering model

Beef Adipose tissue (Peplow-Verghese, 
1998) = 76% fat + 24% water

No extension needed, simply define a material and label it as “MedMat_a1_a2_a3_a4”, where 
ai are the weight fractions of the 4 basis materials. 

In the BuildFormFactorTable(const G4Material*) method, the basis FFs are mixed accordingly.  
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i=fat, water, collagen, hydroxyapatite

 [G. Paterno et al, PMB (2020), https://
doi.org/10.1088/1361-6560/aba7d2]

Decomposition of tissues in basis components

Avoid to use unclassified tissues



Development of interference effects in coherent 
X-ray scattering model

NH4NO3

Useful for materials with 
partial crystalline behavior

Form factor defined by the user

In the DetectorConstrucion.cc, use the new MIdata extension to provide the path of the 
FF file of the material (through setFilenameFF(G4String) method).

 

It will be used in the BuildFormFactorTable(const G4Material*) method. 



Development of diffraction process in 
polycrystalline materials

The cross-section for Bragg diffraction from a crystalline powder sample 
is given by: 

Bragg’s law states that scattering can only occur when 2dsin(θ/2)=λ and being 
x=1/λsin(θ/2), it follows that d=1/(2x). Therefore:

The scattering angle θ=2θB is determined by sampling x from the Bragg form 
factor FB, which contains all of the material-dependent terms (F

i
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). The 

middle term in equation (2) depends only on angle and is used as the rejection 
function applied to the sampled x values. 
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Development of diffraction process in 
polycrystalline materials

The atomic form factor f can be calculated using the Cromer-Mann coefficients 
(a

i
,b

i
,c): 

The geometric factor G  depends on the crystal structure

Where Gm is the reciprocal lattice vector and ρj is the position of the j-th atom 
in the unit cell. 

The Debye-Waller factor DW, due to the atom vibration, depends also on 
crystal structure. There are semi-empirical formulas that allow one to estimate it.

Peak broadening (FWHM):



Development of diffraction process in 
polycrystalline materials

• Development, from scratch, of a specific physical process, which 
implements the theory seen before exploiting the G4CrystalExtension 
(unit cell management, plane spacing and structure factor calculation).

• Development of ExtraCrystalData class, extension of G4Material, to add 
further properties to crystalline materials, such as, structure type, Debye 
temperature, crystallite size L

G
, Scherrer GrainShape Factor K.

• Automatic calculation of diffraction multiplicity, main diffraction lines 
for a given crystal structure has yet to be implemented (by extending 

G4CrystalExtension). 



Development of diffraction process in 
polycrystalline materials

In the DetectorConstruction:



Development of diffraction process in 
polycrystalline materials

PowderDiffraction::ComputeSinglePlaneScatteringAmplitude
(G4LogicalCrystalVolume* aLCV, G4int h, G4int k, G4int kl)



Development of diffraction process in 
polycrystalline materials

Simple test: diffraction of a 8 keV 
X-ray beam from a thin “slab” of a 
graphite powder. 

Line position, width and relative 
intensity in agreement with 
analytical calculation.

Advanced test: diffraction of a polychromatic X-
ray beam from a cylinder of graphite powder. The 
set-up is conceived to select the most intense line.

experimentally 
validated



Development of refraction/reflection of X-rays

Fresnel equations for 
perfect surfaces (In 
this form, they are 
exact for s-pol and 
approx for p-pol)

Snell's law 

R=|r|2 reflectivity. Fresnel equations for 
rough surfaces (σ = roughness). In addition, 
the normal to the surface varies randomly 
according to a Gaussian distribution 

complex 
refraction index 

Total external reflection for α≤α
C



Development of refraction/reflection of X-rays

 STATUS: 
 Defined the main algorithms and new classes to be implemented.
 Identified a database for index of refraction (CXRO).
 Concrete implementation has yet to be done.

• A bibliographic research highlighted that these effects were already implemented in 
Geant4/Gate by different groups [1,2,3,4], with different levels of accuracy and 
subsequent application. These works can be used as benchmarks.

        [1] Langer M. et al, Towards Monte Carlo simulation of X-ray phase contrast using GATE, Optics Express 28, 2020.

        [2] Sanctorum J. et al, X-ray phase-contrast simulations of fibrous phantoms using GATE, 2018 IEEE Nuclear Science Symposium and Medical Imaging 
Conference Proceedings.

        [3] Buis E.J, G. Vacanti, X-ray tracing using Geant4, NIM-A 599 (2009) (code freely download-able).

        [4] Wang Z. et al, Implement X-ray refraction effect in Geant4 for phase contrast imaging, 2009 IEEE Nuclear Science Symposium Conference Record.

        



Conclusions

– Development of interference effects in coherent X-
ray scattering model → Ready (almost) for the 
official release (thanks to Luciano Pandola)

– Development of diffraction process in 
polycrystalline materials → Under development

– Development of refraction/reflection of X-rays → 
We are at the beginning
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Development of interference effects in coherent 
X-ray scattering model
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rejection method

1.  Using the RITA algorithm, sample a random value of q2 from the distribution π(q2), restricted to the interval [0, qmax
2].

2.  Set cosθ=1-1/2*q2/k2 (k=E/mec
2). (it comes from the definition of q=2E/c[sin(θ /2)]=(E/c[2(1-cosθ)]1/2)

3.  Generate a new random number ξ (uniformly distributed in the interval [0,1]).

4.  If ξ>g(cosθ), go to step 3. (note that g is a valid rejection function since 0<g1)

5.  Deliver cosθ.

First, the occurrence of a coh. scatt. event is determined from σRa, then the angular deflection is sampled

Sampling efficiency higher than 66%
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