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Abstract  

The current state of the art in radiographic modelling, as implemented in CIVA and 
MODERATO, models the main photon-matter interactions in an energy range from roughly 
50keV to about 10MeV, including Rayleigh scattering, Compton scattering and pair 
production. However, at very low and very high energies, other effects such as fluorescence 
and Bremsstrahlung grow more important and add additional contributions to the final image 
in terms of scatter, in particular within the detector, but also within the part to be inspected. 
These additional interactions require the electrons being produced by photoelectric 
absorption, Compton scattering and pair production to be handled, and the electron cascade 
with its additional interactions to be treated accordingly. Electrons being the main 
contributors to the latent image in argentic film radiography, this “true physics approach” has 
the potential to significantly improve radiographic modelling. However, as the electron mean 
free path length is extremely small compared to photons, this process is in general considered 
prohibitively expensive. 
 In an effort to enhance the accuracy of modelling results, CEA and EDF engaged a 3 
year project to identify essential photon/electron interactions, and to implement them in a 
computationally manageable way. As the electron cascade implies a severe penalty on the 
entire modelling chain, a parallel effort was made to search for efficient variance reduction 
schemes. In this presentation, we present the current state of affairs, and give an outlook on 
what might be available in terms of truly physical modelling in an upcoming version of 
CIVA. 
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Outline

1. A look at the current state of the art in radiographic modelling: The photon shower

2. The electron cascade in the inspected object and the detector

3. Dealing with the performance penalty
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A particle transport problem

The photon shower

a) Direct radiation

b) Photoelectric absorption

c) Rayleigh scattering

d) Compton scattering

e) [pair production]
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A particle transport problem

The photon shower including secondary radiation

a) Direct radiation

b) Photoelectric absorption + e +

c) Rayleigh scattering

d) Compton scattering + e

e) [pair production] e- + e+   + 

f) (b,d,e): Bremsstrahlung e  
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Ionisation

Photoelectric
Absorption

Compton
Scattering

Pair production

Ee=E-Ebind Ee=E-E‘ EeE-2*0.511MeV
Steel:

 Ee  E !
Ee  [0..E]

Significant only
>1MeVK L1 L2 L3

7keV 0.8keV 0.7keV 0.7keV
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Fluorescence after Photoelectric absorption

- Ejection of an electron with E=Einc-Ebind
- Emission of a fluorescence photon with E=Ek-ELx

Fe:

Pb:

K L1 L2 L3
7keV 0.8keV 0.7keV 0.7keV

K L1 L2 L3
88keV 16keV 15keV 13keV

Significant only for materials with high Z (as used in filters)
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Secondary radiation – when does it matter?

In the inspected part

1. At moderate to high energy

(Bremsstrahlung)

2. If the detector does not contain a 

filter (fluorescence)

In the detector

1. Always

Study the contribution of fluorescence and Bremsstrahlung by comparison with
reference codes (Penelope and MCNP)
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Secondary radiation – when does it matter?
Photon spectra

Cobalt source
60mm Fe block
200u lead filter/screen

Selenium source
20mm Fe block
100u lead filter/screen
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Secondary radiation – when does it matter?
Photon spectra

Iridium source
40mm Fe block
Without screen/filter

With lead screen/filter

Fluorescence created
within the Fe part is
filtered
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Fluorescence within lead screen
Photon paths for „pencil beam“
100keV monochromatic

5mm Fe

5mm Pb

Bremsstrahlung?
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Fluorescence implementation

1. Determine the electron shell (K, L1, L2, L3) where the
photoelectric absorption takes place

2. Simulate atomic relaxation which produces fluorescence
rays

IAEA database EADL97                                                                   NuclearData database
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Fluorescence implementation
Without fluorescence Fluorescence in filter Fluorescence in filter and part

1 +2% +9%

𝑲𝜷𝟐 𝑲𝜷𝟏 +𝑲𝜷𝟑 𝑲𝜶𝟏 𝑲𝜶𝟐 𝑳𝜷 𝑳𝜶
-15 % -1 % 6,9 % 6,2 % 21 % 30 %

Speed penalty:

Error w/r Penelope:
- No ionisation by electrons (only photons)
- No Bremsstrahlung
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Bremsstrahlung
Electrons passing close to atomic cores are slowed down due to the electric charge of the core. 
A fraction of this energy loss takes place in the form of photon emission. The effect is stronger for high Z 
materials. 

Fraction of electron energy converted to gamma radiation (NIST)

14

Bremsstrahlung

A rigorous implementation:

1. Would model the electron cascade (with a very small free path length)

2. Determine the photon emission due to kinetic energy loss at each scattering event

A simplified implementation
1. Does not follow the electron cascade

2. Supposes immediate photon emission upon electron emission

3. Photon emission in the direction of the electron (known from PE/Compton/PP event)

Electrons can not reach the detector
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Bremsstrahlung implementation [1]

1. Determine Eelectron and direction from scattering event
2. Determine electron stopping power from X-Ray cross

section data to calculate number of photons emitted
3. Determine energy (from cross section data)

[1] Kaltiaisenaho, T. (2016). Implementing a photon physics model in Serpent 2
[2] Atomic Data and Nuclear Data Tables (Seltzer & Berger, 1986)
[3] NIST
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Bremsstrahlung

Evaluation (6MeV monochromatic source

- Results close to MCNP mode P (without
electron transport)

- Slight over-estimation compared to Penelope

Potential improvements:
- Model photon emission direction
- Positrons due to pair production are handled

like electrons – apply correction



17

Dealing with the performance penalty

Characterising performance (FOM)

1. CPU time for an identical number of photons is not a good criterion: With variance reduction

schemes, more is achieved with less

2. Gains depend on the average number of free path lengths ( build-up)

3. A convergence indicator based on the average error is
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Dealing with the performance penalty

Successfully Implemented variance reduction schemes

1. Implicit capture (within the filter)

2. Particle projection

3. Forced interaction (within the cartridge)

Evaluated and discarded techniques:
- Russian roulette
- Adjoint methods
- Systematic splitting (combined with russian roulette)
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Dealing with the performance penalty

Implicit Capture

A particle entering a highly absorbing material has a low probability of surviving. 

Idea: reduce the probability of photoelectric absorption to explore the geometry further

Method: Replace absorption events by scattering events, and use a corrective weight

Idea: Separation of absorption and scattering cross section𝜎𝑡𝑜𝑡𝑎𝑙 = 𝜎𝐴 + 𝜎𝑆
- Monte-Carlo sampling only on the scattering cross section
- Correction of weight 𝑤𝑐𝑜𝑟𝑟 =𝜎𝑆/𝜎𝑡𝑜𝑡𝑎𝑙
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Dealing with the performance penalty

Split and forced interaction in intensifying screens

𝑤 = exp(−𝑑. 𝑢) 𝑥 = −(1/𝑢) log(1 − 𝜉(1 − exp(−𝑑. 𝑢)))

w 1-w
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Dealing with the performance penalty

Projection

Idea: The ray-tracing algorithm always determines all intersections. If the detector is intersected, split.

No split/forced interaction, 
since the trajectory does
not intersect the film

Photoelectric
absorption
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Dealing with the performance penalty

Evaluation of speed-up due to variance reduction
Step wedge 5-10mm, 200keV tube

With
without
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Conclusions

• Secondary radiation may make a difference
• Fluorescence in the detector can be modelled with

negligible performance penalty
• Bremsstrahlung within the component can be modelled

without an explicit electron cascade

Perspectives
• Full cartridge model with secondary radiation
• Evaluation on real world examples
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Perspectives

• Decrease of exposure time as a function of screen
thickness

• Increase of intrinsic unsharpness due to fluorescence in 
lead screens

• Contribution of Bremsstrahlung to Build-Up
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Thank you


