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 Monte Carlo simulation

- Purpose-written e.g. Seltzer and Berger (1970)

- General purpose e.g. EGSnrc/BEAMnrc, PENELOPE etc.

 Analytical models

- Empirical e.g. Boone and Seibert (1997), Hernandez and Boone (2014)

- Semiempirical e.g. Kramers (1923), Birch and Marshall (1979) etc.

- Theory/simulation hybrid e.g. Omar et al (2020a, 2020b)

The most common type of models for
“quick and easy” calculations

Types of spectrum model
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Starting point for models: consider a lump of metal

 Models typically assume no tube tilt (α = 0) and provide predictions 
on the central axis of the beam (δ = 0) for a specified anode angle (β)

 In fact, however, the ”takeoff” angle, φ, is the critical parameter in 
most models (it determines the self-filtration by the anode)

 If you determine the takeoff angle for your setup, you can input it as 
an effective anode angle into the model: βeff = φ = α + β + δ
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Calculating X-ray Tube Spectra, Chapter 2
Poludniowski, Omar and Andreo
(CRC Press, 2022)



Electrons hit the anode with energy proportional to the tube potential

 The electrons repeatedly scatter elastically, changing their direction

The physics behind x-ray tube models
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Calculating X-ray Tube Spectra, Chapter 3
Poludniowski, Omar and Andreo
(CRC Press, 2022)



Electrons hit the anode with energy proportional to the tube potential

 The electrons also lose energy though inelastic collisions

The physics behind x-ray tube models
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Calculating X-ray Tube Spectra, Chapter 3
Poludniowski, Omar and Andreo
(CRC Press, 2022)



Electrons hit the anode with energy proportional to the tube potential

 The electrons may penetrate up to about half their CSDA range

 Many electrons backscatter out of the target (~50% in tungsten)

The physics behind x-ray tube models
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Calculating X-ray Tube Spectra, Chapter 3
Poludniowski, Omar and Andreo
(CRC Press, 2022)



Electrons hit the anode with energy proportional to the tube potential

 The electrons emit bremsstrahlung radiation (~1% of their energy, 
but dependent on tube potential and target atomic number)

The physics behind x-ray tube models
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Calculating X-ray Tube Spectra, Chapter 3
Poludniowski, Omar and Andreo
(CRC Press, 2022)



Electrons hit the anode with energy proportional to the tube potential

 If sufficiently energetic, the electrons produce characteristic 
emissions in the target via electron impact ionization

 If the bremsstrahlung is sufficiently energetic, self-filtration 
(reabsorption) will also result in further characteristic emissions
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Φsi – impact ionization contribution
Φph – photon-atom contribution

Calculating X-ray Tube Spectra, Chapter 3
Poludniowski, Omar and Andreo
(CRC Press, 2022)

The physics behind x-ray tube models



Limitations of the analytical models
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Approximation 1st order 2nd order 3rd order

Electrons penetrate in 

straight lines (literally or 

effectively)

Yes Yes No

Electrons lose energy 

deterministically as they 

penetrate the target

Yes No No

Fitted/empirical 

bremsstrahlung cross-

section

Yes (mostly) No No

Uniform bremsstrahlung 

angular distribution
Yes Yes No

• 1st order models: Kramers (1923), Soole (1976), Birch and Marshall (1979), 
Tucker-Barnes (1991), IPEM Report 78 (1995), Blough et al (1998)

• 2nd order models: SpekCalc (2009), Hernandez and Fernandez (2016) and 
SpekPy V1(2020)

• 3rd order models: SpekPy V2 (2021)



What is SpekPy?

 SpekPy is a free software toolkit for calculating and 
manipulating x-ray tube spectra.

 It probably has the most advanced physics models in any 
spectrum software, excepting full Monte Carlo treatment

 The code is written in the Python programming language

 SpekPy is a toolkit rather than an application so you will need to 
write/run simple Python scripts 

 Fortunately, there is an extensive list of short example scripts in 
the online repository to get you started
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Git repository and Wiki: https://bitbucket.org/spekpy/spekpy_release

https://bitbucket.org/spekpy/spekpy_release


Using SpekPy
Installation (all free):

 Python 3

 NumPy, SciPy and optionally matplotlib (all standard libraries)

 SpekPy (from https://bitbucket.org/spekpy/spekpy_release)

Information you will need:

 Tube potential [kV]

 Anode angle [degrees]

 Filtration [mm of materials]

 Position to evaluate spectrum [x-y-z, cm]

Note:

 Not everyone thinks about the anode/tilt angles when they 
specify beams, but it is important for accurate modelling

 Remember: filtration by air can be important for low kV beams
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https://bitbucket.org/spekpy/spekpy_release


Example
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Some of the
functions available
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SpekPy physics models
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Default

Best



SpekCalc vs SpekPy V1 vs SpekPy V2

 SpekCalc slightly overestimates the spectrum in the high-energy tip

 SpekCalc does not model L-lines and therefore is inaccurate for lightly 
filtered spectra at low tube potentials, e.g. H-30 etc.

 SpekPy V1 includes L-lines and generally provides good HVL predictions, 
but the overestimation in the high-energy tip is worse than SpekCalc

 Neither SpekCalc nor SpekPy V1 accurately model the anode heel effect

 Neither SpekCalc nor SpekPy V1 accurately model the self-filtration of 
characteristic x-rays

 SpekPy V2 can model HVLs, fluence and heel effect accurately for both 
bremsstrahlung and characteristic x-rays (compared to Monte Carlo)

 Use the “kqp” model of SpekPy V2 if you want the very highest accuracy 
(this is recommended for modelling the heel effect)
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SpekCalc vs SpekPy V1 vs SpekPy V2
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HVL1(spekcalc): 0.413 mm Al

HVL1(spekpy-v1): 0.385 mm Al

HVL1(casim): 0.371 mm Al

HVL1(kqp): 0.373 mm Al

HVL1(ISO 4037-1): 0.364 mm Al

*20 degree anode angle is assumed

*



Comparison to Monte Carlo
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Chapter 7: https://bitbucket.org/caxtus

EGSnrc/BEAMnrc Comparison with SpekPy V2 (kqp)

Scenario: 100 kV, 14o anode angle, 1 mm Be, air column, 100 cm SDD

https://bitbucket.org/caxtus
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PTB: 18 IEC spectra [RQR2-10, RQA2-10] (Ankerhold 2000, spectrometry)

PTB: 29 ISO spectra [Hx6, Wx7, Nx9, Lx7]             (Ankerhold 2000, spectrometry)

BIPM: 15 reference spectra [tungsten]          (Kessler and Burns 2018, dosimetry)

NIST: 29 ISO spectra [HKx6, WKx7, NKx9, LKx7]             (O'Brien 2017, dosimetry)

HVL1: 1.2 +/- 0.5%
HVL2: 0.2 +/- 0.4%

HVL1: 0.8 +/- 0.8%
HVL2: 0.4 +/- 0.6%

HVL1: -2.7 +/- 2.4%
HVL2: -3.0 +/- 2.0%

HVL1: -1.6 +/- 0.6%

Half-value layer comparison

Chapter 8: https://bitbucket.org/caxtus

Mean
+/- std

https://bitbucket.org/caxtus


Half-value layer accuracy
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 Is this good enough?

 That’s for you to decide (it depends on the task)

 To put the numbers is context: it has been suggested that best 
estimate of filter thickness that can be achieved with reasonable
effort is limited to 3% or 10 μm (whichever is greatest)*

*ISO 4037-1:2019, Section 4.2.4



Half-value layer matching

 Residual discrepancies can be eliminated by using the function 
get_matl().

 This can be used to find the material thickness that you need to 
add (or subtract) to match the HVL1 exactly

 Of course, the HVL2 will still likely not match exactly, but it 
should also be very close
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Current limitations

 Narrow-beam only

- This won’t change!

 Targets: W, Mo, Rh

- We may add other targets (e.g., Cu)

 The target material is considered pure

- No plans to consider tungsten-rhenium alloys, but we could do so

 Tube potentials: 20-300 kV (W), 20-50 kV (Mo, Rh)

- Planned extension (down to 10 kV and up to 500 kV for W)

 A constant tube potential is assumed with zero ripple

- No plans to include ripple, but we could do so

 Currently there is no graphical interface

- But a web app will be made available very soon!
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For more information on SpekPy V2:
technical papers on the model

 Omar A, Andreo P, Poludniowski G. Performance of different theories for the angular 
distribution of bremsstrahlung produced by keV electrons incident upon a target. 
Radiat. Phys. Chem. 2018;148:73-85

 Omar A, Andreo P, Poludniowski G. A model for the emission of K and L x rays from 
an x-ray tube. Nucl Instrum Methods Phys Res B. 2018;437:36-47

 Omar A, Andreo P, Poludniowski G. A model for the energy and angular distribution 
of x rays emitted from an x-ray tube. Part I. Bremsstrahlung production. Med Phys. 
2020;47(10):4763-4774

 Omar A, Andreo P, Poludniowski G. A model for the energy and angular distribution 
of x rays emitted from an x-ray tube. Part II. Validation of x-ray spectra from 20 to 
300 kV. Med Phys. 2020;47(9):4005-4019
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For more information on SpekPy V2:
toolkit, background and examples
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https://doi.org/10.1201/9781003058168

You can access accompanying code 
examples for free here:
https://bitbucket.org/caxtus

https://doi.org/10.1002/mp.14945

Open Access

https://doi.org/10.1201/9781003058168
https://bitbucket.org/caxtus
https://doi.org/10.1002/mp.14945


References

1. U. Ankerhold. Catalogue of X-ray spectra and their characteristic data - ISO and DIN radiation qualities, therapy 

and diagnostic radiation qualities, unfiltered X-ray spectra. PTB Report Dos-34. Physikalisch-Technische

Bundesanstalt, Braunschweig, 2000

2. M. J. Berger and S. M. Seltzer. Bremsstrahlung and photoneutrons from thick tungsten and tantalum targets. 

Phys. Rev. C, 2:621–631, 1970.

3. R. Birch and M. Marshall. Computation of bremsstrahlung x-ray spectra and comparison with spectra measured 

with a Ge(Li) detector. Phys. Med. Biol., 24:505–517, 1979

4. M. M. Blough, R. G. Waggener, W. H. Payne, and J. A. Terry. Calculated mammographic spectra confirmed with 

attenuation curves for molybdenum, rhodium, and tungsten targets. Med. Phys., 25:1605–1612, 1998

5. J. M. Boone and J. A. Seibert. An accurate method for computer-generating tungsten anode x-ray spectra from 

30 to 140 kv. Med. Phys., 24:1661–1670, 1997.

6. K. Cranley, B. J. Gilmore, G. W. A. Fogarty, and L. Deponds. Catalogue of diagnostic x-ray spectra and other data. 

IPEM Report 78. The Institute of Physics and Engineering in Medicine, York, UK, 1997.

7. G. Hernandez and F. Fernandez. Xpecgen: A program to calculate x-ray spectra generated in tungsten anodes. J. 

Open Source Softw., joss.00062, 2016.

8. I. Kawrakow, D. W. O. Rogers, E. Mainegra-Hing, F. Tessier, R. W. Townson, and B. R. B. Walters. EGSnrc toolkit for 

Monte Carlo simulation of ionizing radiation transport. doi:10.4224/40001303, 2000

24



References
9. C. Kessler and D.T. Burns. Measuring conditions and uncertainties for the comparison and calibration of national 

dosimetric standards at the BIPM. BIPM Report 18-06. International Bureau of Weights and Measures, Sèvres, 
France, 2018.

10. L. Kissel, C. A. Quarles, and R. H. Pratt. Shape functions for atomic-field bremsstrahlung from electrons of kinetic 
energy 1-500 keV on selected neutral atoms 1 ≤ Z ≤ 92. At. Data Nucl. Data Tables, 28:381–460, 1983

11. H. A. Kramers. On the theory of x-ray absorption and of the continuous x-ray spectrum. Philos. Mag., 46:836–
871, 1923

12. C. M. O’Brien. Calibration of x-ray radiation detectors. Report RPD-P-03. National Institute of Standards and 
Technology (NIST), Gaithersburg, MD, USA, 2017. 
https://www.nist.gov/system/files/documents/2017/06/19/procedure03v430.pdf. Accessed: 2021-09-09.

13. A. Omar, P. Andreo, G. Poludniowski. A model for the energy and angular distribution of x rays emitted from an 
x-ray tube. Part I. Bremsstrahlung production. Med Phys. 2020;47(10):4763-4774

14. A. Omar, P. Andreo, G. Poludniowski. A model for the energy and angular distribution of x rays emitted from an 
x-ray tube. Part II. Validation of x-ray spectra from 20 to 300 kV. Med Phys. 2020;47(9):4005-4019

15. A. Omar, P. Andreo, G. Poludniowski. A model for the emission of K and L x rays from an x-ray tube. Nucl Instrum
Methods Phys Res B. 2018;437:36-47

16. A. Omar, P. Andreo, G. Poludniowski. Performance of different theories for the angular distribution of 
bremsstrahlung produced by keV electrons incident upon a target. Radiat. Phys. Chem. 2018;148:73-85

17. G. Poludniowski, A. Omar, R. Bujila, and P. Andreo. Spekpy v2.0: a software toolkit for modelling x-ray tube 
spectra. Med. Phys., 48:3630–3637, 2021

18. G. Poludniowski, G. Landry, F. DeBlois, P. M. Evans, and F. Verhaegen. SpekCalc: a program to calculate photon 
spectra from tungsten anode x-ray tubes. Phys. Med. Biol., 54:N433–N438, 2009

25



References

19. R. H. Pratt, H. K. Tseng, C. M. Lee, L. Kissel, C. MacCallum, and M. Riley. Bremsstrahlung energy spectra from 
electrons of kinetic energy 1 keV ≤ T1 ≤ 2000 keV incident on neutral atoms 2 ≤ Z ≤ 92. At. Data Nucl. Data 
Tables, 20:175–209, 1977

20. F. Salvat. PENELOPE-2018: A Code System for Monte Carlo Simulation of Electron and Photon Transport. Report 
NEA/MBDAV/R(2019)1. OECD Nuclear Energy Agency, Boulogne-Billancourt, France, 2019

21. S. M. Seltzer and M. J. Berger. Bremsstrahlung energy spectra from electrons with kinetic energy 1 keV-10 GeV 
incident on screened nuclei and orbital electrons of neutral atoms with Z = 1–100. At. Data Nucl. Data Tables, 
35:345–418, 1986

22. B. W. Soole. A method of x-ray attenuation analysis for approximating the intensity distribution at its point of 
origin of bremsstrahlung excited in a thick target by incident electrons of constant medium energy. Phys. Med. 
Biol., 21:369–389, 1976.

23. E. Storm. Calculated bremsstrahlung spectra from thick tungsten targets. Phys. Rev. A, 5:2328–2338, 1972.

24. D. M. Tucker, G. T. Barnes, and D. P. Chakraborty. Semiempirical model for generating tungsten target x-ray 
spectra. Med. Phys., 18:211–218, 1991

25. R. Whiddington. The transmission of cathode rays through matter calculations. Proc. R. Soc. London, Ser. A, 
86:360–370, 1912

26



Acknowledgements

 Robert Bujila, Artur Omar and Pedro Andreo for their contributions 
to SpekPy and the underlying models

 Massimo Pinto and Joona Tikkanen for our discussions on this topic

 To the CCRI for the honour of this invitation to present our work

27


