
International Symposium on  

Digital Industrial Radiology and Computed Tomography – DIR2019  
 

 

 

 1 
License: https://creativecommons.org/licenses/by/4.0/ 

Using Experiment and Simulation to Understand the 

Effects of Source Filtering on Scatter Reduction for 

Industrial X-ray Computed Tomography 

Don ROTH 1, Alexander SUPPES 2 
1 BHGE Inspection Technologies, Sharonville, OH USA 

2 BHGE Inspection Technologies, Wunstorf, Germany 

Contact e-mail: don.roth@bhge.com 

Contact e-mail: alexander.suppes@bhge.com  

Abstract. X-ray tubes create polychromatic x-ray spectra from tungsten and other 

target materials.  The lower and moderate energies, when left unfiltered, result in 

several undesirable artifacts in X-ray CT images (namely scatter and beam hardening 

artifacts).  In this study, we performed experiments and simulation with different tube 

(source) filters to visualize the effects of filtration on reduction of scatter artifacts.  A 

commercial CT system with the Scatter Correction method was also employed for 

comparison with the filtration scenarios. The simulations are used in a sense to validate 

the experiments (normally we do the opposite) and explore the broad range of 

simulation possible for x-ray CT.  Finally, further simulations are performed to show 

the effects of filtration on the x-ray spectra themselves in order to understand the 

effects we see in the CT images. 

  

Introduction  

X-ray tubes generate a broadband of energy based on the applied kV level.  It would be 

desirable to generate as narrow a band as energy as possible in order to avoid some of the 

artifacts associated with a broad energy band.  The lower and moderate energy portion of the 

x-ray spectra for most materials is prone to being scattered when x-rays encounter a material 

[1].*  One example of scatter is the haze seen at the concave surface of a turbine blade. 

 

Source and detector filtering are used in industrial x-ray computed tomography (CT) 

in order to reduce scatter (and beam hardening) artifacts (as well as to gain latitude and avoid 

detector saturation).  Filtering at the source will absorb lower energy prior to it impinging on 

the test object, reducing scattering (and beam hardening) artifacts within the test object.  To 

the best of the author’s knowledge, a robust method for selecting filtering type and thickness 

for specific scenarios does not exist - filtering tends to be somewhat of an art and is 

determined primarily empirically for each application.  The goals of this study are to 1) help 

understand the effects of different source filtering materials and thicknesses on scatter artifact 

reduction and 2) utilize computational simulation software to aid in validating and 

understanding these effects as well as demonstrate CT simulation software capabilities.  The 
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software package utilized in this study was CIVA software developed by CEA (French 

Nuclear Agency) [2]. 

 

1. Effect of Source Filtration on Scatter Reduction: Experiment 

The first set of experiments studied the effects of source filtering on scatter reduction in a 

nickel-based superalloy turbine blade scanned with x-ray CT.  The system utilized was a 450 

kV minifocus x-ray CT system. The main CT scan parameters were tungsten target, 400 µm 

minifocus focal spot size, voltage = 400 kV, current = 400 µA, 2x magnification, 100 µm 

voxel dimension, and no beam hardening artifact software correction during reconstruction.   

Filters selected were those commonly used in x-ray (aluminium [Al], copper [Cu], tin [Sn], 

and tungsten [W]), and thicknesses were those available commercially.  For all experiments, 

it was desired to leave setup parameters the same while only varying filter.  However, in 

some cases where minimum gray values (for a 14-bit detector) at the detector < 100 as 

filtering was increased, current was raised to obtain gray values ≥ 100.  Frame averaging was 

used to equalize noise levels as filtering was increased. 

 

Figure 1 shows the effect of various filters on scatter reduction on a CT slice at the 

center of the blade airfoil (~ center slice shown as dotted red line in picture of blade in figure 

1).  The histogram of gray values at the detector is included to show the distribution of gray 

values for the air and material. Brighter and darker areas of the histogram are considered as 

material and air, respectively. An edge detection / surface determination method in 

visualization software was used to provide a visualization of scatter extent.  The gray value 

of the surface determination position in the image is determined from the average of the 

material and air peak value locations on the x-axis of the histogram.  The “No Filter” and 

“4.0 mm Al filter” show the most scatter as shown by the surface determination lines.  As 

the filter is changed from 2.0 mm Cu to 1.0 mm Sn to 0.6 mm W, scatter reduction is observed 

as visualized by the surface determination lines. Also note that the spread distance (contrast) 

between material and air distribution center locations in the histogram changes with different 

filtering (see dotted white lines on slices in figure 1). 

 

 
Figure 1. Effect of Various Filters on Scatter Reduction. 

 

Figure 2 compares compound filters (those composed of more than one filter material) 

against the two most effective single material filters with regards to their effect on scatter 
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reduction. Compound filters allow the combination of different attenuation characteristics of 

different materials. This can result in more effective filtering by reducing intensity of low 

energies over a wider band.  Again, CT slices and their surface determinations and histograms 

are shown.  The compound filter composed of 0.3 mm W, 0.5 mm Sn, 1.0 mm Cu, and 2.0 

mm Al is the most effective of the three compound filters for scatter reduction as shown in 

terms of surface determination.  The single filter 0.6 mm W appears from the surface 

determination to be about as effective as the most effective compound filter for scatter 

reduction.  However, the larger thicknesses of W (≥ 0.3 mm) reduce signal-to-noise ratio 

(SNR) significantly.  The reduced SNR must be compensated for by an increase in frame 

averaging, which will increase scan time (and this may be acceptable).  

 

 
Figure 2. Effect of Compound Filters on Scatter Reduction. 

 

 

Figure 3 introduces the effect of a patented scatter reduction solution (“Scatter Correction”) 

provided by commercial vendor Baker-Hughes GE Inspection Technologies that 

incorporates a scatter grid in front of the detector [3].  Scatter correction alone with no 

source filtering provides a similar scatter reduction to the compound filter composed of 1.0 

mm Sn and 2.0 mm Cu.  Scatter correction used with the compound filter shows the most 

effective scatter reduction as observed from the surface determination and increased 

contrast. 

 

 
Figure 3. Effect of Patented Scatter Correction Solution on Scatter Reduction. 
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As previously noted and now observed in figures 1 – 3, the spread distance (contrast)  

between material and air distribution center locations in the histogram changes with 

different filtering.  The spread distance can serve as a figure of merit for the effectiveness 

of scatter reduction.  Figure 4 shows a bar chart of the normalized histogram spread for the 

various filter situations of figures 1 – 3. The x-axis values are normalized by dividing the 

spread distance into the spread distance for the scatter correction with the compound filter 

(which was the most effective filter for scatter reduction according to the surface 

determinations).  The scatter reduction scenarios are ordered according to effectiveness 

with larger x-axis values illustrating more scatter reduction. 

 

 
 

Figure 4. Normalized Histogram Spread Distance (Contrast) Between Material and Air 

Distribution Centers For the Filtering Experiments Shown in Figures 1 - 3. 

 

It is seen that compound filtering was generally more effective than single filters for 

scatter reduction. However, the 0.6 mm tungsten filter was the third most effective of the 

filter scenarios (but will significantly reduce SNR as previously mentioned).  4.0 mm Al 

filtering does not show a measurable effect as compared to no filtering and thus would not 

be a wise choice to be used alone for filtering when used at these kV levels. However, Al 

filtering can be utilized to reduce the intensities of very low energies [1]. As will be 

discussed in section 3, the effectiveness of filtering for scatter reduction will be a 

combination of filter thickness and attenuation coefficient. 
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2. Effect of Source Filtration on Scatter Reduction: Simulation 

A standard triangle language (STL) model was created from the CT data of the turbine blade 

scanned using scatter correction with compound filtering (the highest quality CT data). The 

STL model was imported into the simulation software and the simulations were set up to 

mimic the experimental setups as closely as possible. Figure 5 shows simulation results 

compared with those from the experiments for CT slices for three scenarios: no filter, 2.0 

mm Cu filter, and 0.3 mm W, 0.5 mm Sn, 1.0 mm Cu, 2.0 mm Al compound filter. 

 
 

Figure 5. Simulation Compared to Experimental CT Results For Scatter Reduction. 



6 

The level of scatter shown for the simulations is significantly less for the simulations 

compared to the experiments as shown by the surface determination results.  However, scatter 

haze is still easily visualized at the blade concave surface for the simulation with no filter, 

and is reduced as filters are applied.  Additionally, it also seen that the surface determination 

gets tighter, and the histogram spread gets larger, as filters are applied for the simulations.  

Similar to figure 4, figure 6 shows a bar chart of the normalized histogram spread for the 

simulation and experiment filter situations of figures 5.  Simulation shows a larger histogram 

spread as compared to experiment, but the trend of increased spread with increased filtering 

is clearly shown in both cases. 

 

Figure 6. Normalized Histogram Spread Distance Between Material and Air Distribution 

Centers For the Simulation and Experiment Filter Situations of Figure 5. 
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3. Understanding Effect of Source Filtration on Scatter Reduction: Examining and 

Analyzing X-ray Spectras 

This section will provide insight into how different source filter materials and thicknesses 

reduce low x-ray energies and thus reduce scatter artifacts. All of the plots in this section 

were derived from files generated by the simulation software. The linear attenuation 

coefficient (µ[keV]) and thickness (x) of filters impact source filtering effectiveness 

according to the Beer – Lambert law [1]  

                 I(𝒌𝒌𝒌𝒌𝒌𝒌) = 𝑰𝑰𝒐𝒐𝒌𝒌−�𝝁𝝁(𝒌𝒌𝒌𝒌𝒌𝒌)𝝆𝝆 �𝝆𝝆𝝆𝝆
                                                                                                                    

where I and Io are received photon intensity after attenuation and initial photon, respectively.  

Intensity decrease through a filter material is function of energy because µ[keV] of a material 

is function of energy.  The mass attenuation coefficient (
𝝁𝝁(𝒌𝒌𝒌𝒌𝒌𝒌)𝝆𝝆 ) for any material (or 

combination thereof) can be extracted from the simulation software.  Figure 7 shows the mass 

attenuation coefficients versus energy for the common filter materials.  Attenuation 

coefficient mostly decreases with increasing energy and varies in character according to 

material.  Absorption edges, highlighted for Al and Sn in the enlarged boxes, are sharp 

upward edges on the attenuation curve where attenuation abruptly increases. This spike 

occurs due to the photoelectric effect in which x-ray photons are absorbed. Note that 

absorption edges are located at different energies for each material. Some materials such as 

W have multiple absorption edges.  Individual contributions to the total attenuation 

coefficient curve include absorption (usually dominant below 1 MeV), scattering (compton 

and coherent) (usually dominant below 1 MeV), and pair production (usually dominant above 

1 MeV).  Most major attenuation using the common x-ray filters shown in figure 7 takes 

place below 100 keV.   

 

 

 

 

(1) 
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Figure 7. Mass Attenuation Coefficients versus Energy for the Common Filter 

Materials. 

 

 

 

Figure 8 shows the tungsten (target) x-ray spectras for an applied voltage of 450 kV 

after application of common filter material types.  The different filter types reduce different 

low energy portions of the spectrum due to the different attenuation coefficients and 

thicknesses.  0.6 mm W and 1.0 mm Sn reduce the intensity and extent of low energy band 

the most, while 4.0 mm Al reduces the least amount of intensity and extent of low energy 

band. 
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Figure 8. X-ray Intensity versus Energy For Different Common Filter Types and 

Thicknesses. NbPhotons = number of photons. 

 

 

Figure 9 shows the tungsten (target) x-ray spectras for an applied voltage of 270 kV 

using no filtering and with Cu filter thicknesses of 0.1 mm, 0.3 mm, and 1 mm.  It can be 

seen that the filter increasingly reduces the intensity and extent of low energy band as 

thickness is increased. 
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Figure 9. Intensity Versus Energy Spectra for Tungsten Target, 270 kV, for Various 

Cu Filter Thicknesses. 

Figure 10 shows normalized intensity versus filter thickness at 200 keV for an applied 

voltage of 270 kV for the common filter types. The effect of increasing filter thickness on 

spectra intensity (at 200 keV) will be dependent upon the filter material because the mass 

attenuation coefficient is a function of energy.  Al filter thickness change is seen to have the 

least impact on spectra intensity change, while Lead (Pb) and W filter thickness change are 

seen to have the most impact on spectra intensity change.  One specific example is shown on 

this plot for 0.5 mm Sn versus 0.5 mm W.  In this example, a filter of 0.5 mm thickness Sn 

shows I/I0 ~ 0.9 (10% reduced intensity at 200 keV).  In comparison, for 0.5 mm W thickness, 

I/I0 ~ 0.5 (50% reduced intensity at 200 keV). 
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Figure 10. Normalized Intensity Versus Filter Thickness at 200 keV For Common 

Filter Types.  Tungsten Target, 270 kV Applied Voltage. 

 

  

Figure 11 shows the tungsten (target) x-ray spectras for an applied voltage of 450 kV 

for two similar compound filter types (identical except one with 0.6 mm W and one without 

0.6 mm W).  Adding W reduced intensity and filtered slightly more low energy width. 

However, the use of Al, Sn, and Cu compound filter without the use of W may be more 

beneficial in some circumstances to achieve a higher SNR and avoid irregular effects such 

as the large spike shown on the x-ray spectra. 
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Figure 11. Intensity Versus Energy Spectra for Tungsten Target, 450 kV, for two 

Compound Filters. 

 

 

4. Conclusions 

The low and moderate energy bands are responsible for scattering artifacts in CT. 

Experimental and simulation CT tests were conducted to understand the effects of source 

filtering on scatter artifact reduction.  CT slice images from experiment and simulation for 

different source filter scenarios showed similar trends for scatter artifact reduction.  Further 

modeling demonstrated the reduction of the intensity and width of low energy band from the 

x-ray spectra.  The effectiveness of scatter artifact reduction involves a combination of filter 

material and filter thickness. Compound filters allow the combination of different attenuation 

characteristics of different materials. This can result in more effective filtering by reducing 

intensity of low energies over a wider band.  Simulation is a powerful tool that helped us 

“validate” experimental results and can perhaps help us design ideal filters for different 

industrial CT inspection scenarios. 

 

 

5. Footnotes 

 

* The lower energy portion of the x-ray spectra is also prone to being absorbed as x-rays 

travel into a material leading to beam hardening artifact.  Beam hardening artifact causes the 

outer portion of a CT slice to show higher intensity as compared to the inner portion.  The 

effect of filtration on reduction of beam hardening artifact will be discussed in a future article. 
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