
 

 

10th Conference on Industrial Computed Tomography, Wels, Austria (iCT 2020), www.ict-conference.com/2020 

  

X-ray scatter removal for artifact free CT imaging 

 

Martin Krenkel1, Marco Erler1, Stratis Tzoumas2 and Christoph Kuhn1 

 
1 Carl Zeiss Industrielle Messtechnik GmbH, Carl-Zeiss-Straße 22, Oberkochen, Germany 

2Carl Zeiss AG, Carl-Zeiss-Straße 22, Oberkochen, Germany 

*corresponding author, e-mail: martin.krenkel@zeiss.com 

 

 

Abstract 

In this paper we present a method to compensate for scattered 

radiation artifacts. Using a newly developed workflow to 

determine the scattered radiation, scatter artifacts can be 

dramatically reduced to a level, where further evaluation of 

the data becomes possible with state-of-the-art algorithms. 

The method intrinsically corrects for all kinds of scatter 

problems that may occur in a CT system including scattering 

inside the object. We will demonstrate the approach for the 

inspection of large aluminum castings. We will show that 

using this method an image quality can be achieved, which is 

otherwise only available using fan-beam tomography with 

line detectors. In comparison to line-detector based fan-beam 

CT, scans can be achieved in significantly reduced 

measurement times in the order of few minutes instead of 

many hours. 

1. Introduction 

In the past decades, industrial computed tomography (CT) has 

become a powerful tool for the nondestructive, three-

dimensional (3D) examination of intricate parts and their 

inner structures. The possibility to inspect parts for inner 

defects allows a much better understanding of manufacturing 

processes and thus paves the way for systematic tuning of 

process parameters, for example in the fields of additive 

manufacturing of aerospace components or in the production 

of light metal castings for the automotive industry. However, 

the necessary x-ray energies to allow inspection of high-

density materials required in these applications come with the 

drawback that the interaction probability of scattering 

processes become more likely, which poses a limit to the 

resulting 3D image quality. Scattered radiation leads to a non-

linear image formation resulting in image artifacts like 

streaking or cupping. In the worst case, these artifacts may 

limit defect recognition possibilities due to a mix of the actual 

defect signal and scattered radiation or it may inhibit further 

evaluation of the measured data as the resulting 3D image 

quality is not enough for, e.g., a high-quality surface 

determination. 

A typical solution to avoid artifacts due to scattered 

radiation is to use fan-beam CT. Instead of using a two-

dimensional flat panel detector, it relies on line detectors so 

that most of the created scattered radiation will not hit the 

detector, which therefore enables reconstructions with a good 

image quality. However, using a single line detector also 

means that only a single slice can be reconstructed with one 

rotation of the object so that the reconstruction of a large 

object typically takes many hours. 

In this paper we present a method, which allows to 

determine the scattered radiation in a cone-beam setup, i.e., 

a system with a 2D area detector. We will start with a brief 

introduction of scattered radiation and why it limits image 

quality, followed by an explanation of the fundamental 

principle of the correction method. We will show a 

comparison of the influence of different positions of the 

beam stop array to the quality of the artifact suppression 

capability. Further, we present a method that allows to 

transfer measured scatter information to similar parts using a 

machine learning approach. This allows to measure the 

scatter distribution only once per part and apply it to other 

similar scans. We will demonstrate the method on large 

aluminum castings with and without steel inlays and show 

the great image quality improvement potential.  
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2. Methods 

2.1. Cone-beam CT  

Figure 1 (a) shows the basic principle of a cone-beam CT 

setup. An x-ray tube is the origin of x-ray radiation emerging 

from the left edge of the green cone. The radiation will 

encounter an object to be measured where it will interact with 

the object. Finally, the radiation distribution is detected by a 

two-dimensional (2D) area detector, which is typically a 

scintillator-based flat panel detector. Many of this 2D x-ray 

projections, recorded while rotating the object, can be 

reconstructed to yield a voxelated 3D volume of the object 

using a cone-beam reconstruction algorithm [1]. As only a 

single rotation of the object is necessary, very fast scan times 

can be achieved. For example, a whole aluminum casted 

cylinder head can be scanned in less than a minute with a 

resolution in the order of 1000 voxels in every of the three 

dimensions [2]. 

2.2. Fan-beam CT 

Figure 1 (b) shows a sketch of the experimental setup for a 

fan-beam CT. In contrast to the cone-beam case shown in Fig. 

1 (a), the detector is only a one-dimensional (1D) detector and 

the radiation is limited to illuminate just the smaller area of 

the 1D detector. Hence, the measured signal is just a 1D 

profile. Measuring many profiles for different rotational 

positions of the object allows to reconstruct a 2D slice of the 

object using a fan-beam reconstruction algorithm [1]. To 

obtain full 3D information, many rotations are repeated for 

different vertical scanning positions of either the object or of 

source and detector, resulting in very long scan times in the 

order of many hours, if similar resolution as before is 

necessary. 

As in the fan-beam case much less material is hit by x-ray 

radiation, much less disturbing scattered radiation is 

generated. Only a single pixel line is illuminated compared to 

1000 pixels with similar size of a flat panel detector. Hence, 

the scatter contribution will be around a factor of 1000 

smaller. This is small enough to have only negligible 

influence on the resulting image quality and the results will 

be as theoretically expected: A single uniform gray value for 

each material, as shown, e.g., by [3]. In this paper we will not 

show any fan-beam CT results as no machine with line-

detector was available. 

2.3. Fundamentals of scatter correction 

The basic assumption of every CT reconstruction algorithm 

is that the measured signal has a linear relationship to the 

penetrated thickness of the material. This is typically the case, 

if photoelectric absorption is the predominant interaction 

effect. However, beam-hardening and scattering may lead to 

nonlinearities in this relation, which are not accounted for in 

classical reconstruction algorithms and thus lead to severe 

imaging artifacts. The nonlinearities become stronger, the 

larger the total absorption of the objects is. This means that 

large parts and / or heavily absorbing parts are affected most 

by artifacts.  

While beam-hardening can be compensated for relatively 

easy by using enough prefilters, calibrating the nonlinearity 

or using dual-energy approaches, scattering is much harder to 

predict as it may depend on the object material and geometry. 

 

Figure 1:  Different CT imaging geometries. (a) Cone-beam geometry: A flat-panel detector allows to measure a large part of 

the radiation, thus enabling short scanning times in the case of enough photon flux. However, as much material is 

illuminated, scattered radiation typically diminishes image quality for large samples. (b) Fan-beam geometry: The x-

ray beam is limited in one direction and a line detector is used. As much less area is illuminated, scattering artifacts 

are much less pronounced and good image quality can be obtained. However, vertical scanning of the beam is 

necessary, so if complete 3D information is needed scan times become very long. 
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Thus, one way of scatter correction is to use Monte-Carlo 

simulation or methods based on it [4,5], but this requires 

additional information about the object and can be quite time 

consuming. Another common approach is to use beam 

stopping arrays (BSA) as a tool to empirically measure the 

scattered radiation of a system [6]. The basic assumption here 

is that the beam stops totally block all radiation. In practice, 

the detector will anyhow measure a signal due to scattering 

effects. This signal is a direct measure of the scattered 

radiation at the position of the beam stops. Interpolation or 

scanning of the BSAs can be used to get a fully sampled 

scatter image corresponding to a single x-ray projection.   

2.3.1. Classical BSA principle 

The classical approach is to use a BSA plate, which is placed 

close to the detector due to practical reasons. One goal in the 

design of BSA plates is to keep the beam stops as small as 

possible and separated well enough, to ensure that the BSA  

does not influence the radiation too much. To measure large 

aluminum parts, a typical spectrum is given by using 225 kV 

acceleration voltage with a 1 mm thick copper filter. In this 

case 2 mm tungsten are enough to block almost all photons in 

the spectrum. However, producing small beam stops that do 

not influence the beam too much and that provide 2 mm 

penetration lengths is a practical challenge. When placed 

directly on the detector, the beam stops are not magnified 

which loosens the requirements of the beam stops a bit. 

2.3.2. The proposed BSA concept 

In the proposed approach we do not require the BSA plate to 

have little influence on the radiation distribution. Instead it is 

preferred that the BSA itself already reduces scattering. If for 

example the BSA blocks half of the available radiation, 

scattering is also reduced by a factor of two. Of course, one 

must keep in mind that the measured scatter image must be 

treated differently. One cannot directly subtract it from the 

measured projection without the BSA. Instead, scanning the 

BSA plate is necessary to measure the radiation distribution 

in the presence of the BSA plate.  

The relaxation of the requirements allows much more 

flexibility in the design of the BSA, so simpler approaches 

become possible. For the work in this paper we have used a 

BSA with 2 mm tungsten stopping power and a high blocking 

ratio. The BSA is scanned to fully measure the scattered 

radiation 𝐼𝑠𝑐𝑎𝑡  and the disturbed total radiation 𝐼𝑡𝑜𝑡𝑎𝑙  
simultaneously. Both images are then combined to yield a 

scatter free (primary radiation) projection 𝐼𝑐𝑜𝑟𝑟 . In the easiest 

case, the combination is just the difference 𝐼𝑐𝑜𝑟𝑟 = 𝐼𝑡𝑜𝑡𝑎𝑙 − 𝐼𝑠𝑐𝑎𝑡 . 
More sophisticated combination methods can be thought of, 

to avoid artifacts due to negative transmission values. This 

procedure is repeated for every rotation angle of the object. 

 

Figure 2:  Fundamental principle of a beam stop array (BSA) and its position influence. The common assumption is, that the 

BSA is built such that total absorption of the x-rays can be assumed behind the BSA. This allows to measure the 

scatter distribution. When the BSA is positioned between source and object (left figure, approach 1), all residual scatter 

processes may hit the dark areas and are thus measurable. The right figure (approach 2) shows the common approach 

of putting the BSA close to the detector. In this case, object scattering cannot be distinguished from primary radiation 

and although some object scatter rays may be blocked (green rays) others will contribute and be interpreted as primary 

radiation (orange rays). 
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2.3.3. Position influence 

Figure 2 shows a schematic of two different situations. On the 

left, a BSA is positioned between source and object. On the 

right a BSA is positioned between object and detector. The 

arrows denote scattered radiation, which in the left case will 

hit the dark areas on the detector and thus are measurable. 

Notice that scattered radiation may originate in the object or 

in the detector. In practice, also the cabinet, detector housing 

or any other holding material hit by x-rays act as scatter 

sources.  

In the left case (approach 1) all the scattered radiation will 

contribute to the dark areas behind the beam stops. Thus, the 

corrected image can be free from any scatter contribution. 

When compared to the situation depicted on the right 

(approach 2), it becomes clear that only parts of the scattered 

radiation (the green arrows) can be corrected for. Some of the 

object scatter (orange arrows) hit the bright areas on the 

detector and are thus not distinguishable from primary 

radiation. The same radiation would be measurable with 

approach 1. In the end, this will lead to a better image quality 

of the correction when approach 1 is used, as we will 

demonstrate in the results section. 

2.4. Parameter transferability 

As described above, measuring the total scatter distribution 

requires more time as multiple CT scans are necessary. The 

authors of [5] demonstrated a deep-learning approach, which 

allows to overcome this limitation. While in their publication 

the transferability was shown with Monte-Carlo simulations, 

we used several measured datasets, consisting of the scatter-

corrected and the uncorrected projection data and trained a 

deep learning network. Having the trained neural network 

available, only a single scan without BSA is necessary, which 

can be obtained as fast as a classical cone-beam CT scan. The 

network is applied to the projection data of the scan to yield 

corrected projections, which can be reconstructed as in the 

uncorrected cone-beam case. 

3. Results 

3.1. Position influence of the BSA 

Figure 3 shows results on an aluminum crank case for 

different BSA positions. The uncorrected reference, i.e., the 

cone-beam CT scan without any scatter correction applied is 

shown in Fig. 3 (a). The part was scanned in a ZEISS 

VoluMax with 225 kV and 1 mm copper prefilter. Scan 

parameters are chosen such that the total scan time is in the 

range of some seconds. Due to the high penetration lengths, 

only very weak transmission signals are expected behind the 

object. Thus, scattered radiation has a strong influence 

compared to smaller objects. Also, due to the size of the 

 

Figure 3:  Experimental validation of position influence of the BSA. (a) shows a reconstructed slice perpendicular to the rotation 

axis of a classical cone-beam scan without any scatter treatment. The object was a large cast-aluminum motor block. 

(b) shows the same slice after removing scatter influence as described in the text with the BSA between source and 

object (approach 1). (c) shows the same slice with the same scatter treatment, but where the BSA was positioned 

between object and detector (approach 2). It can be clearly seen, that nonlinearity artifacts are best corrected with 

approach 1, where the BSA is put between source and object. 
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object, it must be close to the detector to allow measuring the 

whole part. In this configuration object scatter has a strong 

influence on the measured projections caused by the short 

object to detector distance.  

Figure 3 (b) shows the same reconstructed slice through the 

3D volume as in Fig. 3 (a), where approach 1 was applied, 

as described in the methods section. This means that the BSA 

is positioned between source and object so that all scatter 

influences, including object scatter, are corrected. A clear 

improvement of the visual image quality can be observed. 

Thin walls, which were not visible before due to scatter 

artifacts, can be clearly resolved, enabling further evaluation 

like wall-thickness analysis. Also, the reconstructed gray 

values are much more uniform, although residual variations 

can be still observed, which may be caused by beam 

hardening or residual errors in the measured scatter 

distribution.  

Figure 3 (c) shows the same slice as before but with approach 

2 applied, i.e., with the BSA positioned between object and 

detector. Compared to the uncorrected data (Fig. 3(a)) the 

image quality is still improved, but it is clearly worse than 

the result obtained with approach 1 in Fig. 3(b). This is in 

good agreement with the theoretical expectations as only 

approach 1 can also correct for object scatter. Notice that for 

this comparison the same grid and same evaluation method 

have been used, to allow a better comparison.  

3.2. Application to multi-material objects at 450 kV  

If multiple materials are present in the object to be scanned, 

e.g. for aluminum castings with steel inlays, scatter artifacts 

may hinder material separation as due to the artifacts the 

denser material like steel may have gray values of the lighter 

material like aluminum. Figure 4 (a) shows a slice of the 

reconstructed 3D volume of an aluminum crank case with 

steel inlays, measured at 450 kV with 2 mm lead as a 

prefilter. The heavy prefiltering is necessary to have enough 

transmission power for the steel but leads to even stronger 

scattering, as cross sections for scattering are higher than for 

photoelectric absorption at high energies. 

Figure 4 (b) shows the same slice, after scatter correction 

approach 1 was applied. The same BSA as before was used, 

which noteworthy had only 2 mm thick tungsten. While at 

this hard spectrum the tungsten is already quite transparent, 

the results still show a great improvement compared to the 

uncorrected results. Further, the reconstructed gray value 

distribution is much more uniform inside the object and 

allows to clearly separate steel from aluminum. This enables 

the use of a priori information to further improve image 

quality, like compressed sensing [7].  

The red arrow in Fig. 4 shows a region, in which small pores 

in the aluminum can be observed. Notice that the scatter 

correction does not worsen the contrast or resolution of the 

defects, but streaking artifacts can be observed, overlaying 

the defects and thus lowering the signal-to-noise ratio. These 

 

Figure 4:  Demonstration of the scatter reduction approach on a cast-aluminum motor block with steel inlays. (a) shows the 

conventional reconstruction without any scatter removal. Many artifacts due to the nonlinearity can be observed. (b) 

shows the same slice but scatter removal applied. A greatly improved image quality can be observed. Additional 

streaking artifacts due to photon starvation effects are introduced due to the correction. Notice that his has no effect 

on the observation of small defects, as for example shown at the location of the red arrows. 
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streaks are caused by photon starvation and the fact that the 

measured scatter signal also contained some residual primary 

radiation due to the too low stopping power of the 2 mm 

tungsten. Thus, we expect further improvements if thicker 

beam stops are used. 

3.3. Parameter transferability 

For the results shown in the previous sections, several full 

CT scans were required with shifted BSA positions. Hence, 

the total measurement time was much longer than for a single 

scan. If similar parts are measured this time can be saved by 

training a deep learning network only once to use it for the 

application to other scans. To this end, several runs are 

performed for an aluminum cylinder head at 225 kV with 1 

mm copper filter. For each run the object is slightly 

repositioned to simulated loading variations by an automated 

loading system. During each run a CT scan without any BSA 

is performed to obtain actual input data and several scans 

with BSA according to approach 1 are performed to obtain 

the nominal data for the training. A deep learning network 

with U-Net structure is used.  

Figure 5 shows exemplary results, where a deep learning 

network has been used, to correct scans measured without a 

BSA. While Fig. 5 (a-b) show uncorrected slices of the 3D 

volume, Fig. 5 (c-d) show the same slices with the scatter 

correction network applied. The red arrow marks an area, 

where a relatively thick part of the object was almost 

invisible in the uncorrected data, while it is clearly visible in 

the scatter corrected volume. 

 

4. Discussion & Conclusions 

In this paper we have demonstrated a scatter removal 

approach that allows to obtain greatly improved image quality 

in cone-beam CT scans that are very close to the nearly 

artifact free image quality of fan-beam CT scanners. 

 

Figure 5:  Demonstration of parameter transferability. (a-b) Slices of a reconstruction without scatter removal. (a) shows a slice 

perpendicular to the rotation axis, while (b) shows a slice perpendicular to (a) showing a vertical cut through the 

object. (c-d) show the same views but with the trained Deep-Learning network applied to the projection data before 

reconstruction. The red arrow in (a) and (c) marks an area, where the benefit of the correction can be seen best: A wall 

that was completely invisible without scatter correction becomes clearly visible after the scatter removal. 
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Compared to fan-beam CT the method is orders of magnitude 

faster and complete 3D volumes of aluminum castings can be 

obtained in a few minutes compared to many hours in the fan-

beam CT case. The speed can be improved even more to some 

seconds, if similar objects are measured and scatter 

information is transferred to other parts using a deep learning 

approach. 

Compared to previous BSA approaches we do not have the 

strict requirement that the BSA should not influence the 

radiation. This enables easy and affordable BSA designs and 

allows to position the grid between source and object. Thus, 

any scattered radiation in the setup, including object scatter 

can be measured. We have shown the benefit of using this 

BSA position to the reconstructed image quality. Further, we 

have shown the successful application a deep learning 

approach to transfer the empirically measured scatter infor-

mation of an object type to similar objects. This first 

transferability study shows promising results, but further 

work is necessary, to fully exploit the potential of this 

approach. Further studies could include investigations 

regarding the universality of the network, i.e. how general a 

trained network from one part can be applied to different parts 

and different part orientations and positions.  

We have shown that the approach even works, if the initial 

assumption of a fully blocking beam stop is not well met. For 

a scan with 450 kV and heavy prefiltering, using the scatter 

removal approach with a semi transparent BSA still delivered 

greatly improved image quality. However, the reconstruction 

quality of the 3D volumes may be limited by streak artifacts. 

One obvious improvement is to build an optimized grid for 

the higher acceleration voltages. Photon starvation also leads 

to streak artifacts and can be observed in fan-beam CT, too. 

Enabled by the greatly improved image quality, compressing 

sensing algorithms, e.g. statistical iterative reconstruction 

with TV-regularization, may be used to further improve 

image quality and use the implicit a priori information that 

the reconstructed industrial objects mostly consist of just a 

few materials and in many cases even of just a single material. 

In summary the proposed scatter removal method provides 

great potential to improve the image quality of reconstructed 

cone-beam CT volumes with even further potential for 

improvements. 
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