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Abstract 
 
In the field of non-destructive testing (NDT) computed tomography (CT) based on 
conventional X-ray tubes is widely used. Nevertheless, the increasing demand for 
scanning of larger volume parts or specimen with high density materials requires the use 
of high energy X-ray sources in the MeV regime, e.g. linear accelerators, to cope with 
the requirement of higher penetration capabilities.  
The application of a conventional flat panel detector system in combination with a high 
energy source realizes a fast and convenient measuring solution for small and yet highly 
absorbing objects. Unfortunately flat panel detectors are prone to scattered radiation 
causing a significant amount of scatter artefacts in the reconstructed CT volume. The 
application of a projection data based correction method (IAR) is capable to supress a 
large fraction of scatter artefacts and therefore increases the image quality surprisingly 
well compared to the lower energy application. 
 
 
1.  Introduction 
 
Commonly high energy CT systems are using line detector arrays (LDA) as preferred 
detector systems. On the one hand the reachable size of the linearly stackable detectors 
allows scanning vast objects like complete cars and cargo containers as shown by Reims 
et al. (1). On the other hand LDAs provide high detection efficiency as well as the 
possibility to strongly collimate irradiated object area and the sensor system to reduce 
the negative effects on image quality caused by scattered radiation produced in the 
specimen. Compared to conventional X-ray tube energies the amount of scattered 
radiation is increased at energies in the MeV range. The main reason for the more 
excessive production of scattered radiation is based on the physical interaction process 
of the photons within the measurement specimen. The mean energies of X-ray tube 
spectra are in the range of up to 200 keV (e.g. 450 keV X-ray tube) while the mean 
energy of linear accelerators can reach from 1.7 MeV to 2.5 MeV (e.g. a 6 MeV or 9 
MeV linac source). As shown by Salamon et al. (2), for the lower energies the most 
prominent physical interaction in matter is the Photoelectric Effect. For photon energies 
above 1 MeV the cross section of the Photoelectric Effect is insignificant for most 
materials and the Compton Effect dominates the interaction process in the cross section 
of the beam attenuation. Therefore, the amount of scattered radiation is strongly 
increased. Beside the application on large sized objects also the inspection of small but 
highly absorbing parts is performed using a high energy X-ray source. In these cases the 
application of a LDA is often not efficient enough leading to long duration and 
unreasonably high costs. 
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In contradiction to LDAs, common 2D flat panel detectors (FPD) provide much higher 
scanning speeds but lack of the possibility to collimate against scattered radiation. 
Multiple scatter correction methods were introduced in the past to benefit from the 
speed of the FPD while still maintaining an acceptable image quality. These methods 
are mostly based on deconvolution approaches that require additional measurement 
efforts with beam stop arrays, reference objects or collimation stages to acquire 
correction data for the post processing; hence the overall mechanical efforts and the 
measurement time is negatively affected. Some of these methods are also limited to low 
energy applications. For instance, it is technically hardly feasible to realize a beam stop 
array in the MeV energy regime. 
 
Our approach at the high energy facility of the Fraunhofer EZRT regarding image 
quality improvement of FPD CT measurements is to apply the Iterative Artefact 
Reduction (IAR) method. The IAR is basically a signal linearization approach mainly 
intended to reduce beam hardening artefacts - that might as well occur in high energy 
applications with high density objects - but also has shown a positive side effect on the 
reduction of scatter artefacts in high energy applications. The IAR works on the 
originally acquired CT projections and no further data or a priori knowledge is needed. 
In this contribution we will present results of the IAR method and its surprisingly large 
benefit for high energy FPD CT applications. 
 
2.  Materials and methods 
 
2.1 Experimental setup 
 
The two main components of the high energy CT cone beam setup consist of a 
SIEMENS SILAC 9MV linear accelerator and a Perkin Elmer XRD 1621 flat panel 
detector. To protect the FPD electronics from direct irradiation with high energy 
photons a 10 cm thick lead (Pb) frame is mounted directly in front of the detector. The 
opening of the lead shielding is covering the outer rims of the active pixel area, resulting 
in a reduction of the useable pixel matrix size.  
The measurement specimen used for discussion of the IAR method is a casted steel 
piston from a car Diesel engine. In contradiction to aluminium casted car engine pistons 
which can be scanned by conventional CT systems with X-ray tubes, e.g. 225 kV 
sources, the casted steel version of the piston requires a much higher X-ray energy to 
penetrate the specimen (density of aluminium ρAl = 2.7 g/cm³ versus density of iron ρFe 
= 7.9 g/cm³). Due to the small object dimensions, several piston specimens are scanned 
simultaneously within a single CT measurement. In our case three pistons were stacked 
vertically onto a plastic rod (material: polyoxymethylene (POM)) working as an object 
fixture. The pistons are separated vertically by low density plastic foam pads. In this 
configuration the throughput of single parts and the total acquisition time is optimized 
by using a FPD detector and represents a typical measurement scenario at the high 
energy CT facility. Table 1 summarizes the relevant parameters of the experiment. 
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Table 1. Experimental setup 

Radiation source 
 

SIEMENS SILAC 9MV linear accelerator 
Tungsten target 
7.6 MeV X-ray spectrum  
Dose rate 20 Gy / min in 1 m distance 
Focal spot size diameter 1.8 mm 

Flat panel detector system 
 

Perkin Elmer XRD 1621 AN15 ES 
Native Pixel matrix 2048 x 2048 
Effectively available pixel matrix 1840 x 1840 
Pixel pitch 200 µm 
Gain setting 4.0 pF 

Measurement specimen Casted steel piston (Diesel car engine) 
Diameter 80 mm 
Height 60 mm 

Cone beam CT parameters Focus detector distance 449.8 cm 
Focus object distance 408.8 cm 
1200 projections 
1000 ms acquisition time per projection 

 
 
2.2 Data post processing workflow 
 
To demonstrate the effect of the IAR correction on the high energy CT scan two CT 
reconstruction data sets are generated from a single CT measurement: A standard 
reconstruction is chosen to compare the results with the IAR corrected CT data set. The 
workflow is briefly outlined in the following section.  
 
The acquired CT projections are processed with a standard gain-offset-correction for 
image calibration. Afterwards the projections are reconstructed with a standard filtered 
back projection algorithm (FBP).  
Furthermore the Iterative Artefact Reduction (IAR) algorithm is applied on the 
projection data. In general the IAR method is used to compensate for the so called beam 
hardening effect (BH) in computed tomography. The beam hardening is appearing when 
the polyenergetic spectrum of an X-ray source is propagating through the measured 
specimen and the lower energy photons are attenuated more strongly than the higher 
energy photons. This causes a shift of the mean energy of the X-ray spectrum towards 
higher values, which generates a harder spectrum impinging on the detector system. 
Due to the beam hardening effect the reconstructed CT data will usually show artefacts, 
mainly the well-known cupping artefacts. To correct for the beam hardening, the IAR 
calculates a correction function merely based on the projection data to transform the 
measured polyenergetic projection values to corresponding monoenergetic projection 
values. This approach is also known as linearization technique. The basic theoretical 
background of the IAR method is described in the original publication (3) and some 
further examples are shown in (4). The IAR procedure is implemented in the Fraunhofer 
3D data visualisation framework “Volume Player Plus (VPP)” as a software plugin that 
was used to process the measured projection data. The result of the IAR correction 
function is stored in a look up table (LUT) that can be directly fed as a parameter file 
into the FBP algorithm. The reconstructed voxel data set is referred to the IAR corrected 
data set in the later discussions. 
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2.3 Discussion of results 
 
In Figure 1 two extracted CT slices from the same object region of the measured 
specimen are displayed. On the left hand side the standard FBP reconstructed data is 
depicted and on the right hand side the IAR processed FBP data is shown.  
The first visual impression of the results reveals that the left CT slice suffers from 
severe scatter artefacts all over the inner object area that contains actually no material at 
all. In practice this behaviour is an especially familiar artefact representation due to the 
prominent scatter properties of grey iron casted and steel parts. The grey value 
distribution of the uniform steel part is also varying strongly within the object areas.  
 

 
Figure 1. Comparison of two CT slices of the obtained results: On the left hand side the standard 
FBP reconstruction is displayed. On the right hand side the IAR corrected reconstruction data is 

displayed. The two CT slices cover the identical object region of the steel piston. The red line 
depicts the location of the later discussed intensity line profiles in Figure 2.  

 
The original intension of performing the IAR method is to correct for beam hardening 
artefacts. The presence of this kind of artefacts can be found in the left uncorrected CT 
slice of Figure 1 as well as it is clearly pointed out in the corresponding left hand side 
line profile in Figure 2. The left plot shows a clear drop of the intensity values along the 
red line of Figure 1 located within the elongated sidewall of the object which is a clear 
indication of a cupping artefact. A closer look on the results of the IAR corrected data 
set exhibits a more constant trend of the line profile plot (see Figure 2 right hand side). 
The beam hardening and hence the cupping artefact is – as intended – reduced and the 
grey value distribution is more homogenous in the object area (see Figure 1 right hand 
side). 
 

FBP 
IAR 
FBP 
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Figure 2. Line profile plots of the intensity in the CT data. The plots show the distribution of the 

grey value intensity along the in Figure 1 mentioned object region (red line). The blue marked area 
on the left graph is the representation of the beam hardening effect (cupping artefact) in the line 

profile. 
 
Besides the positive effect of a more homogenous representation of the CT grey values, 
the IAR correction mainly shows a very strong suppression of the previously discussed 
scatter artefacts. The displayed IAR corrected CT slice shows a significantly better 
overall image quality than the uncorrected CT slice (see Figure 1 right hand side). The 
pronounced scatter artefacts are reduced and the boundary regions between air and 
object can be better distinguished, leading to an increase in contrast resolution. This 
issue can also be derived from the line profiles in Figure 2 by a rough estimation. In the 
case of the uncorrected CT data set, the intensity drop between the material (grey value 
I1 ≈ 28000) and the air in the region of the piston seals (grey value I2 ≈ 9000) can be 
calculated to a contrast resolution value of CFBP = 0.51, referring to the following 
definition of image contrast C: 
 
                                                                                                       (1) 

 
The corresponding contrast value for the IAR corrected case is CIAR+FBP = 0.87 (grey 
value I1 ≈ 35000 and grey value I2 ≈ 2500). 
 
 
3.  Conclusions 
 
This work focusses on the application of an inherent beam hardening correction 
(Iterative Artefact Reduction method, IAR) on a high energy flat panel detector cone 
beam CT measurement. The IAR corrected CT data set reveals a reduction of cupping 
artefacts as well as a reduction of artefacts caused by scattered radiation in particular.  
Based on our experience from the past with numerous high energy FPD measurements 
of objects covering a wide range of different materials (e.g. steel, aluminium and nickel 
based alloys) and dimensions of specimens with cross sections up to 40 cm, the IAR 
correction proofed to be a very reliable and robust method to supress scatter artefacts. 
The extent of the scatter artefact correction is in the high energy case much more 
efficient and evident than one would expect from low energy CT applications. A huge 
advantage of the IAR is the fact that the method is working directly on the actual 
measured projection data without the need for any a priori knowledge, an additional 

FBP 
IAR 
FBP 
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scan or special hardware. The IAR method became a standard procedure in our linear 
accelerator FPD CT workflow to recover formerly blurred object structures and is able 
to reduce the necessity for time consuming LDA measurements in many cases. 
The enhanced image quality and the better contrast resolution allows for a more eased 
post processing of the acquired volume data sets for example a benefit in the extraction 
of surface data meshes (STL data). 
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