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Abstract 
X-ray computed tomography (CT) is an established tool for non-destructive testing (NDT) up to 450 keV. Due to 
limitations regarding object size and material density there is an increasing need of high energy systems in the 
megavoltage regime, e.g. applying linear accelerators (linac) as photon source. To achieve quantitative results 
for dimensional measurements or being able to specify minimum detectable defect sizes the overall contributions 
of components of the CT system to measurement uncertainties have to be determined. The existing methods for 
keV energy systems cannot always be transferred to high energy applications as the basic physical photon 
interaction effects are different and the actual size of the measurement volume is significantly larger compared to 
classical X-ray CT systems. In this contribution we present specially designed methods and phantoms for the 
high energy X-ray imaging facility at the Fraunhofer Development Center X-ray Technology (EZRT) in Fürth, 
Germany, for gaining quantitative system information. The methods are optimized for a time saving 
measurement parameterisation to be able to repeat the procedures for checking the system status on a regular 
basis. 
 
Keywords: computed tomography (CT), Radiographic Testing (RT), XXL-CT, high energy CT, linear 
accelerator, geometrical accuracy, measurement phantoms 
 
1.  Introduction 
 
Since March 2013 the Fraunhofer Development Center X-ray Technology (Fraunhofer EZRT) 
in Fuerth operates an European wide unique X-ray computed tomography system for very 
large objects (VLO). The so called ‘XXL- CT’ system is the result of several years of intense 
planning and simulation work of Fraunhofer scientists to push the current limits in object size 
to the next scale. Conventional CT devices with X-ray tubes up to 450 keV or 600 keV 
maximum photon energy in the field of non-destructive testing (NDT) are restricted regarding 
the specimen dimensions of well below 1.5 m due to the available work space. Yet for objects 
in this scale the materials or material compositions which can be penetrated by this radiation 
are either weak absorbing - e.g. components with low atomic numbers - or the maximum 
specimen size has to be drastically reduced for high-Z materials. There are a few CT facilities 
available in Europe, which use linear accelerators as photon source that are capable to offer 
higher penetrations lengths in massive and high-Z materials. Nevertheless the overall object 
size is mostly limited to the above mentioned dimensions, thus the main application field is 
the local radiography of e.g. welds using radiograms. 
The focus of the Fraunhofer EZRT research was to enable CT measurements in NDT or 
security applications for objects with even larger dimensions. Examples hereby are fully 
mounted jet or rocket engines, subparts of airplane wings and fins, wind power rotor blades, 
complete cars and car chassis as well as sea freight containers [1] (see Figure 1). The XXL-
CT provides the capability to inspect specimen with a size up to 5 m in at least one spatial 
direction. The huge size of the XXL-CT poses new challenges to ensure a high quality of 
radiographic images or CT-projections in terms of correct proportions and accurate geometry 
of the acquired images and reconstructed 3D data sets. In this paper we present some methods 
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and specially designed measurement phantoms to quantify the geometric accuracy of the 
XXL- CT. Particular attention is paid to characterize the used manipulation system. 
 

 
Figure 1. Interior view of the Fraunhofer EZRT high energy facility. The laboratory offers with its size (20m x 

20m floor space and 14 m high work room) enough space for the XXL-CT system and the handling of large CT-
specimen e.g. sea freight containers. 

 

2.  Material and methods 
 
2.1 General information XXL-CT 
 
The XXL-CT system consists mainly out of three components, the X-ray source, a digital 
detector and the manipulation system, which are briefly introduced (more detailed description 
in [2]).  
As X-ray source a 9 MeV SILAC linear accelerator from Siemens is used. The emitted 
bremsstrahlung spectrum is generated by a rotating tungsten transmission target with a 
maximum dose rate of 12 Gy/min in 1 m distance of the focal spot. The mean photon energy 
of the spectrum is about 2 MeV [3] and therefore allows the penetration of e.g. 10 cm lead, 70 
cm aluminum or up to 30 cm cast iron. 
To scan VLOs the detector system needs to cover a distance of several meters and must cope 
with high energy radiation. Possible options are flat panel or line detectors. At present there 
are hardly any flat panel detectors available, which can be stacked sufficiently close together 
to span large distances of active area. Furthermore at high photon energies in the MeV regime 



the detector efficiency is very low due to thin sensor layers. Additionally the physical 
interaction of the radiation in the specimen is dominated by Compton scattering. This causes a 
high amount of scattered radiation which reduces the image quality of flat panel arrays. In 
contrast line detectors can be set up with pre collimators to absorb scattered radiation in the 
vertical direction. In our case we have decided to choose a 4 m wide line detector array 
(LDA). The indirect converting detector is equipped with a 10 mm thick Cadmium Tungstate 
scintillator and a pixel pitch of 0.4 mm. This results in nearly 10,000 pixels. The calculated 
quantum efficiency based on Monte-Carlo simulations is about 45 % for a 9 MeV spectrum. 
The manipulator for the XXL-CT-system consists generally of two towers and a rotation stage 
(see Figure 2). The two towers are 8 m high steel framework structures that are equipped with 
vertical guide rails on which a slide is mounted. The slides connected to spindle drives carry 
on the one hand the linear accelerator (linac tower) and on the other hand the line detector 
array (detector tower). To gain the absolute vertical position information of the X-ray 
components both towers are equipped with an absolute position measuring system with a 
resolution in the sub micrometer regime. The rotation stage consists of a steel table with 3.0 m 
in diameter. The rotation device is specified to a maximum load of 12.5 tons and is located 
directly in front of the detector tower. 
This overall configuration allows to scan a cylindrical volume of 3.2 m in diameter and nearly 
5 m in height. Two different scan modes for CT measurements are implemented: A sinogram 
mode that acquires continuously single line images during the constant rotation of the 
specimen stage. The result is a single CT slice through the object at the given vertical scan 
position. The second mode creates single 2D projections (radiographs) of the object. Hereby 
the two towers move the linac and the LDA synchronously in the vertical direction upwards 
while consecutive line images are acquired. Afterwards the specimen is rotated by one 
angular step and the procedure is repeated to gain a set of projections that can be 
reconstructed. 
 

 
Figure 2. Schematic sketch of the XXL-CT system. 

  
2.2 Methods and phantoms for determining the geometric accuracy of the CT- system 
 



After the general introduction of the XXL-CT the quantitative characterization of the system 
will be discussed. In this case we will focus on the following topics: 
 

1. Determination of detector gaps of the LDA 
2. Lateral accuracy of the manipulation system during vertical movement 
3. Geometrical precision in XXL-CT data 

 
2.2.1 Detector gap 
 
The used 4 m wide LDA consists out of three separate detector modules of approximately 1.4 
m length each. Therefore the mounted LDA possesses - due to the limits in the mechanical 
precision of the production of a single module and the required connection interface - between 
the middle detector module and its left and right neighboring module two physical gaps, 
where the scintillator segments of the sensors are not directly connected. The actual distance 
of the spacing of the pixel grids between two connected modules cannot be measured 
mechanically and needs to be determined in the radioscopic image. Otherwise the gained 
radiography does not represent the correct geometric projection as the two gaps are 
unaccounted for in the composed image consisting of left, middle and right detector module 
partial images. 
To gain the actual gap dimensions the following method was used. A calibrated ball bar 
measurement phantom (3 balls with defined and well known distances of the ball centers) is 
positioned directly in front of the LDA. The axis of the bar is aligned parallel to the LDA in a 
way that two balls are located in front of the middle module and the third ball is located in the 
corresponding outer module area. A single projection of the ball bar is acquired by a vertical 
scan. Then the radiography is analyzed by measuring the distances of the ball centers (see 
Figure 3). As the detector gap is not considered in the image, the distance between the outer 
ball and the two inner balls is disturbed and appears shortened. By using the known reference 
distances of the ball centers in respect to the measured distances to compensate the 
magnification in the image, the gap distance can be calculated. 
 

 
Figure 3. Analyzed radiography of a ball bar phantom to determine the detector gap. The left ball is positioned in 
the left detector module area and the two balls at the right hand side are positioned in the middle detector module 
area. Between the left and middle ball is the unknown detector gap. A comparison of the known distances of the 
ball centers in respect to the measured distances allows calculating the gap length between the left and middle 

detector module [4]. 
 
2.2.2 Lateral accuracy of the manipulation system in respect to the vertical movement 
 
As mentioned in the previously, the XXL-CT system is able to generate huge 2D projection 
images by moving the radiation source and the LDA simultaneously upwards in the vertical 



direction. A very important issue to gain geometrical correct projections of an object is the 
lateral precision of the manipulation system, as a lateral shift of the focus position and/or the 
center of the LDA during the vertical movement leads to a distorted image. The lateral 
accuracy is directly linked to the proper alignment of the guide rails which carry the slides 
onto which the components are mounted. During the installation of the XXL-CT system the 
alignment of the guiding rails of both towers were checked independently by using a laser 
tracker. This measurement tool indicates lateral deviations in the sub micrometer regime. But 
the approach is very time consuming (several hours of preparation and measurement time), 
expensive (up to 1000 Euros) and the availability for regular short-term checks is limited as 
external companies must be hired. 
Therefore the ideal solution was to use the existing imaging system in combination with a 
special measurement phantom to check the overall accuracy of the both towers within a short 
measurement time. This ensures a performance control which can be conducted in between 
measurement campaigns or on a regular basis to document the system status. 
The basic idea of the new method is that a 2D projection (using the maximum vertical scan 
height of about 5 m) of a preferably straight object is acquired by the XXL-CT system. The 
shape of this ideal straight object in the image should also be absolute straight in the case of a 
perfect path of both towers. Any lateral deviation in the trajectory of the linac tower and/or 
the detector tower leads to a distortion in the shape of the object in the image and can be 
quantitatively analysed. 
To apply this method a new wire phantom was developed and constructed. The measurement 
phantom consists of a 6 m long rigid plastic tube that is vertical mounted. Into the tube a 4 
mm thick and nearly 5.5 m long steel wire was inserted and clamped using a screw driven 
device allowing for tightening the wire. Due to the applied strong tension and the vertical 
alignment of the wire within the plastic tube (to eliminate bending by gravitation) an ideal 
straight absorbing steel object was approximated. To analyse the 2D projection of the wire 
phantom a MATLAB routine was programed. Hereby in every line of the 2D image, which 
corresponds to a certain vertical height z in the object coordinate system, the center of the 
wire was determined. This was realized by fitting an appropriate function (linear combination 
of a linear function and a Gaussian) into the line profile (graphical representation of intensity 
and pixel coordinate) of the absorption pattern caused by the wire. The fit result of the 
expected value µ of the Gaussian represents the center of the wire position in the image with 
respect to the pixel coordinate system. The data set of all determined positions (µ, z) of the 
wire center µ in pixel coordinates and the corresponding vertical heights z were used to 
calculate a mean ideal straight path by a linear regression. For all data sets the lateral 
deviation D in respect to this ideal straight line was calculated. With the known measurement 
parameters magnification and pixel pitch the lateral deviation D in units of the pixel 
coordinate system can finally be transformed into a distance d in units of millimeter. 
 
2.2.3 Geometrical precision in XXL-CT data 
 
To perform detailed analysis of CT-data concerning variance comparisons or determining 
dimensions and tolerances of objects the measurement uncertainty of the CT-system needs to 
be determined. For conventional CT-systems there are several methods available to ensure the 
quality in metrology, e.g. using calibrated phantoms for regular quality controls or performing 
a calibration of the CT machine. Unfortunately these established procedures cannot directly 
be transferred to the XXL-CT system. The main reason is the size and availability of 
measurement phantoms: They are simply much too small to cope with the huge measurement 
volume of nearly 38 m³. As a first step to approach this issue the quantification of the basic 



geometrical precision of the XXL-CT was in the focus of our research. In the following 
section a brief insight into this issue is presented (more details in [4]). 
The intention was to develop a method to determine radial and vertical deviations in at least 
some distinct parts of the measurement volume. To conduct a measurement in a short time a 
measurement phantom geometry had to be chosen, that a single horizontal CT slice of the 
object (sinogram mode) is sufficient to extract radial and vertical position information that can 
be compared to a high precision reference measurement (laser tracker). The main reason was 
that a single CT slice (diameter 3.2 m) with high image quality and full resolution of 333 µm 
voxel size takes about 12 min compared to 30 hours for a conventional CT of a volume 
covering the same horizontal area and 5 cm of height (e.g. to analyze an expanded object in 
the vertical dimension). The solution was to use two identical truncated cones (see Figure 4). 
The measurement of the radiuses (D1 and D2) and centers of both cones in the CT image 
allows to determine the radial position to a reference point in the CT slice (e.g. center of CT 
slice) as well as the height h 
 

h = H* [0.5 + (D2-D1 ) /(2*(D0-d0)] ), 
 

which is equivalent to a height of the slice in relation to the known position of the cone 
surfaces. 
 

 
Figure 4. Alignment of two truncated cones to determine the radial and vertical position from a single CT slice 

[4]. 
 
In total six of these cone pairs were installed along the radius of the rotation stage (see Figure 
5). In Figure 6 the corresponding analysis of the radiuses of a CT image is displayed. The 
values are used to calculate the height of the CT slice in relation to the top of the surface of 
the cone pairs and the radius of the cone pairs from the center of rotation. For every single 
cone a reference measurement of the exact position was conducted by a high precision laser 
tracker system. The comparison of the laser tracker results and the results from the CT-slice 
measurement leads to a statement of the geometrical precision. 
 



 
Figure 5. Picture of the measurement phantom on the rotation stage covering the radius of 1.5 m (left) and detail 

of the alignment of the truncated cones (right). 
 

 
Figure 6. Example of a CT slice with the measurement of the radiuses of all cones [4]. 

 
3.  Results and discussion 
 
3.1 Detector gap 
 
Table 1 shows the resulting dimensions of the detector gaps on the left and right side of the 
center detector module to its neighbours. In relation to the actual pixel pitch of 0.4 mm a 
correction method needs to be applied to obtain an undistorted 2D projection of an object 
overlapping the center detector module in the image. One possibility is to fill the gap between 
the subimages of the concerning detector modules by a linear interpolation method. Then the 
stiched image can be transferred to a conventional CT reconstruction algorithm. In respect to 
create a correct CT reconstruction directly out of the three subimages - without further 
corrections - it also would be feasible to use an Algebraic Reconstruction Technique (ART) 
which can handle spatially separated detector modules. 
 

Table 1. Results of the detector gap measurement 
Left detector gap in mm Right detector gap in mm 

0.52 0.68 
 
3.2 Lateral accuracy of the manipulation system in respect to the vertical movement 
 
Figure 7 displays the measurement result of the lateral accuracy of the manipulation system. 
The horizontal axis represents the displacement of an object detail which is located in the 
center of the rotation stage. A negative value denotes that the object appears to be shifted to 
the left side of the LDA (viewpoint source towards detector) and vice versa. The vertical axis 
in the graph describes the vertical height of the object measured from the rotation stage 
surface (z = 0 mm). The red data points represent the calculated lateral deviations from the 
method mentioned in section 2.2.2. The broad distribution of the data is mainly caused by the 
statistics of the measurement and the simplified fitting model to approximate the absorption 



pattern of the steel wire. A detailed study of possible sources of error has not been conducted 
so far. For the purpose of better visibility a 5-point moving average (solid black line) was 
applied to the data.  
Most of the data points are located in the rage of +/- 0.1 mm in the examined vertical scan 
heights between z = 600 mm and z = 4500 mm. Therefore the mean lateral deviation is well 
below the effective pixel size of 333 µm (pixel pitch 400 µm and magnification of approx. 
1.2). Consequently the lateral accuracy of the tower manipulation system is sufficiently 
accurate that a blur of object details across several pixels is no issue. 
Furthermore the overall shape of the curve and order of magnitude of the lateral deviations are 
in good agreement with laser tracker measurements during the installation of the manipulation 
system which proofs the reliability of the described method. The proposed method is adequate 
to check in regular terms the performance of the tower manipulators. 
 

 
Figure 7. Result of the lateral deviation of an object detail located in the center of the rotation stage due to 

alignment imperfections of both towers during the vertical movement. The resulting displacement of an object 
detail is well below the dimension of the effective pixel size of 333 µm. 

 



3.3 Geometrical precision in XXL-CT data 
 
Table 2 and 3 summarizes the results of the deviations in radial and vertical direction of the 
CT measurement in respect to the reference measurement by the laser tracker system. In total 
three different vertical positions (z) were under investigation. Hereby position z = 0 mm 
denotes the lowest realizable position of the truncated cone phantom, which is about 200 mm 
above the rotation stage surface. The measurement phantom was aligned in a way that the 
inner two cones define the center of the rotation axis (radius R = 0 mm) and four further radial 
positions could be accessed (R = 379 mm up to R = 1480 mm). 
The deviations of the vertical directions are homogenously distributed within the different 
height positions z. The maximum value of 0.38 mm is still passable compared to the overall 
size of the CT volume. Nevertheless especially the radial deviations are showing higher 
values which exhibit a nearly linear behaviour. This is a clue that a systematic error occurs 
that leads to a radial distortion. Most likely the discrepancy can be explained by an incorrect 
value for the magnification factor M which was determined by measuring the FDD (focus 
detector distance) and FOD (focus object distance) manually. An incorrect magnification can 
cause a scaling of the radial component of a fan beam CT slice. By the help of the results a 
magnification M´ can be derived that should compensate the radial deviations to a lower level. 
Currently this issue is under investigation and further measurements are planned. 
 

Table 2. Results of the geometrical precision in radial direction 
height  

position 
deviation of CT measurement to reference (in mm) 

R = 0 mm R = 379 mm R = 740 mm R = 1100 mm R = 1480 mm 
z = 1800 mm 0.12 -0.65 -1.24 -1.88 -2.56 
z = 900 mm 0.11 -0.61 -1.24 -1.85 -2.45 
z = 0 mm 0.03 -0.66 -1.30 -1.88 -2.53 

 
Table 3. Results of the geometrical precision in vertical direction 

height  
position 

deviation of CT measurement to reference (in mm) 
R = 0 mm R = 379 mm R = 740 mm R = 1100 mm R = 1480 mm 

z = 1800 mm 0.17 0.25 0.38 0.26 0.19 
z = 900 mm 0.10 0.19 0.29 0.20 0.17 
z = 0 mm 0.00 0.07 0.19 0.11 0.07 
 
4.  Conclusion 
 
In this paper we introduced a novel CT system for scanning very large objects (VLO) like 
cars or sea freight containers. The new scale in size of the XXL-CT system poses also new 
challenges in the dimension of detector, photon source and size of the manipulation system to 
generate on the one hand huge 2D radiographic images and CT data sets of VLOs at all. On 
the other hand one should also consider the quality of the measurement results concerning 
dimensional accuracy for the analysis of CT data in the post processing chain. We presented 
the first steps towards the determination of the dimensional accuracy of a XXL-CT system by 
focusing on methods to characterize the used components and their influence on the geometric 
accuracy. E. g. the linked three line detector modules display due to their construction two 
gaps with distances up to 1.7-fold of the pixel pitch. We figured out a method to quantify 
these gaps between detector modules and to correct them to obtain geometrical correct 2D 
projections of objects. A specially designed wire phantom was proposed to quantify the lateral 
precision of the tower system which synchronously manipulates the X-ray source and the line 
detector array during the vertical scan movement. The overall deviations in lateral direction 



were determined to be below +/- 0.1 mm during a vertical moving range of about 5 m. In 
comparison to the effective pixel size of 333 µm the deviations are in a magnitude which does 
not enable a blur of object details across several pixels. The wire phantom allows checking for 
the mechanical system status in simple, fast and inexpensive manner that it can be used for 
regular quality controls of the alignment of the manipulation system. A further phantom was 
specified and built up to measure the geometrical precision of CT-slices in vertical and radial 
direction within a single sinogram acquisition. The analysis of the phantom measurement 
revealed a discrepancy of the radial component in the CT-data which causes a radial distortion 
of the CT volume. A first examination of the linear dependency of the increase by the radial 
deviation in respect to the object radius led to a correction of the magnification factor. 
The future goal is to extend these phantom experiments to quantify the overall dimensional 
accuracy of the XXL-CT system for metrology applications like variance analysis shown in 
Figure 8. 
 

 
Figure 8. Variance analysis between CT and CAD data of a car chassis rear-body. The colors indicate deviations 

between CAD model and the acquired CT data.    
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