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Abstract 

In cone-beam computed tomography, the reconstruction process is usually described solely by the source-to-object distance 

(SOD) and the source-to-detector distance (SDD). The ratio of these two distances determines the magnification and thus defines 

the length scale. In a previous work [1], the authors proposed considering the finite thickness of the detector’s sensitive layer 

and the finite penetration depth of the electrons into the target of the X-ray source. Initial experimental results of the absorption 

spectrum-dependent variation of the SDD were shown. In this article, a new method is introduced in which – by means of a laser 

interferometer and a calibrated perforated thin metal foil – the positions of the source, the object and the effective detector plane 

can be determined absolutely depending on the source cathode voltage with an accuracy of a few micrometres. This enables the 

quantitative evaluation of the spectral dependence of these positions for a possible future correction. 

Keywords: magnification, source position, detector position, traceability, X-ray spectrum dependence 

1. Introduction 

To reach an accuracy comparable to conventional coordinate measuring systems, the scale errors of cone-beam CTs must be 

reduced to about 1 µm for 100 mm sized objects. In other words, beyond problems in surface finding and artefacts, the relative 

scale error needs to be in the order of ~ 10-5. Therefore, the magnification that is given by the ratio SDD / SOD in the conventional 

theory of cone-beam CT must be known to this value. Thus, a typical value of one meter for the SDD must be determined with 

an accuracy of ~ 10 µm. The needed accuracy of the SOD depends on the magnification. For magnification of ten, for example, 

the SOD is about 100 mm and the required accuracy is ~ 1 µm, for magnification of 100 the required accuracy is 0.1 µm. As 

shown in a previous work [1] the exact location of the source and the detector plane depends on the spectrum of the X-rays 

emitted by source, the spectral absorption of the object and the structure of the X-ray detector. This is due to the finite penetration 

depth of X-rays in the scintillator part of the detector and its dependence on the source spectrum filtered by the object’s material. 

In Fig. 1 the depth of the mean energy deposition of two typical scintillator screens irradiated with monoenergetic X-ray photons 

– shortly named penetration depth (PD) – is shown. The results are calculated with the Monte-Carlo (MC) code DOSXYZnrc as 

part of the EGSnrc software distribution [2]. PD varies between zero for low energetic radiation and about the half of the 

scintillator thickness for very hard radiation. To determine the effective PD of the shadow image of an absorbing object, the 

source spectrum, its spectral absorption and the curves in Fig. 1 must be mathematically convolved. Especially for CsI scintillator 

the PD can partially decrease with increasing filter thickness and X-ray tube voltage U – in particular, for U >> 140 kV, where 

the mean X-ray emission reaches more than 50 keV. 

The purpose of this contribution is to describe a practical and viable method to reach the above outlined accuracy in order to 

determine the spectral effects. The general question of how to adequately correct measurements is not easy to answer, as it 

depends on too many measurement, material and CT-design parameters. In the future, it is intended to provide interested 

institutions, such as National Metrology Institutes and R&D departments of CT suppliers, a procedure to systematically 

investigate the above-mentioned effects and to minimize them by means of design or numerical corrections. 

 

  

Fig. 1: MC-simulation results (black circles) for mean energy absorption depth depending on photon energy. Three absorption spectra 

(photon flux) are overlaid, which are calculated for a thin copper layer with a 150 kV X-ray source (W target) and copper filter of 

different thickness. The plot left is for a 600 µm thick CsI scintillator, the plot right for a 200 µm thick Gd2O2S (DRZplus™) scintillator. 
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2. Methods 

2.1 Determination of geometrical shifts with fibre-coupled laser interferometers 

The experiments were performed using PTB’s Nikon Metrology MCT225 system. This system has a length measurement error 

specification (MPESD) of 9 µm + (L / 50) µm (L in mm) for centre-centre distances. The built-in flat-panel detector is a 

PerkinElmer 1620 AN3CS with an CsI layer of thickness assumed to be 600 µm. The microfocus X-ray tube features a solid 

tungsten “reflection” target. The mechanical system of the MCT225 is not constructed for the high accuracy of 1 µm intended 

in this experiment series. To overcome this, the system has been temporarily equipped with three fibre-coupled laser 

interferometer (LI) channels of an Attocube FPS 3010. Fig. 2, left, shows the idea how to determine the shift of the object to the 

source without Abbe-error: two LI collimators are clamped symmetrically near the source point at the source’s Invar bracket – 

in first experiments with magnetic feet, later mechanically clamped. Two retroreflectors are symmetrically mounted on the 

manipulator table on each side of the rotary axis with an estimated position accuracy of about 5 mm. When the manipulator 

moves, the mean value of both LI channels is exactly the shift between the source and the rotary axis under suppression of the 

Abbe-error caused by angular tilts. With this LI geometry, the space at the rotary axis stays free for taking X-ray measurements. 

The additional third LI channel is used in a V-shaped setup with a LI collimator and retroreflector (see Fig. 2, centre) 

symmetrically mounted to the target and a thin mirror taped on the centre of the aluminium detector cover (plastic cover 

removed). Using this setup, SDD changes of ~ ±10 µm could be observed due to change of mass and bending when moving the 

object manipulator in magnification axis direction. This is considered later by a look-up table for correcting the stage z-position. 

The observed reproducibility of the stage positioning, even in forward/backward direction, was better than 1 µm on daily scale 

and fully sufficient for our experiments. 

2.2 Determination of source and detector position with metal foil grids 

In previous work [1,3] it was exemplified in detail how to evaluate two radiographic images, recorded in reverse orientation of 

the rotary stage, to obtain the radiographic magnification with a relative accuracy of up to 10-5 and reproducibility up to 10-7. 

The grid positions of a thin metal grid pattern in the radiographic images were evaluated and then fitted with a Levenberg-

Marquardt algorithm to equidistant grid positions. The result is a mean value of the grid distance (MGD) in horizontal direction 

(perpendicular to the rotary axis) for both images (0°, 180°). The harmonic mean of both MGD values is the magnification at 

the position of the rotary axis in pixel per grid unit. With the actual value of the grid’s MGD, optically calibrated in mm per grid 

unit, the CTs magnification in mm per pixel (voxel) is given by their ratio. Another publication [4] will investigate the 

transferability and traceability of the MGD from optical to radiographic measurements. This approach is intended as an effective 

route to achieve future full traceability for cone-beam CT. The value of MGD is believed to be transferable to a few 10-6 

relatively. For this procedure, a main component is the grid reference standard: Fig. 2, right, shows the radiograph of a newly 

designed grid, Fig. 3 shows photographic images and micrographs. The grid consists of a 50 µm thick metal foil, favourably 

Invar, but also aluminium for research purposes. An array of 40 x 40 circular holes is wet etched from both sides into the foil. 

The diameter of the holes is 2/3 of the MGD. Additionally, there are adjustment marks, closed holes as unique orientation marks, 

size information (MGD ≈ 6 mm · 2-N, where N is the shown number, manufactured N = 1 ... 5) and two arrays for identity 

marking. The centre positions of the holes are calibrated using a traceable Werth VideoCheck® HA optical coordinate measuring 

machine. For storage and handling, each foil is placed in a membrane box with front and back cover removed. Experiments 

require a precise alignment of the grid. Therefore, a mounting allowing all degrees of freedom in respect to the CT rotary axis to 

be adjusted has been applied in this study (cf. Fig. 2 centre).  

 

 
 

 

Fig. 2. Left: schematic of the cone-beam CT with three mounted laser interferometer channels. Centre: photographic image of the setup. The 

metal grid foil is held in a membrane box with the front and back covers cut out. Right: radiographic image of a calibrated grid reference 

standard. This standard is a 50 µm-thick etched Invar® foil that has 40 x 40 holes with a 3/8 mm pitch. For unambiguous assignment of the 

magnified parts and of the orientation, nine holes are closed. The red boxes with centre marks are the software-recognized hole positions. 
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Fig. 3. Left: three different sizes of grids (size 3, 4, 5) etched in a 50 µm thick Invar foil. Centre and right: magnified microscopic images 

show crystallographic domains and edge roughness. 

The next step is to calculate the geometrical position of the source and the detector and therefore the coordinate system must be 

defined. For this, it is assumed, that the detector is completely flat and its columns (x-direction) and rows (y-direction) are 

perpendicular and straight. Thus, starting from the detector, a cartesian system is defined (see Fig. 4) defined with the origin 

missing only. The projection of the source centre point on the detector provides the origin for x and y direction. Practically, it 

should be realised at a certain source condition defined by voltage and filter. Finally, a zero point in the z-direction, i.e. for the 

magnification axis, is determined: The CT stage is moved to zero – or any other defined value – position. The z-position, at 

which the rotational axis is then located in respect to the image’ centre, is defined as zero. Even with slightly tilted axis it is 

well defined. The exact position of the rotary axis is measured by two radiographs in 180 degrees reverse orientation as 

mentioned above.  

For magnification and thus scaling, the SOD and SDD are mainly relevant. The SOD is calculated as the sum of the source to 

zero distance (SZD) and the geometrical shift S of the rotary axis in magnification direction, that is measured by the LIs as 

described above. The alignment of the LI parallel to the travel direction of the stage is known from other measurements not to 

deviate more than 1 mrad. It results that the relative cosine error of measured shift S stays smaller than 5·10-7 and can be 

neglected. The zero to detector distance (ZDD) describes the effective position of the detector plane and is calculated as the 

difference from SDD and SZD. The task to solve is to determine SZD and SDD experimentally: 

For that purpose, the geometrical magnification Mi is measured over an interval of shifts Si. The magnification M is defined by:  

 M (Si) = SDD / SODi = SDD / (SZD + Si)  (1). 

The experimental image data gives MGDimage in pixel per grid unit. This must be multiplied with the known pixel size p of the 

detector to calculate the MGD of the true radiographic image. With the calibrated MGDcal for the grid it follows: 

 MGDimage(Si) ·  p / MGDcal = M (Si) = SDD / (SZD + Si) (2), 

thus 

 MGDimage(Si) = (MGDcal/ p) ·  SDD / (SZD + Si) (3). 

A non-linear fit of the measurement data M (Si) with a shifted hyperbola as model function gives the values for SDD and SZD. 

The pixel size p can be assumed as the exact value given by the supplier – as it is a constant for the detector and only SDD/p is 

relevant in the reconstructed volume. The relative error of calibration in MGDcal enters only in SDD, but not in SZD, as for 

SZD it is a direct comparison to the shift values in the denominator. Therefore, SZD can be measured much easier. 

 

Fig. 4. Schematic sketch. The xyz-system is defined by the detector’s main directions. The perpendicular of the source point dropped to 

the detector defines the (0,0) position for x and y. The zero position in z is defined by the rotary axis position at the image centre, when 

the stage is moved to its (mechanical) zero position. The shift S in magnification (z)-axis direction is measured free of Abbe-error ε with 

two laser interferometers. 
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2.3 Reproducible adjustment of the focus point 

A necessary precondition to determine source and detector positions with µm accuracy is a reproducible adjustment of the focus 

point of the used open design microfocus X-ray source (see Fig. 5, left). For the experiments shown later a source with inclination 

of the electron beam on the target (“reflection target”) is used which is subject to the following considerations. The focus point 

is affected by pitting, moving to another position on the target surface, exchanging the filament and especially residual magnetic 

fields (external or due to hysteresis). Especially for the systematic investigation of the X-ray spectrum influence on the effective 

positions, a constancy of the electron beam impinging point on the target must be ensured, even when changing the cathode 

voltage. An improved adjustment procedure can be described as follows: 

First, the electron beam must be aligned collinear from the cathode through the electrodes and magnetic lens on the target and 

focussed on the target surface (see Fig. 5, left). This is done at low power and mid voltage. For this setting, the usual manufacturer 

supplied procedure, the focussing coil current is slowly modulated. An off-axis beam is seen to shift laterally whereas an on-axis 

beam will just go in and out of focus by blurring without any shift. By mechanically shifting the cathode, setting the X/Y offset 

currents and the current of the focus coil the adjustment can optimized so that modulation leads to minimal change in the image 

of a test pattern. This minimizes the focal spot size and the focal spot is then at a defined position on the target.  

The second step was especially developed for this study and used for the second measurement series shown in the next chapter. 

The idea is to hold the SZD as constant as possible when changing the cathode voltage U. For this, a look-up table with triple 

values of currents of the focus coil and two deflection coils must be generated. For that purpose, a transmission electron 

microscope (TEM) finder grid is used as test pattern. It is made of a 12 µm thick gold foil 3 mm in diameter and structured with 

a 25 × 25 grid, marked with letters (see Fig. 3, right). To put it into the filter holder of the source, it is glued on a piece of PMMA 

(Fig.3, centre). At this position, the magnification is about 150. A shift of the source position of only 1.3 µm shifts the 

radiographic image by one pixel on the detector (i.e. by 200 µm). The original radiographic image of the first adjustment step is 

saved as a reference image before changing the voltage U. Then the focus coil current is altered to optimize the contrast and the 

X/Y coil currents are changed, so that the difference between the current image and the reference image nearly vanishes and is 

symmetric. Focussing and X/Y shift are optimised iteratively. In the end, a table of 7 triple values for U from 60 kV to 225 kV 

was generated and interpolated. By using this method, it is much better guaranteed that the effective source point stays in the 

centre line of sight. The estimated accuracy of the source position is 1 µm or even better. The source is assumed to be more a 

focal line with a “colour seam” [1] due to the electron beam penetration into the target – especially for higher voltage. Therefore, 

a small residual effect of source position shift can be expected when using additional filters or a grid of different material. 

 

   

Fig. 5. Left: Schematic sketch of an open design microfocus X-ray source with inclination angle α on target. Dimensions given are for the 

CT system used in this study. Middle: filter plate (bottom) and prepared TEM-grid on PMMA (top). Right: radiograph of the TEM-grid. 

3. Experiments 

The following experiments are all conducted with metal foil grids (thickness 50 µm) made of copper, aluminium and Invar with 

MGDs of about 1.5 mm. This selected MGD is well suited to determine both positions, of the source and of the detector plane, 

with sufficient accuracy. For sub-micron accuracy of the source position determination grids with smaller MGD should be 

considered. The copper and aluminium specimen are drilled on a CNC machine and contain only 40 x 40 arrays of circular holes. 

The Invar specimen is etched in the new design presented in Figs. 2 and 3. Copper, iron and Invar (FeNi36) have a similar 

spectral X-ray absorption as they have similar atomic numbers (Cu 29, Fe 26, Ni 28). Aluminium absorbs only at the lower 

energy part due to its low atomic number (Al 13). The measurements were performed in a temperature-controlled cabinet. The 

temperature stability was better than 0.1°C at about 20.2°C during the time of the measurement series. Therefore, it is easy to 

correct the air refractive index for LI measurements. Furthermore, the thermal expansion of the grid materials can be neglected 

– the temperature at their calibration deviates less than 0.3°C from the temperature in CT use. The change of SDD with stage 

position reported above in section 2.1, is corrected directly by rescaling the MGDimage value with a look-up table, but it is only 

about 10-5 relatively. 
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The measurement procedure for voltage dependent determination of the source and detector position is illustrated in Fig. 6. To 

reach thermal equilibrium, first the voltage is changed, and therefore automatically the focus coil current, and then a wait time 

of one hour. Although the coil is water-cooled, the outside temperature of the X-ray tube vessel changes by up to 10°C. The 

effect is reduced at the MCT 225 system in a constructive way as the structure defining the target position is made of Invar with 

its low thermal expansion coefficient, but the wait time provides a reproducible state. After that, the stage is moved forward in 

23 steps of 24 mm and then backward, while radiographic images, averaged over 45 seconds (two minutes for the aluminium 

grid), are sampled. The LI is free running during the scans and the exact shifts of the steps are evaluated afterwards. When 

finished, the rotary axis is turned by 180 degrees and the measurement is repeated with opposite directed grid in further 23 steps. 

This was performed for 8 voltages from 220 kV down to 80 kV in steps of 20 kV. The measurements take a total of 16 hours 

(aluminium grid 22 hours). All experiments were done with a slight filter of 0.1 mm of copper. 

The shading correction of the images represents an experimental difficulty because it is different for different voltages. It is 

solved by using a shading correction at middle voltage 160 kV and 8.5 W power. For the other voltages, the X-ray tube currents 

are set to values causing nearly the same grey value when using this static shading correction. Consecutively, white reference 

images are recorded in a premeasurement series including warm-up time and have a moderate inhomogeneity. The grids only 

absorb weakly, so that in a second step the difference image to the (scaled) reference images was determined providing results 

with homogeneity better than 0.1 %. For the 50 µm copper and Invar foil the contrast is a few percent, for the aluminium foil it 

is a factor of more than 10 smaller and the residual inhomogeneity is too high to evaluate the MGD. For that reason, in this case 

the LI is not used (using formerly measured shifts) and the grid is moved out of the image with the x-stage to sample better white 

reference images immediately after the single scans. 

The MGD for all radiographs is evaluated as described in [1, 3]. From the 23 pairs of values taken at the same position, but with 

180° opposite direction, the actual position of the rotary axis is calculated. As a side effect, the tilt and skew angles of the rotary 

axis can be determined by the trapezoidal distortion, too. But both doesn’t contribute here, as only the mean magnification 

symmetric to the centre of the image is considered.  

 

Fig. 6: Measurement procedure for the determination of source and detector position. Over a measurement time of up to one day a series of 

measurements for voltage from 220 kV down to 80 kV in steps of 20 kV is recorded. 

3.1 Filter dependence of effective source and detector position 

As a first experiment series, at a single voltage of 150 kV the measurement using the copper grid was repeated with copper filters 

of thickness 0.5 mm, 1.0 mm and 1.5 mm, respectively. Fig. 7, left, shows exemplarily results for the so determined MGDi
image 

values plotted over the shift values Si. For these measurements, only one cycle of Fig. 6 with different shifts is used. To this data 

a model function of the form y = b / (a + x) is least-square fitted and drawn into the figure. The given “error” intervals of the 

parameters represent the statistical standard deviation of the parameters. The plot at the right shows the residuum between the 

model function and data. There is a systematic deviation, which was also observed in all subsequent measurements. The 

consequences will be discussed later in section 3.4. As a direct implication, the given parameter error intervals represent an 

estimate of confidence mainly for the model uncertainty. As this is a systematic error, the relative error in the comparison of the 

fit parameters for different measurements, is estimated to be even smaller.  

The abscissa represents the shift of the rotary axis position, in relation to the position where the LI was zeroed, when the read-out 

of the mag-axis was zero. Due to creep and hysteresis this position can be reproduced slightly better than 1 µm. So, the SZD is 

given directly by the model parameter a, shown in Fig. 7. The SDD can be calculated with equation (3) from the model parameter 

value of b, the pixel size of the detector 200 µm and the pitch of the copper grid MGDcal. The latter was calibrated using an 

optical coordinate measuring machine and has a value of 1500.961 µm at 20.0 °C [4]. In the study presented here, the uncertainty 

can be assumed to be negligible. Thus, the SDD is calculated as b ∙ 200 µm / 1500.961 µm = 1173.64 mm. 

# interferometer readout
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Fig. 7: Measurement at 150 kV with 0.5 mm copper filter of a 3/2 mm pitch copper foil. Left: The abscissa represents the evaluated pitch 

of the radiographic images. The curve is the fitted hyperbola with indicated fit parameters and standard deviation. Right: Residuum of the 

forward – backward run from the fitted hyperbola model. Observe the small magnitude of residuals. 

The same evaluation performed for measurements with thicker Cu filters results in a significant SDD decrease of ~10-4 in relative 

terms (cf. Table 1), or 100 µm absolutely, with increasing filter thickness. In Fig. 1 the source spectra with 0.5 mm and 1.5 mm 

copper filter are plotted into the diagram of penetration depth. Relevant is the left graph as the used detector has an estimated 

600 µm thick CsI scintillator. From that figure, it appears plausible that with increasing filter thickness the SDD decreases by 

100 µm due to the reduced penetration depth in the detector. Despite this effect, the SOD and SDD values agree reasonably with 

the values set by the manufacturer, which are based on a few complete CT scans of a reference standard. These were done at 130 

kV with 0.25 mm copper filter and the reference standard consist of ruby spheres. 

 SZD SDD 

150 kV, 0.5 mm Cu 14.3582(13) mm 1173.640(19) mm 

150 kV, 1.0 mm Cu 14.3544(19) mm 1173.593(25) mm 

150 kV, 1.5 mm Cu 14.3573(15) mm 1173.544(23) mm 

Manufacturer setting 14.3515        mm 1173.785        mm 

Table 1. Dependence of CT parameters on radiation filtering. Numbers in brackets represent the statistical standard deviation value in the last 

two decimal places indicated. They describe only the statistical uncertainty of the nonlinear curve fitting to the hyperbolic model function. 

3.2 First determination of voltage dependence of effective source and detector position 

The results of the direct following experiment are shown in Fig. 8. Here the voltage is changed as described above, but only a 

0.1 mm thin copper filter is used in this series. In the left plot, the voltage dependence of the SZD is shown. In the right plot, 

ZDD is drawn on the abscissa, instead of SDD. Using these representations, a better separation of the run-out of the source 

position in contrast to the spectrum dependent shift of the effective detector plane is possible. This is the advantage of the 

absolute position determination with the introduced method, which enables to reference to a fixed (zero) position. 

  

Fig. 8: Results of first measurements with variable cathode voltage U using a 3/2 mm pitch copper foil and 0.1 mm copper filter. Left: 

Axial run-out of the source position. Right: Axial run-out of the detector plane. The error bars for the voltage are estimated as 1 kV+1%. 

The increasing distance of the detection plane with increasing voltage for about 60 µm seems to be plausible (see Fig. 1, left) to 

describe an effect caused by increasing penetration depth. The run-out of the source position (cf. Fig. 8 left) by 60 µm is 

surprisingly high for an adjusted electron beam. An analysis of this observation and systematic tests revealed that the main reason 

is the magnetic feet of the LI-collimator mounts used. In Fig. 2, centre, the mount can be seen, that is fixed with two pot magnets 

to the Invar bracket. Even the stray magnetic field is strong enough to deflect the electron beam as seen. This is proportional to 

the electrons’ velocity.  



8th Conference on Industrial Computed Tomography, Wels, Austria (iCT 2018) 

www.3dct.at  7 

3.3 Voltage and object’s material dependence of source and detector position 

Before the next experiments the magnets were removed and the mounts were mechanically clamped to the bracket. Then the 

adjustment of the source corresponding to section 2.3 followed. With this optimized source condition, the voltage dependence 

was independently measured for an Invar and for an aluminium grid. Fig. 9 shows the result for the course of SZD and ZDD 

over the voltage together with the ZDD for copper from the former measurement. The radiation was slightly filtered with 0.1 mm 

of copper. For the voltage of 140 kV with the aluminium grid the value of SZD appears to be inconsistently reduced and so both 

values for SZD and ZDD are removed as outliers from the graphs. The reason for this effect will be the subject of further 

investigations. 

On the course of SZD at lowest measured voltage, 80 kV, the value for aluminium and Invar coincides. This is plausible as the 

spatial extend of the X-ray emitting plume of the electrons in the tungsten target is smaller at low voltages. At higher voltages, 

different X-ray spectra are emitted from different depths of electron penetration – previously named as colour seam effect in [1]. 

This could be the reason for the SZD difference of 2 µm for higher voltages, as different parts of the spectra contribute to the 

shadow image of the two different grids. The reason for the total decrease of SZD by about 10 µm is not completely known, 

because the focus was adjusted applying the procedure explained in section 2.3 – but about one month ago with subsequent 

extensive use of the CT. Another possible reason for this course is that for the alignment of the focus constancy a grid made of 

gold was used, which absorbs a clearly different spectrum. 

The course of ZDD – the run-out of the effective detector plane with the change of voltage – is plotted in Fig. 9, right. In general, 

the different materials show a slight, nearly constant increase of the detector distance over the voltage by about 50 µm and vary 

about 50 µm to each other. This is a plausible result, when comparing with the penetration depth curve for CsI shown in Fig. 1, 

but needs still extensive calculation to be verified in quantitative detail. It also must be kept in mind, that when comparing the 

results achieved with different grids the calibration value uncertainty of the MGD must be taken into account. 

  

Fig. 9: Measurement results with variable cathode voltage U using different metal foils and 0.1 mm copper filter. Value for aluminium at 

140 kV removed as outlier. Left: Run-out of the source zero distance SZD. Right: Run-out of the zero to detector distance ZDD, including 

data of Fig. 8, right. 

3.4 Current experimental limitations 

As argued in section 3.1, the given error bars in the plots for SZD and ZDD in Figs. 8 and 9 represent basically a model 

uncertainty. The common model is to calculate two single numbers, SOD (the stage position) and SDD, the magnification using 

the fit model M (Si) = SDD / (SZD + Si) = SDD / SODi. Fig. 7, right, shows a systematic deviation that has been reproduced for 

all further measurements. In Fig. 10, left, the residua for the measurements with the Invar grid (Fig. 9) are shown which have a 

course similar to Fig. 7 right. The reason for this systematic deviation is not known up to now. Possible causes are mechanical 

problems, adjustment errors of the LI, and the role of the finite size of the focus or the grid foil thickness in combination with 

pattern recognition of the radiographs.  

Additionally, it was noted that the assumption of a flat detector plane with constant pixel pitch fails, if observed with an accuracy 

of size of a few 10 µm. Fig. 10, right, shows the observed effective pixel size of the flat-panel detector at fixed magnification of 

about 6.3 depending on the used field of view. For that, two radiographs of the copper grid were taken in 180° opposite direction 

of the rotation stage. The MGD was evaluated for different square-shaped field sizes symmetric around the centre of the grid. 

The harmonic mean is the MGD on the rotary axis. The MGD from the optical calibration data was also evaluated depending on 

the field size and then its ratio was calculated.  

The detector distortion has a component in plane and out of plane. The latter leads to a modulation of the geometrical 

magnification, the first to a direct modulation of pixel size. The combination of these effects can be seen in Fig. 10 right as a 

relative change in mean magnification of about 6·10-5 dependent on the image size used. For the measurement series shown 

before in Fig. 9 a fixed 20 x 20 central part of the grid was evaluated and so different parts of the radiographs were used. From 

that a systematic deviation could occur, but is not identified unambiguously, yet.  
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Fig. 10. Left: Fitting residua for the measurements with the Invar grid shown in Fig. 9.  

Right: Magnified pixel size in dependence on the evaluated square-shaped field size of the grid at one fixed z-stage position. 

Summary and conclusion 

This study showed that a combined evaluation of the radiographs of optically calibrated grid standards and interferometric 

displacement measurements allows for cone-beam CT systems an easy and exact determination of the actual positions of the 

source and detector plane with respect to a fixed mechanical position in the CT. The accuracy of the focus point position in 

direction of the magnification axis reaches 1 µm, for the detector plane about 10 µm (see Fig. 9). With these tools and developed 

procedures, it is possible to investigate the effect, that the effective position of the source and the detector plane vary depending 

on the source spectrum, the absorbing characteristic of the object and the detector material and thickness. Both effects are 

explained by the varying penetration depth of different parts of the absorbed X-ray spectrum. 

Measurements are shown for 50 µm thin metal grid foils consisting of aluminium, copper and Invar. The effective penetration 

depth into a 600 µm thick CsI detector varies depending on the absorbing material (aluminium, copper and Invar) by approx. 

50 µm. Changing the tube voltage from 80 kV to 225 kV also causes an increase of approx. 50 µm. Furthermore, changing the 

filter thickness can have an effect of 100 µm. The focus position can also vary depending on the voltage and measurement objects 

material. It should be differentiated between the effect of focus run-out in z-axis direction, when changing the voltage, that could 

be eliminated by adjustment and the independent effect of using different filter and object materials. The latter has an effect of a 

few, up to 10, micrometres and dominates at high geometric magnification. For a typical source to detector distance of one meter 

and detector size of 40 cm the effect of these shifts is listed in Table 2. Calculated is the measurement error of the maximum 

width in the CT volume at given geometrical magnification for a CT-system. 

geometrical magnification 2      10 50 

50 µm detector shift due to voltage U 10 2.0 0.4 

100 µm detector shift due to filter 20 4.0 0.8 

10 µm source shift due to voltage U and filter 2.0 3.6 3.9 

Table 2. Calculated length measurement error in µm on full image width for given deviations. 

In this contribution, first systematic investigations on these effects, using a 600 µm thick CsI based detector, are published. The 

effect could be appreciably reduced using a thin Gd2O2S based detector, but e.g. at the cost of detection efficiency. At this 

moment, the data sets do not suffice for a general correction of CT measurements as the effect on magnification is only 

investigated for thin material probes. In CT scans, the absorption spectra vary much more due to thickness and rotation in the 

image. But it might be a first step to use calibrated grids of the same material as a substitutional standard to correct CT 

measurements. The experiments also hint that an increase in metrological precision of dimensional cone-beam CT systems also 

requires an extension of the classical description with only one fixed source and detector position.  
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