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Abstract 

Computed Tomography (CT) production applications of modern components are increasingly faced with the challenge of 
achieving a very high resolution even with high densities and a comparatively large material thickness. 
These components in the aerospace, automotive and electronics industries often consist of 3D-printed metals such as iron, copper, 
nickel or alloys with resolution requirements rising higher than 10 lp/mm (50 μm). 
With Computed Tomography and the new MesoFocus x-ray source at 450 kV, YXLON uses the innovative Comet technology, 
which is made for industrial applications where resolution and penetration of dense material-objects matter. 
CT with the MesoFocus sources eliminates the tradeoff everyone has to make today between sealed tube solutions and open 
microfocus tubes – sealed tubes are robust and stable and made for production environments, but offer only limited resolution, 
while open microfocus tubes offer high resolution, but are not made for production environments and 24/7 operation. 
YXLON’s new CT solutions allow hassle-free operation, while they bring lab resolution to the production floor. The excellent 
stability of the sealed MesoFocus x-ray source enables long exposure times that are an enormous advantage for CT applications 
and are a perfect fit for inspection in aerospace, automotive and electronics industries. The excellent resolution down to 30 μm 
makes the CT solution the key enabler for advanced manufacturing technologies such as additive manufacturing. 
We will present CT results for 3D-printed iron and copper parts as well as for finest mechanics surrounded by gold with sub-
40μm resolution. Duplex wire IQI and ASTM E1695 results prove the image chain resolution. 
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1    Introduction 

Challenging CT applications often have a demand of high energy as well as high resolution and are normally limited by the 
performance of the x-ray source. Figure 1 shows the span of commonly available X-ray tubes used for industrial computed 
tomography. For years, it was separated into two regions of different advantages. On the one hand, closed minifocus tubes (Figure 
1 green) with 0.4 mm focal spots (or 1.0 to 1.5 mm for high power use) claim the advantage of higher energy with their 
acceleration voltages up to 600 kV and high power of up to 1800 W depending on the focal spot size. 
 
On the other hand, microfocus tubes (Figure 1, blue, open or closed, direct beam or transmission beam) with up to 300 kV made 
higher resolution available by focusing the electron beam down to the µm range. 
With the new MesoFocus technology in closed tubes, a new type of tubes comes into play. In X-ray technology, “Meso”, the 
Greek prefix for “middle”, describes radiation sources with focal spot sizes that lie between mini- and microfocus. With focal 
spot sizes of down to 50 µm, the MesoFocus sources support applications for which only microfocus tubes could previously be 
used.  
Comet x-ray's MesoFocus technology has been introduced in 2019 [1] and is commercially available since 2021 [2]. The 
introduction started with the unipolar 225 kV version (red box in Figure 1), which is very reliable and already supports many 
applications with requirements for high resolution and high stability, as well as maintenance-free at-line and in-line NDT. It 
makes focal spot sizes of down to 50 µm and up to 200 µm available together with the known advantages of closed tubes. 
Therefore, MesoFocus X-ray tubes are already known for the combination of high resolution, simple parameter set and 'on/off' 
operation, fast operational readiness, extremely high reliability, and availability as well as minimal maintenance. 
But for objects of heavy metals such as iron, nickel and copper or higher dense material-thickness, it is necessary to switch to a 
higher kV range (320, 450, or 600 kV). With closed tubes, there is currently no solution with high microfocus resolution that is 
at the same time reliable, simple, and with low-maintenance effort. 
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Figure 1: NDT x-ray tube map, acceleration voltage vs. focal spot size 

 
 
For years, many industries such as aerospace and additive manufacturing, from the laboratory to manufacturing, have been 
demanding a high-resolution and robust 450 kV solution for DR and CT applications.  In addition to high resolution and detail 
recognizability, there are always other requirements such as quick readiness, high voltage stability, maintenance-free, ease of 
use, and use without special tube know-how. With the bipolar 450 kV MesoFocus, the closed tube solution will come that claims 
an application range well beyond the ones of closed tubes or unipolar microfocus tubes (yellow box in Figure 1).  
 

2 MesoFocus 450 kV tube, focal spots, and resolution 

Different from the 225 kV model, the 450 kV MesoFocus for the present offers 5 instead of 3 focal spots (with 1W/µm): 450, 
350, 250, 100, and 60 µm (or W). According to ASTM E2698 [3] and with a basic detector resolution of 150 µm, the achievable 
spatial resolutions (SRb) in the projection are expected between 4.3 lp/mm (115 µm) and 17.6 lp/mm (28 µm) (see Figure 2). 
 
 

 
Figure 2: Calculated resolution vs. nominal focal spot size, according to calculations of ASTM E2698 [3]. 

 
The 2D resolution test of the imaging chain with the smallest 60 µm focal spot and an ISO 19232-5 (EN 462-5 or ASTM E2002) 
[4-6] Duplex IQI showed 29% modulation for the D15 (32µm wires or gap), which is equal to 16 lp/mm. The next bigger focal 
spot of 100 µm could be used to resolve D13 (50µm) with 36%. 
A CT test according to ASTM E1695 [7, 8] at a magnification of 5.1 showed 10% MTF at 14 lp/mm. Using ASTM E2698 
equations [3], the optimum magnification for the nominally 60µm focal spot and a detector SRb of 150µm is 12.2. Even with 
magnification 9, one may reach a 30µm (17 lp/mm) resolution. But due to the prototype tube case with a bulky exit window-
frame and a little lack of magnification in the first setup, there is addressable room for improvement. 
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3 First example in comparison to a minifocus tube 

A 450 kV HP11 minifocus X-ray source has a nominal focal spot size of about 400 µm. Together with large area detectors 
(DDA) in the range of 150 µm pixel size this allows for a spatial resolution of about 100 - 120 µm or 4.5 - 5 lp/mm. To get this 
resolution in the CT system, a magnification of about 2 is chosen. Higher magnifications lead to unwanted geometric 
unsharpness. Smaller objects made of or surrounded by heavy metals are thus only imaged with a small amount of details. 
Changing to a 60µm focal spot, a magnification of 9 to 12 is recommended, but even with a magnification of 5 the expected 
resolution is still around 14 lp/mm and beyond the minifocus based imaging chain. 
To demonstrate the change in resolution with an object that requires a high acceleration voltage of the tube for a good image 
quality, we have chosen a fine-mechanical wristwatch with a case and bracelet made of 14 K (585) gold. The dense metal leads 
quickly, even for thicknesses of a few millimeters, to strong beam hardening artefacts. 
 
  

   
Figure 3: Photo of the opened wristwatch. The case and the mechanics of the watch are a mix of different materials. 

  
 
Key scan parameters of the example: 
 

Minifocus CT (Figure 4 (a) and (c)) 

 

MesoFocus CT (Figure 4 (b) and (d)) 

Y.TU 450-D11 (HP11 minifocus) 
450 kV, 2 mm Sn 

675 Watt, 400 µm focal spot 
4343N, 0.5 Hz, 30 min. scan time  

FDD/FOD (mm): 1273/633 
 

MXC 450 MesoFocus prototype 
450 kV, 2 mm Sn 

60 Watt, 60 µm focal spot 
4343HE, 0.5 Hz, 60 min. scan time  

FDD/FOD (mm): 1000/177 
 

 
The comparison of the two scans with different tubes is shown in Figure 4. Choosing the small focal spot of a 450-HP11, only 
parts of the coarser wristwatch mechanics can be seen in Figure 4 (a) and (c). Due to a lack of details and pre-knowledge, it is 
difficult or even impossible to recognize the mechanical functions, interactions, or the connection between individual elements. 
For example, the leaf spring in Figure 4 (a) can almost only get recognized as a ring, and here as well as on other layers, gear 
wheels merge into each another. The wristwatch is therefore a good example to see that a CT scan with a minifocus tube doesn’t 
achieve the resolution we are used to with our own eyes (at best 10 to 15 lp/mm).  
 
Now with the MesoFocus technology in CT and a 60 µm focal spot, it’s possible to scan such delicate mechanics with challenging 
surroundings with highest resolution (Figure 4 (b) and (d)). The estimated resolution is 14 lp/mm, considering focal spot size, 
detector resolution and magnification. In this example, the blurring was significantly reduced, such that the material surfaces are 
sharp and in evidence. The threads of tiny screws are just as clearly visible as the leaf spring, to only describe a few details. The 
higher sharpness in the CT projections also reduces the possibility that details get reconstructed into other layers as disturbing 
ghosting artifacts. 
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(a) 

 
(b) 

 

  
(c) 

 
(d) 

 
Figure 4: Comparison minifocus CT (a)+(c) to 60 µm focal spot MesoFocus CT (b)+(d) 

   

4    Porosities in gold and the balance wheel spring 

The acceleration voltage, given in kV, is important to see through a part and the spatial resolution is necessary to detect small 
details. Even without demanding the highest resolution, heavy metals are very challenging for CT. In its extreme, heavy metals 
like tungsten or gold absorb 225 kV radiation quickly. Using 2 mm Cu as beam hardening filter, just half a millimeter of tungsten 
or gold is enough so that 90% of the radiation is mainly absorbed as well as scattered. The 90%-absorption thickness changed 
dramatically by a factor of 7 to 3.5 mm with 450 kV and 3 mm Sn as filter. 3D-printed metals like iron, copper, and nickel are a 
little bit easier to handle, but because of the object's diameter, it quickly becomes challenging as well. Therefore, 450 kV is very 
common for CT of 3D-printed metals and other materials with high atomic number. 
The ability to detect details is often demonstrated with straight lines in a 2D image or with walls in 3D. Such details can be 
detected far below the spatial resolution limit, as these details only disappear slowly with the unsharpness of the direction 
perpendicular to their orientation. In the case of porosities, detail detectability in CT gets lost near the spatial resolution limit, as 
the blurring of three dimensions causes the contrast of a pore to fade fast and even faster in a noisy image. Without the right 
resolution, details that should look sharp appear like homogeneous material. That can be seen particularly well when we change 
the resolution by adjusting the focal spot size. 
According to ASTM E2698 [3] as well as simpler calculations, a smaller focal spot allows a higher magnification. Experience 
shows that one can almost always magnify a little more than formulas recommend, but this is normally because the focal spots 
or their profiles are often smaller than nominally stated. In general, the magnification can be too low, so that it is limited by the 
detector resolution, it can be optimal to achieve the maximum possible resolution, or the magnification can be too high. If it is 
too high, unwanted degradation of sharpness and resolution arises again. 
 

Porosities in gold 

The wristwatch shows an interesting example when looking at the soldered connection (lugs) from the watch to the bracelet. For 
some reason, a lot of porosities appear in these lugs. Figure 5 starts at the left with the nominally 350 µm focal spot, where a 
magnification of around 2 is recommended. With a resolution of about 110 µm or 4.5 lp/mm and a voxel size of 75 µm, the 
image already shows a lot of porosities. 
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Figure 5: Comparison of the same area scanned with 450kV and 350µm (left), 250µm (center) and 60µm (right) focal spot at the 

corresponding optimized magnifications. 

 
That gets a little more detailed by changing to the 250 µm focal spot (Figure 5 center). The change to 250 µm increases the 
optimal magnification from 2 to 2.5 and reduces the voxel size from 75 µm to 56 µm. The expected spatial resolution improves 
from 103 µm to 85 µm (6 lp/mm). In the soldering area larger pores can now be seen with higher contrast and smaller pores 
become visible.  
Significantly more resolution and magnification can be achieved with the smallest, nominally 60 µm focal spot, 5.7 times 
magnification and 25 µm voxel size (Figure 5 right). Here details become visible that could not even be guessed in the other two 
CT scans. Many small pores are between and around larger pores. 
 

Balance wheel 

The balance wheel is responsible for the clock beat and has a very fine Nivarox alloy (“not variable, not oxidizing”) spring. The 
spring presents an additional opportunity to show the increase in resolution and how details appear if their size is below the 
spatial resolution. Figure 6 (a) shows side by side the 350 µm (right) and 250 µm (left) CT scans with an increase in sharpness 
but no real improvement resolving the spring in the balance wheel center. 
 

  
(a) 

 
(b) 

 
Figure 6: (a) Montage of 250 µm (left half) and 350 µm (right half) focal spot of 450 kV MesoFocus (b) Montage of 60 µm focal spot CT of 

the 450 kV MesoFocus with µ-focus 2D insert 

 
That changes visibly with the smallest 60 µm focal spot (Figure 6 (b)). The well-wound spiral spring is now clearly visible, as 
well as the gaps where it is clamped. An additional montage of the cross-sectional view of the CT volume with a micro-focus 
2D image shows that the Nivarox spring is even thinner than it appears in the reconstruction. Therefore, one can expect that the 
spring thickness is close to or below the spatial resolution. 
A similar increase in recognizability can be expected for very fine cracks, but these are usually much deeper than wide. 



11th Conference on Industrial Computed Tomography, Wels, Austria (iCT 2022), www.ict-conference.com/2022 

6 

5 MesoFocus 450kV CT for additive manufacturing 

This section shows results for a 3D-printed part made of copper [9]. The part displayed in Figure 7 is intended as a cooling 
device, where water flows around inside the flat section and inside the cone shaped part. It therefore must be watertight, which 
can be difficult with 3D printing if the walls are too thin and if something goes wrong during the print. 
The outermost diameter of the copper part is 140 mm, the top disk has a diameter of 100 mm. Looking to table 1 of ISO 15708-
2 [10], 90% of the Bremsstrahlung radiation with 450 kV and strong filtration is absorbed by just 20 to 25 mm of solid copper. 
Between this thickness and twice as much, CT with a flat panel becomes problematic and beam hardening artefacts as well as 
noise start to dominate the images.  
 

 
Figure 7: Additively manufactured copper cooling device 

 
Here, radiation is blocked by 100 mm of copper when the disk plane is aligned with the beam. This makes it advantageous to 
use the highest possible acceleration voltage of 450 kV. But as the object is flat, the material thickness quickly decreases with 
rotation. 
The scan parameters for the results of the continuous 360° CT shown later are 450 kV, 1.5 mm Sn as filter and the 100 W setting 
with nominally 100 µm focal spot size, a focus-detector distance of 900 mm and a magnification of 3.6. Just one half of the 
sample has been imaged using 1800 projections at 0.8Hz. 
For comparison, the part has also been scanned with a 450 kV minifocus tube, also at 450 kV, 2 mm Sn as filter, and 675 W. 
 

  
(a) (b) 

Figure 8 (a) nominal/actual comparison (b) Cross-sectional view of the minifocus CT scan 

 
The lower resolution minifocus result is sufficient to perform a nominal/actual comparison or variance analysis with the 
corresponding STL file (see Figure 8). There we see that sections close to the inlet and outlet are very much outside of tolerance. 
A cross-sectional look inside the part (Figure 8 (b)) shows, that a finishing machining of the material to the nominal dimension 
would open the part. 
 
To be watertight, it was recommended to use a construction that was at least 1.2 mm thick, as copper printing is possibly more 
difficult than steel. When looking at the scan with minifocus CT (Figure 9), however, there is no indication why this wall 
thickness is necessary. Although, when looking to Figure 9 with a higher magnified crop on the left side, an even distribution of 
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points with slightly different gray values can be seen. Due to the resolution the real extent and depth of these indications can’t 
be estimated. 
 

 
Figure 9: Minifocus CT result with a cropped magnified view on the left side. 

 
It again looks quite different when the part is scanned with a higher resolution, as is now also available at 450 kV with 
MesoFocus.  Most of the little indications are small in all three dimensions and likely are tiny flaws due to non-melted metal. 
But some indications are channels through half of the wall thickness and may therefore be shrinking artefacts. Most likely the 
deeper channels can be starting points of cracks when the part is mechanically stressed. 
 

 
Figure 10: MesoFocus CT result with a cropped magnified view on the left side. 

 

Surface roughness 
With the use of a smaller focal spot, the spatial resolution now reaches the range of the surface roughness of such parts. 
Roughness is not easy to quantify. Sometimes it is categorized by testing with a finger and a reference surface. This way of 
testing is impossible with inner surfaces, which are very common with additive manufacturing. 
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The surface determination of a CT volume scanned with MesoFocus reveals now the rough microstructure, which is formed 
when the laser is firing into loose powder forming the first layer after a hollow. With low resolution CT using a minifocus tube 
(nominally 400µm focal spot size) these details are smoothed out by the unsharpness of the imaging chain (see Fig. 12 for a 3D 
look at the sample and 1:1 comparison). 
 

 
Figure 11: Comparison of the two different resolutions and their effect on the surface roughness of inner surfaces (inset: height distribution 

of a smaller surface region). 

 
With the resolution of the MesoFocus tube the roughness can now be sampled with the voxel resolution of the volume (see inset 
in Figure 11). One or more small areas are representative for this. The surfaces are fitted in the evaluation software (in this case 
VG Studio MAX [11]) according to their geometry. In addition to the element position with the smallest deviation, the deviation 
distribution is given. With a correspondingly high value for the number of contact points and the range of the maximum deviation, 
the microstructure of the surface can be sampled. 
The standard deviation of the distribution (in this case 54 µm) or a certain percentage of the corresponding cumulative magnitude 
distribution (90% within 62µm) is then a measure of the roughness.  
 

Conclusion 

With a small focal spot of 50 - 60 µm, the MesoFocus X-ray tubes reliably enable very high resolution and detail recognition. 
After the unipolar 225kV version, the bipolar 450kV version will soon serve an application area that was previously not available 
for closed tubes of this energy in computer tomography. In this article some examples of objects with very high density were 
shown and how the achievable resolution compares with that of a mini focus tube with 400 µm. The resolution now enables, for 
example, the analysis of micro-defects such as inclusions and cracks, as well as the quantification of roughness, even at 450kV. 
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