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Abstract. For structural and material characterization and analysis of biological and 
technical specimen with resolutions below the micrometer scale big efforts are 
required in experimental setup e.g. at synchrotron sources or in test object 
preparation including destructive methods like grinding for investigation using an 
electron microscope. Two concepts to enable X-ray imaging for material and 
structural investigations with real sub-µm resolution are presented: a sub-µm 
computed tomography (CT) setup and a radioscopy system with resolutions below 
the 200 nm range.  

CT-machines with resolutions in the order of 1 µm are already state of the art 
but in the range below 1 µm the limitations are not only given by the components' 
parameters like pixel size and focal spot size but are also depending strongly on the 
stability of the whole CT system. We present the setup and the performance of our 
sub-µm CT system based on commercially available components and will show the 
solutions to overcome the component-based limitations resulting from instabilities 
of the system. Different effects are presented and discussed like focal spot size and 
focal spot position long-term stability. Due to the observed instabilities correction of 
the original images is necessary to achieve highest resolution for the CT 
reconstruction. Solutions and results are discussed and presented. 

To increase the spatial resolution even further, the limiting factor with 
conventional X-ray sources is the focal spot size of the X-ray tube. To our 
knowledge the minimal spot size achievable with commercially available double 
focusing X-ray tubes and optimized targets is 300 nm. To achieve smaller focal spot 
sizes we modified an electron probe micro analyzer (EPMA) in a way that instead of 
the usual sample's position inside the EPMA we placed an X-ray target which also 
acts as the exit window. Further modification enables to increase the resulting target 
current above the normal EPMA level. With this special transmission target and the 
current increase we were able to achieve focal spot sizes well below the standard 
size of a double focussing X-ray tube with an intensity above the REM and SEM 
modifications done so far. The object to be examined is easily placed in front of the 
target outside the vacuum chamber. Due to the low X-ray intensity and in order to 
profit from the high magnification a high-resolution, low-noise detector is to be 
used. We choose the MediPix2 detector, a direct converting, single photon counting 
X-ray image detector. It is possible to suppress dark current and electronic noise 
completely by a definable energy threshold which makes the detector ideally suited 
for low flux imaging. We present the setup and results of 2D projection images with 
an estimated resolution below 200 nm and discuss future works using the EPMA as 
an X-ray source for computed tomography to make nano-CT in a simple laboratory 
setup possible. 
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Introduction  

High resolution X-ray imaging is mainly limited by the focal spot sizes of the available X-
ray sources because it limits the magnification by blurring. Minimal spot sizes which are 
achievable with double focusing X-ray tubes are around 300-700 nm or more. Besides the 
focal spot size the effective resolution of a CT scan is also limited by the performance of 
each component of the setup during the acquisition procedure. Artifacts mainly result from 
static misalignment and temporary instabilities of the CT components. Maximizing the 
resolution also maximizes the influence of instabilities. In order to determine how this 
affects the resolution of a silicon chip with structures below 4 µm has been scanned several 
times under different conditions. The influence variables can be separated into two types. 
Static influence like the misalignment of the detector or deviations of the center of rotation 
axis can be mathematically corrected during the reconstruction process [1]. Temporary 
instabilities have to be minimized and determined during the CT scan. Besides the 
instabilities of the specimen that can be minimized sufficiently, the instabilities of the X-ray 
source have to be determined in order to correct and estimate the quality of a CT. Even with 
an ideal detector one cannot achieve much higher resolution. In reality the detector plays a 
role as well: even with high-resolution detectors, resolutions below 1 µm involve minimal 
focal spot sizes and large magnification factors [2], usually resulting in a low or very low 
X-ray flux. Therefore one needs a detector with very low noise and the capability of long 
integration times. Of course highest resolution X-ray imaging is already possible at 
synchrotron sources but these are not readily available to everybody and instead require big 
efforts beginning from restricted measurement time over preparation of samples etc. We 
present an X-ray source with the ability to create smallest focal spots that can easily be 
adapted for use in everybody's laboratory.  
 
 

1. Sub-µm Computed Tomography 

1.1 Setup  

Tube 

SDD 

Detector 
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Fig. 1: CT-Setup based on an optical table.

For our application a cushioned and air conditioned setup has been built up in order to 
minimize the influence of heating and outer vibrations. The specimen was fixed in epoxy 
and positioned directly in front of the target on a rotational stage with a maximum wobble 

of 15 µrad.  A Hamamatsu C9312SK-05 2k flat panel detector with a pixel size of 50 µm 
was used in order to reach a resolution under 1 µm by a magnification factor of over 50. A 
Feinfocus FXE 160 multifocus X-ray tube was used at optimized focal spot conditions. 



Respectively to the small focal spot and the low flux the magnification was mainly 
achieved by a minimum distance between focus and specimen of down to 0.5073 mm. 
Using a single frame exposure time of 5 seconds and averaging over 4 frames we achieved 
a reasonable signal to noise ration (SNR). Due to the detector dimensions the CT has been 
done using 1600 angles in a time period of 11 hours.  

1.2 Measurements 

For maximum resolution measurements the size of the focal spot was determined to be 
900 nm at the 10 % isodose level [3]. With regard to the adjusted resolution for CT of  

500 nm 

Fig. 2: Detail recognisability at 500 nm corresponding to a 900 nm focal spot 
size, estimated by the intensity profile of  1 µm structure size imaged by the 

JIMA Test mask.
 
590 nm a detail recognisability of 500 nm has been achieved as shown by the imaged 
500             nm structure in Fig. 2. A comparison scan was done at lower resolution using a spot 
size of 1.8 µm.  

The determination of the spatial stability of the focal spot has been done by 
monitoring a 30 µm diameter reference wire in an uncovered detector region in every 
projection. Due to spatial instabilities of the focal spot we expected a replacement of the 
wire during the CT-scan. Averaging the profile over all projections of the CT scan gives a 
good hint towards the loss of resolution. As shown in Fig. 3 the uncorrected wire is 
afflicted with a stronger blur then the corrected projection. Furthermore aberrations based 
on the spatial instabilities can be estimated to correct the position of every projection.  

reference wire averaged over 360°  
1. no correction 
2. corrected 30 µm cross wire 1. 

2. 

Fig. 3: Reference wire positioned in every projection for stability measurement of 
the CT scan
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Fig. 4: Instabilities of the X-ray intensity behavior shown by a difference image of 
two correction images acquired during the scan 

 
The high focusing level decreases the dose rate applicable for the CT, so that even low 
changes of flux affect the quality of the scan negatively. Despite the fact that the TXI 
stabilization of the intensity works well, bright correction images were acquired every 100 
projections to reduce a parhelion effect shown in Fig. 4 caused by a secondary focal spot. 
As shown by the difference image of the first and a further correction frame an instability 
of the parhelion affects the corrected image.  

1.3 Results  

resolution of finest low 
absorbing structures CT reconstruction 

cross section 
microscopic image 

Fig. 5: Resolution of finest low absorbing structures compared to a microscopic image. 

The CT scans show regions of the microchip with different resolutions. The enhancement 
of resolution is evident, especially finest lowly absorbing structures are recognizable as 

shown by the comparison to a microscopic image in Fig. 5. Nevertheless there is still some 
blur, especially in the vertical direction of the cubic structures shown in Fehler! 
Verweisquelle konnte nicht gefunden werden. which is caused by a drift of the focal 
spot. The correction of focal spot instabilities using the reference wire did not show the 
expected large enhancement of resolution yet. In the measurements there was no fixed 
correlation between the focal spot drift and the position of the monitored wire, due to 
possible instability of the adjustment.  

The monitoring of flux during the 11 hours scan period shows a high stability that 
can be tracked back to the long conditioning period of several hours before the scan. The 
bright image correction seems necessary in regard to the shown parhelion effects caused by 
the high focusing mode. 



2. X-ray Microscope  

2.1 Setup  

As the basis for our modifications which can be seen in Fig. 6 we chose a Cameca SX100 
electron probe micro analyzer (EPMA). An EPMA is very much like a scanning electron 
microscope (SEM) only adding the possibility to analyse characteristic X-rays from the 
material under investigation. We chose it over comparable SEMs because it is able to 

deliver higher electron currents. The main modification of the EPMA is that the lower half 
of the vacuum chamber has been removed and replaced with a fixture for a transmission 
target sitting in the original test object position. Directly in front of the target is a high 
resolution manipulator to position the specimen. With a fixed but large object-detector 
distance of ~ 1 m this makes very high magnifications possible because the focus-object 
distances can be very small (~ a few mm). As can be seen in Fig. 7 the object manipulator 
is placed in front of the exit window, there is no need to bring the specimen into the 
vacuum as it is required in similar setups with SEMs. 

Fig. 6: Outline of the setup 
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Fig. 7: Overview of the  setup of the modified specimen holder. 



The photon flux at the modified EPMA is low, we measured it as approximately 
30 photons / mm2 / s at 1 m distance with 200 nA source current. Obviously any detector 
system with a noticeable dark current will give problems when trying to detect such a small 
signal. In first tests with a direct converting, integrating X-ray detector we could not obtain 
satisfying results. We then chose to use the Medipix2 detector [4]. The Medipix2 is a direct 
converting, photon counting X-ray detector with a pixel size of 55 µm x 55 µm. It has two 
adjustable energy thresholds per pixel enabling different energy resolving modes. Because 
of the counting principle dark current is suppressed completely and by setting the lower 
energy threshold in an appropriate way it is possible to also completely suppress any 
electronic noise, resulting in an empty dark image of the detector. On the other hand 
variations in the behavior of the energy thresholds introduce deviations between the single 
pixels' efficiency. The response of the energy thresholds can be equalized via a 3-bit 
adjustment. A good equalization of the energy threshold is crucial for obtaining images 
with good homogeneity even if bright image correction is applied.  

2.2 Measurements and Results 

As first results we were able to acquire images with a resolution (in the sense of object 
length per pixel) down to 240 nm. This corresponds to a magnification of a factor of at least 
200. The influence of the focal spot size was negligible even at such a high magnification 
as could be seen from edge images and transmission profiles of thin wires. The specimens 
shown here in Fig. 8 are biological objects, namely the compound eye of a small fly and 
part of a spider's leg.  

Fig. 8: Eye of a fly (left side). Phase contrast enhances the facets and bristles that otherwise give very little 
contrast. A spider's leg (right side). The diameter of the leg covers almost the whole image. 

Objects of known dimensions are used to determine magnification and resolution. Shown 
here is a bundle of glass fibres with diameter of approximately 6 µm, with a resolution of 
about 240 nm.  

 
 
 
 
 
 



 

Fig. 9: Glass fibres, approx. 6 µm diameter. One pixel ~ 240 nm. (right side) Detail of the spider's 
leg with higher magnification than in Figure 8. One can recognize thin bristles enhanced by phase 

contrast. 

Conclusions and Outlook 

Besides the high resolution components, CT scans in the region of 500 nm necessitate 
stability monitoring and correction procedures that enhance recognisability. Further scans 
at the highest resolution level have shown that monitoring and correction of the system 
instabilities can enhance the resolution and help characterize the quality of a CT.  

The modified EPMA is a well suited X-ray source for an X-ray microscope with 
resolutions in the nano region. We have shown radioscopic images with resolutions down 
to about 240 nm with a system that can in principle be installed in everybody's laboratory. 
Some problems to reach even higher resolutions still need to be addressed, for example 
temporal shift of the focal spot (leading to image blur). We are working on a laminography 
setup and are also planning a system for computed tomography. 
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