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Abstract
In the field of industrial computed tomography (CT) highest spatial resolution becomes more and more
important. With a large magnification of the object smallest deviations of the expected system geom-
etry result in severe image artifacts, e.g. blurred object edges, which correspond to a reduced spatial
resolution. Hence, the accuracy requirements increase together with the resolution optimization. How-
ever, even with ideal mechanical preconditions the properties of the X-ray tube might change during
a CT-scan and such a drift will lead to image artifacts. This paper will concentrate on tracking the
focal spot. The high amount of thermal losses during the X-ray generation is one main reason for the
expansion of the tube body resulting in a severe focal spot drift, but also the inner components may
induce a relevant drift. The temperature and different kinds of micro-focus-tubes will be linked to the
relevance of the focal spot drift in high-resolution CT.

Keywords: Computed Tomography, High-Resolution, X-Ray Tube, Focal Spot Drift, Thermal In-
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1 Introduction

In industrial computed tomography (CT) a large magnification is growing in importance.
A large magnification results in a higher resolution of the object of interest. Smallest
deviations of the expected CT-trajectory are magnified as well. They lead to so-called
inconsistent CT-projection data and cause artificial artifacts in the reconstructed volume
(for a detailed explanation of inconsistency and image artifacts e.g. see [1]). The artifacts
influence the image quality negatively and should be avoided.

In this article, the position of the focal spot and its influence on the image quality
is studied. A non-constant focal spot position (FSP) corresponds to a deviation of the
expected CT-trajectory. The FSP can be changed by different influencing factors. One
factor is the thermal expansion of the X-ray tube. It is well known, that the generation
of X-ray has a poor efficiency. More than 99 % of the used power is transformed to heat.
Simultaneously with the creation of X-ray high temperature is generated. Furthermore,
heat generated by the electron emitter as well as heat generated by the coils of the
electron optics (focusing coil, condenser coil, deflection units) contribute to the overall
heating of the tube significantly. Without any cooling for compensation of the heating
the material of the tube will expand related to its thermal properties. Typically, the
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temperature can reach 60 ◦C (e.g. see [2]) or more depending on the scan parameters
as well as the acquisition time. This expansion implies the FSP as well. Hence, in the
following the temperature will be logged in relation to the FSP.

The article is structured as follows. In section 2 the here used material and a possible
strategy to track the focal spot drift (FSD) will be presented. In section 3 the influence
of the FSD on the image quality will be shown for simulated and real CT-data. Fur-
thermore, the relation between temperature reduction of the tube and the FSD will be
shown exemplarily. Finally, section 4 will conclude this article and give an outlook for
possible future work.

2 Material and Methods

In section 2.1 the test settings used in this article will be introduced. There exist many
ways of tracking the FSD. Therefore, in section 2.2 one possibility will be presented as
an example.

2.1 Test Data

For this article multiple kinds of test data were generated and evaluated: simulated
CT-scans using the simulation program aRTist (for more information see [3, 4, 5]) as
well as real CT-scans with different type of X-ray tubes. Here, only two test settings
will be shown examplarily to explain the main result of the complete study.

In Figure 1 different views of the first test setting based on simulated CT-data are
shown: the artificial object (a) and one of the corresponding projection images (b).
Each of the six tubular objects has a size of 80 µm×80 µm×80 µm. The overall object
diameters are 670 µm and 800 µm. The object material is defined as copper. The green
area in Figure 1 (a) marks a tube as region of interest (ROI). In section 3 this ROI will
be evaluated in a slice of the reconstructed volume.

(a) Artificial Object (b) Projection Image

Figure 1: First test setting for simulated CT-data: (a) The artificial object defined by
six tubular objects made of copper. The green area marks the tube shown in an ROI in
section 3. (b) A simulated projection image of the artificial object.



The second setting involves two real CT-scans of a microchip. Figure 2 (a) shows
multiple microchips in two rows. One single chip is marked in green. Figure 2 (b)
shows a three-dimensional model of the scanned chip. In section 3 an ROI in a slice
of the reconstructed volume will be evaluated for this chip as well. The green area in
Figure 2 (a) marks the chip part shown in this ROI. The chip is made out of copper and
the overall object diameters are 700 µm and 1200 µm.

(a) Real Microchips (b) Microchip 3D Model

Figure 2: Second test setting for real CT-data: (a) Set of microchips. One single chip is
marked in green. (b) Three-dimensional model of the scanned chip. The green area marks
the object shown in an ROI in section 3.

2.2 Drift-Tracking

For simplification, in this article only drifts in horizontal and vertical direction in relation
to the detector are considered. However, drifts in magnification have to be expected as
well and have been identified in the study for this article in multiple cases.

The tracking of the FSD can be realized by an object with a fixed position, from now
on named as drift pattern. It is assumed that the position of pattern and detector are
absolutely stable over the time. The projection of the pattern can then be tracked in each
projection image of a CT-scan over the time. Depending on the focal spot position f

the projection of the pattern on the detector changes as well. This behavior is visualized
schematically in Figure 3. As an example a sphere is shown as drift pattern.

A robust way to track the position of a drift pattern with sub-pixel accuracy is the
calculation of the center of mass c in horizontal as well as vertical direction, given by

ch =

∑
x

∑
y i(x, y) · x

∑
x

∑
y i(x, y)

, ∀(x, y) ∈ P (1)

cv =

∑
x

∑
y i(x, y) · y

∑
x

∑
y i(x, y)

, ∀(x, y) ∈ P. (2)

The set P involves all coordinates (x, y) of the pattern shadow in the current projection
image. The corresponding projection value is given by i(x, y). The coordinates of the



Figure 3: Scheme of an FSD tracking strategy. A pattern with fixed position is projected
on the detector. Depending on the FSP the center of mass c of the pattern varies.

pattern shadow have to be identified previously. This may be realized by threshold
segmentation or alternative pattern recognition methods. In Figure 3 the variables
c1 and c2 describe the two center of masses for the focal spot positions f 1 and f 2.
∆c = |c2 − c1| defines the corresponding change of the center position in the projection
image and ∆f = |f 2 − f 1| describes the searched FSD from time 1 to 2.

To determine the FSD or ∆f the interception theorem can be used in the following
way

∆f =
∆c

M
, with M =

FPD + PDD

FPD
, (3)

where FPD is the distance between focus and pattern and PDD the distance between
pattern and detector. M then defines the magnification of the pattern. Hence, a varying
FSP has not always a negative influence on a CT-scan. The influence depends on the
variation of the projected object position. Moreover, the influence increases with a
growing magnification M . Only if the total drift is noticeable in the projection image
in form of a shifted object shadow the deviation from the certain trajectory results in
visible image artifacts and therefore in a reduced image quality.

3 Results

In the following the influence on the image quality will be demonstrated using simulated
CT-data. The scans were simulated with aRTist at 100 kV, 0.16 mA, and a magnification
of M = 78. Afterwards, this effect will be shown for the real data setting as well. The
tube temperature, the FSD and the image quality will then be evaluated. Two real CT-
scans with identical parameters will be compared with each other. They only differ in
the used X-ray tube. Both are a micro-focus-tube with an open transmission target from
the manufacturer YXLON. While tube 1 is uncooled, tube 2 involves a water-cooled tube
head. The scans were performed at 70 kV, 20 µA and with a magnification of M = 78.

Starting with the simulation setting the negative influence from the FSD on the image
quality will be shown. In the study different FSD influences were simulated. Here, two
CT-scans are chosen exemplarily. Figure 4 shows ROI’s including one of the six tubes
in a slice of the reconstructed volumes of both CT-scans. The left ROI corresponds to



a simulated CT-data without any FSD. In contrast, the right ROI shows the result of a
simulation with a logarithmic FSD. The plots visualize the profiles through both objects.
A perfect profile would be a rectangular function. Even without FSD (green curve) this
behavior is not reached because of various physical influences (beam hardening, scatter,
etc.). However, the green curve approximates a rectangle and shows sharp edges of the
tube. In contrast, the red profile shows no clear edges, but gradient variations which
correspond to the double edges in the ROI. The double edges are caused by the FSD
which results in a varying edge position over the whole scan time. The edge is then
back-projected at different volume positions during the reconstruction step.

Figure 4: Top: Profiles through a slice of the reconstructed simulated CT-data. Bottom
left: ROI of a simulation without FSD. The green line corresponds to the green profile.
Bottom right: ROI of a simulation with a logarithmic FSD. The red line corresponds to
the red profile.

With these first results it becomes obvious that an FSD which is large enough (de-
pending on the magnification) results in severe image artifacts.

In the second setting real CT-data with same scan parameters but different tubes are
regarded: tube 1 (uncooled) and tube 2 (cooled). The corresponding profiles are shown



in Figure 5. The green curve shows the profile for the left ROI of the tube 2 CT-scan
and the red curve corresponds to the right ROI of the CT-scan with tube 1. The profiles
are comparable with the simulated results. The green curve shows sharp edges and the
red curve is disturbed by gradient variations corresponding to the double-edges in the
ROI.

Figure 5: Top: Profiles through a slice of the reconstructed real CT-data. Bottom left:
ROI of a real CT-scan with a cooled tube. The green line corresponds to the green profile.
Bottom right: ROI of a real CT-scan with an uncooled tube. The red line corresponds to
the red profile.

The similar results of both settings allow the assumption, that the scan with cooling
involves a reduced influence of FSD. Based on the tracking strategy introduced in sec-
tion 2.2 this assumption has been verified. Figures 6 and 7 show the tracked FSD (a)
as well as the corresponding tube temperature during the whole CT-scan (b). For both
scans the absolute vertical and horizontal FSD has been tracked and plotted for each
projection image. The drifts are normalized according to the maximal tracked drift, to
get a percentage value. The x-axes are connected to each other, so that the time points
of the temperature curve correlate to the projection images at the same positions.



(a) FSD for tube 1 without cooling

(b) Temperature for tube 1 without cooling

Figure 6: Evaluation for the scan with a not-cooled X-ray tube. (a) Absolute vertical
and horizontal FSD in percentage (normalized with the global maximum of tracked FSD
in both real CT-scans). (b) Corresponding tube-temperature on the surface for the whole
scan time.



(a) FSD for tube 2 with cooling

(b) Temperature for tube 2 with cooling

Figure 7: Evaluation for the scan with a cooled X-ray tube. (a) Absolute vertical and
horizontal FSD in percentage (normalized with the global maximum of tracked FSD in
both real CT-scans). (b) Corresponding tube-temperature on the surface for the whole
scan time.



Compared to the drift and the tube temperature without cooling (Figure 6) the eval-
uation of the second acquisition (cooled) shows an obvious reduction of the drift as well
as the tube temperature (Figure 7). The drift can be reduced approximately by 80 %.
While the temperature level for the first scan lies in the range of 60 ◦C and 90 ◦C, the
tube cooling results in a reduced temperature between 33 ◦C and 36 ◦C for a scan time
of 220 minutes. Furthermore, a constant temperature level is not reached for tube 1
after 220 minutes. Regarding tube 2 the temperature becomes constant already after 30
minutes. A constant temperature level reduces the tube deformation caused by thermal
changes and the corresponding FSD.

However, this remarkable reduction of temperature and FSD is highly depending on
the scan parameters and scan time. In the study multiple settings have been examined.
In most cases the FSD-reduction lied between 30 % and 80 %.

4 Conclusion and Outlook

In this article it has been shown that cooling of the tube heads of open micro-focus X-ray
tubes stabilize them in terms of temperature and FSP in the (x, y)-plane according to the
detector significantly. The relative short time period for obtaining thermal equilibrium
at low temperature levels has been mentioned. This helps to reduce the thermal FSD by
approximately an order of magnitude when compared to an uncooled tube. A possible
change in magnification due to FSD can be observed by using more complicated test
patterns but was not part of this article.

Furthermore, the influence of the FSD on reconstructed CT-data has been studied.
Therefore, simulated CT-scans with artificial objects as well as real CT-scans with real
objects of comparable shape have been used. This article has been based on two test
settings out of an extensive test study at YXLON to demonstrate the principal relations
between the image quality of the reconstructed volume and the FSD.

In order to reduce the FSD further one may think of improving the tube’s cooling
system. In the ideal case the temperature should be independent of the tube’s operating
conditions (voltage, current, tube mode etc.). However, this is hard to achieve.

Another way of reducing the focus drift of a tube is the minimization of heat generation
which also will be difficult to achieve as soon as future requirements for resolution and
power are discussed. There is potential for further drift reduction if materials with lower
thermal expansion coefficients can be taken.

Although an FSD equal to zero will never be achieved there is still a chance for getting
closer to it by using more advanced CT-algorithms which include automatic corrections
for small variations of the FSP or other small imperfections of the CT-system.

In any case the typical variation of the FSD should be measured for each certain kind
of tube. Then it will be possible to find an appropriate solution to reduce the influence
or even to know the individual uncertainty of this system component to add this to the
list of confounding factors for the whole CT-system. For example, the X-ray detector
and the object manipulator of a CT-system are also potential sources of image quality
influencing factors, but they are out of scope concerning this article.



Summing up there is a great potential for improving the performance of industrial CT-
systems by reducing those effects which limit the high-resolution image quality. In this
article it has been shown that the focal spot is of tremendous relevance in high-resolution
CT especially when using micro-focus X-ray tubes which allow large magnification of
the object.
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