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Summary: 
Computed tomography (CT) is a fast and non-destructive measurement method with an increasing in-
dustrial application area that demands powerful X-ray sources. Depending on factors, like the measure-
ment settings, the environmental conditions and the effectiveness of the installed cooling system, the 
dissipated heat of the X-ray source can influence the measurement. In this contribution a mitigation 
strategy will be described, which approximates the thermal behaviour of an X-ray source in order to 
derive a task specific warm-up time that reduces the temperature difference during a CT measurement. 
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Introduction 
Dimensional measurements in X-ray computed 
tomography (CT) are often carried out under sta-
ble environmental conditions to disregard tem-
perature changes during a measurement. With 
increasing power consumption of industrial X-ray 
sources, it is reasonable to investigate the ther-
mal behaviour of such a component.  

However, a complete thermal characterization 
requires detailed knowledge of all active compo-
nents, the cooling system, the materials, the ge-
ometrical setup and the measurement parame-
ters. The presented approach focuses on an al-
ternative way to approximate the thermal behav-
iour of an X-ray source in order to calculate a 
task specific warm-up time ∆𝑡𝑡W, which reduces 
the total temperature difference ∆𝜗𝜗 during the 
critical part of a CT measurement. 

Theory 
The majority of the used power to produce X-
rays is dissipated as heat into the CT system, 
which influences the stability of the projected im-
ages [1], presumed that the cooling system can-
not totally compensate the heat. Furthermore, 
temperature variations of the X-ray source can 
cause geometrical displacements [2], which re-
sult in translation, rotation and dilation errors of 
the reconstructed volume [3].  

Therefore, it is assumed that a reduction of the 
total temperature difference ∆𝜗𝜗, caused by the 
X-ray source, will also reduce geometrical dis-
placements during the measurement. Based on 
that assumption, an additional warm-up time ∆𝑡𝑡W 

is considered to improve a cold-start measure-
ment procedure as described in Fig. 1. 

 
Fig. 1. Cold-start measurement procedure including 
an additional time ∆𝑡𝑡W to warm-up the system. 

The gain image acquisition and object position-
ing phase can be summarized as a pre-heat 
phase with the duration ∆𝑡𝑡F. During this phase, 
the X-ray tube will heat-up until 𝑡𝑡F is reached and 
the actual thermal sensitive measurement starts 
for the duration of ∆𝑡𝑡M and ends at 𝑡𝑡M. Since ∆𝑡𝑡W 
will increase the overall measurement time, but 
reduces the temperature difference ∆𝜗𝜗, different 
strategies can be derived to find a task specific 
optimum. 

Experiment 
A Pt100 contact sensor, which has been cor-
rected with a calibrated reference thermometer, 
has been installed on the housing of the X-ray 
tube, close to the reflection target (tungsten), 
which is known to be the main heat source of the 
system. The sensor temperature was logged 
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every 5 s. The X-ray tube has a peak power con-
sumption of 500 W and is actively water-cooled. 
Additionally, the tube is indirectly air-cooled by 
two radiators, that provide ventilation of cooled 
air from the surrounding measurement room with 
a set temperature of (20.0 ± 0.2) °C and a rela-
tive humidity of (45 ± 10) % RH. A series of 
measurements, across the operating power 
range of the X-ray tube have been carried out 
according to the parameters in Fig. 2.  

 
Fig. 2. X-ray tube housing temperature of a measure-
ment series with increasing power consumption. 

For the characterization of each measurement, a 
suitable fit function (1) has been used to approx-
imate the constant 𝑡𝑡c. 

𝜗𝜗(𝑡𝑡) ≈ 𝜗𝜗0 + (𝜗𝜗eq − 𝜗𝜗0) ∙ 𝑒𝑒−𝑡𝑡c
𝑡𝑡  (1) 

𝜗𝜗0 denotes the common base temperature of the 
system and 𝜗𝜗eq the equilibrium temperature for 
each measurement. With the determined con-
stants 𝑡𝑡c the total temperature difference ∆𝜗𝜗 can 
be calculated with (2) according to the measure-
ment procedure defined in Fig. 1. 

∆𝜗𝜗 = [𝜗𝜗(𝑡𝑡M) − 𝜗𝜗(𝑡𝑡F)] − [𝜗𝜗(𝑡𝑡𝑀𝑀
′ ) − 𝜗𝜗(𝑡𝑡𝐹𝐹

′ )] (2) 

𝑡𝑡F
′  and 𝑡𝑡M

′  describe the times on which the pre-
heat and the measurement phase ends, consid-
ering an additional warm-up time ∆𝑡𝑡W > 0. 

Results 
Approximation (1) and equation (2) are used to 
estimate the total temperature difference ∆𝜗𝜗 for 
∆𝑡𝑡W  ∈ [0, 500] s with ∆𝑡𝑡F = 230 s and ∆𝑡𝑡M =
6300 s. ∆𝑡𝑡F and ∆𝑡𝑡M are task specific values, that 
depend on the number of gain images, the num-
ber of projection images, the integration time of 
the detector and a CT specific delay (e. g. rotat-
ing the axis or image processing). In this case 
∆𝑡𝑡F and ∆𝑡𝑡M were assumed for a precise meas-
urement with 90 gain images, 1500 projection 
images and a detector integration time of 
2000 ms. 

The resulting temperature differences ∆𝜗𝜗 for 
each power setting are summarized in Fig. 3 and 
show that without an additional warm-up time a 
significant temperature difference during the 

measurement still can be expected. Further-
more, the gradient and therefore the optimization 
potential increases with the power consumption. 

 
Fig. 3. Temperature differences for each power setting 
with an additional warm-up time ∆𝑡𝑡W. 

Conclusion 
An investigation has been carried out, which is 
based on a series of temperature measurements 
across the operating range of the tube. The 
logged temperatures can be used to approxi-
mate the thermal behaviour of the X-ray source 
for the given parameter settings.  

Even though a pre-heat phase has been consid-
ered, the results show that with increasing power 
consumptions an increasing temperature differ-
ence ∆𝜗𝜗 can be expected, which may influence 
the measurement if uncompensated. Integrating 
a task specific additional warm-up time ∆𝑡𝑡W  as a 
countermeasure, for example by increasing the 
number of gain images, yields the potential to re-
duce thermal effects caused by the X-ray source 
for a small increase of total measurement time. 
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