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ABSTRACT

The detection of X-rays is crucial to studying and understanding many astrophysical
phenomena. However, the Earth’s atmosphere significantly attenuates this type of radiation, so
measurements must be made in Earth’s orbit. This approach involves challenging conditions such
as increased radiation, vacuum condition and extreme temperature changes. This thesis focuses
on the effect of changing these conditions on the accuracy of radiation measurements using hybrid
pixel detectors. These detectors have proven their capability on several space missions and have
significant application potential.

Particular emphasis is placed on investigating the effect of temperature on measurement
accuracy in different measurement modes, especially the impact on the detection of the energy of
the incident X-ray radiation. The results are verified and validated in a thermal vacuum chamber.
This thesis addresses the measurement principles, description and characterisation of the identified
distortions in the energy spectra. In addition, two unique compensation methods are proposed
that minimise the described temperature effects and thus provide accurate measurements over
a wide temperature range. Finally, the possibility of generalising and extrapolating the proposed
correction model is presented and verified.

The results of this research are relevant to further scientific and industrial applications of this
type of detector and are already being used in the preparation of future space missions. This work
provides valuable information and will help to improve the accuracy of X-ray measurements.

KEYWORDS
X-ray Detector, Ionizing Radiation, Thermal Distortion, Compensation, Space Missions

ANOTACE

Detekce rentgenového záření je klíčová pro výzkum a pochopení mnoha astrofyzikálních
jevů, avšak zemská atmosféra značně absorbuje tuto formu záření, což vyžaduje provádění
měření na oběžné dráze Země. Tento postup obnáší náročné podmínky, jako je zvýšená radiace,
vakuum a extrémní změny teploty. Tato práce se zaměřuje na vliv změny těchto podmínek na
přesnost radiačního měření pomocí hybridních pixelových detektorů. Tyto detektory prokázaly
svou účinnost během několika vesmírných misí a mají významný aplikační potenciál.

Zvláštní důraz je kladen na výzkum vlivu teploty na přesnost měření, v různých měřicích
režimech, zejména s cílem určit vliv na přesnost detekce energie dopadajícího rentgenového záření.
Výsledky jsou ověřovány a validovány v termovakuové komoře. Tato práce zahrnuje principy
měření, popis a charakterizaci zjištěných zkreslení energetických spekter. Dále jsou navrženy dvě
unikátní metody kompenzace, které minimalizují popsané teplotní vlivy a umožní tak přesné měření
v širokém teplotním rozsahu. V neposlední řade je ověřena i možnost zobecnění a extrapolování
navrženého korekčního modelu.

Výstupy této studie jsou již využívány při přípravě budoucích vesmírných misí a mají význam
pro další vědecké a průmyslové aplikace tohoto typu detektorů. Tato práce poskytuje cenné
informace a pomůže zlepšit přesnost měření v oblasti rentgenového záření.

KLÍČOVÁ SLOVA
Rentgenový Detektor, Ionizující Záření, Tepelné Zkreslení, Kompenzace, Vesmírné Mise
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Chapter 1
Introduction

The measurement of X–radiations (X–rays) is a critical technique used in many scientific
and industrial applications, as well as in the field of space exploration, where high-precision
analysis of radiation fields, materials and structures is required. X–rays are widely used
because of their ability to penetrate materials, provide high-resolution images of their in-
ternal structure and identify the types of materials/elements present. However, X–ray can
be affected by scattering from air molecules, resulting in reduced accuracy and resolution.
Therefore, X–ray measurements are often performed in a vacuum environment to minimise
these effects.

X–ray photoelectron spectroscopy (XPS), X–ray diffraction (XRD) and X–ray fluores-
cence (XRF) are among the scientific and industrial applications of X–ray measurements.
XPS is used to analyse the chemical composition of a material by measuring the energies of
photoelectrons emitted when the material is exposed to X–rays. XRD is used to study the
structure of materials by measuring the angles and intensities of X–rays diffracted by the
material. Finally, XRF is used to identify individual elements.

In space, X–ray measurements are used, for example, to study the composition and struc-
ture of planetary bodies, to monitor solar activity, and to investigate the properties of ra-
diation fields or interstellar bodies. One scientific example is the Mars Science Laboratory
(MSL) mission, which includes the Curiosity rover [1]. The rover is designed to study the ge-
ological and environmental history of Mars [2], based not only on precise XRD analysis on
board the rover [3].

On the other hand, X–ray telescopes are used for the observation and remote study of X–
ray phenomena in space, such as various galactic and extragalactic X–ray sources, supernova
outbursts, X–ray afterglows of gamma–ray bursts (GRBs) and solar flares. However, the
Earth’s atmosphere attenuates the radiation from these phenomena, making it difficult to
accurately determine their parameters and properties. Therefore, X–ray telescopes need to
be placed above the Earth’s atmosphere to overcome this problem and allow more precise
monitoring and analysis of X–ray phenomena. Several satellites have been launched for this
purpose, including Chandra, X–ray Multi–Mirror (XMM–Newton) and extended ROentgen
Survey with an Imaging Telescope Array (eROSITA) [4] or Swift, which consists of three
instruments onboard, like X–ray Telescope (XRT) [5] and Burst Alert Telescope (BAT) [6].
Most of these missions use a CCD with a cooling system for thermal stabilisation and to
improve detection characteristics such as thermal noise and spectral resolution.

The development and miniaturisation of X–ray measurement systems have made it possi-
ble to use the small CubeStats platform for space applications. One of these is the VZLUSAT-1
CubeSat [7, 8], which now operates in low Earth orbit for 6 years. CubeSats are standard-
ised and small in size, typically a cube 10 cm on each side, stackable and weighing from a few
hundred grams to a few kilograms. The standardised design of CubeSats makes them more
accessible and cheaper to produce, making them a popular choice for universities, research
organisations and commercial companies. They can be used for a variety of purposes, includ-
ing Earth observation, scientific research, technology demonstration and even interplanetary
missions. Despite their small size, CubeSats have huge potential to provide a platform for
Earth observation, atmospheric research and space exploration.
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Introduction

Due to the specific requirements and characteristics of X–ray measurements in space,
different approaches are required compared to standard ground-based laboratory measure-
ments. System design specifications impose significant constraints on size, weight and power
consumption due to the limitations on spacecraft and satellites. On-board systems must have
robust mechanical strength and thermal stability to minimise temperature distortion caused,
for example, by thermal cycling along the orbit.

Fig. 1.1: Illustration of outcomes of the thesis author’s activities: X-ray measurements and
thermal vacuum tests, as well as participating in and preparing space campaigns
for radiation measurements.

This thesis presents the results of a study investigating the usage of position sensitive
semiconductor detectors, specifically the Timepix3 (TPX3) type, for X-ray applications, with
a primary focus on space research. The Timepix detector, which preceded the TPX3, was
successfully deployed as a payload on the VZLUSAT-1 CubeSat. It is worth noting that this
nanosatellite (as well as the detector) exceeded its expected operational lifetime by several
years and that the author of this thesis was also involved in the design, commissioning, and
testing of the spacecraft.

The introduction covers the basic principles of detection and the interaction of X–rays
with matter, as well as the most common applications of X–rays in measurement and scientific
research.

The subsequent chapters deal with the research objectives of this thesis, including the
challenges related to the influence of environmental conditions on the accuracy of the results.
The research findings have been published and selected papers form part of this thesis, the
full list of authors’ publications can be found in Appendix A.1.
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Introduction

The feasibility study of X–ray measurements with hybrid pixel detectors in
a vacuum includes an investigation of the effect of temperature distortion and an analysis of
the effect of temperature cycling on the properties of the detection system. Thermal distortion
is a significant challenge in space applications due to the self-heating of the instrument, other
parts of the spacecraft, and radiation from the Sun and other celestial sources with limited
heat dissipation capabilities. The study identified significant data distortion after initial tests
of the detection capability of the TPX3 detector under varying temperature conditions (see
section 3.1) [9, 10].

Analysis and description of the effect of temperature cycling on the performance
of the detection system. In order to carry out a detailed analysis, it was necessary to assemble
a test set in order to obtain demonstrable results using different samples. This was followed by
a series of further tests involving measurements with a variety of radiation sources, including
characteristic XRF radiation and additional natural sources. The tests were carried out over
a temperature range of −40 ∘C to 70 ∘C, based on a combination of previous space project
experience as well as space agency standards and construction capabilities. Independent tests
investigated the behaviour of the detector in different measurement modes (see chapter 3).
A drift in the measured energy spectra of the radiation was observed as a function of the
magnitude of the incident energy radiation and the temperature cycle. This distortion can
adversely affect measurement accuracy, increasing the relative measurement error by up to
30 % (sections 3.2 and 3.3) [11, 12].

Methods for characterising the detected effects and their compensating were
investigated. Several compensation models have been proposed to suppress the introduced
measurement errors. The presented methods allow to reduce the relative error of incident en-
ergy measurement to about 1 % over the whole energy range of tested sources, up to 100 keV.
This reduction of the measurement error is significant, and even within a temperature drift of
−40 ∘C to 80 ∘C, a final measurement accuracy of about 99 % can be maintained [12, 13] (see
section 3.3). Furthermore, achieving this level of accuracy eliminates the need for additional
detector calibrations or the implementation of power/size/weight consuming additional cool-
ing systems or thermal stabilisation of the detection system. In addition to these benefits,
the compact size of the detector now provides opportunities for its use in a wide range of sci-
entific applications and industries, increasing the potential of this type of detector in other
fields and reducing the need for extensive calibration series and power sources for thermal
stabilisation/cooling.

Applicability of detectors for space missions. Last but not least, there are several
space missions that are already using or plan to use the Timepix/Timepix3 detectors on
board [7, 14–16]. During these missions, the detectors are exposed to hostile environmental
conditions (vacuum, radiation, temperature) that can significantly affect their functionality
and accuracy. It is, therefore, necessary to study the system’s behaviour under such conditions
and their possible changes. Three mission examples are given in this section. A CubeSat and
a sounding rocket have already been launched. From the data obtained, conclusions can be
drawn about the conditions to which the detectors were exposed (rocket) or are still exposed
(CubeSat). In addition, there is a planned mission that will carry a number of Timepix3
detectors on board. The detectors dedicated to this mission have a customised design and
have already been tested and calibrated with respect to the research results presented in this
thesis.
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Chapter 2
X-ray interaction with matter

The interaction of X–radiation with matter is a fundamental aspect of X–ray science
and detection technology. X–rays are high-energy electromagnetic waves that can penetrate
matter, and their interaction with matter can lead to a variety of phenomena. The ability of
X–rays to penetrate matter depends on their energy and the atomic and molecular structure
of the matter they encounter.

Fig. 2.2: Cross section of Silicon on and its contributions from photoelectric effect, Compton
scattering and electron-positron pair production. The chart is based on the XCOM
database [17].

One way of understanding the interaction of X–rays with matter is to examine the cross-
section of a material, which represents the probability of an X–ray interacting with an atom
or molecule as it passes through the material. Figure 2.2 shows an example of the cross-
section of silicon as a function of X–ray energy. At low energies, X–rays are mainly absorbed
by the photoelectric effect, in which an X–ray photon is absorbed by an inner-shell electron,
causing it to be ejected from the atom. At higher energies, X–rays can also be scattered by
the electrons in the material, either by Compton scattering. In addition, at very high energies,
X–rays can interact with the atomic nucleus, resulting in the production of electron-positron
pairs.

There are a large number of known interaction mechanisms, but these three main types,
the photoelectric effect, Compton scattering and pair production, play an important role in
the processes of interaction with matter and X–ray measurement. These effects are described
in the following sections.
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2. X-ray interaction with matter

2.1 Photoelectric effect

The photoelectric effect is a process in which X–rays interact with matter, causing an
electron to be ejected from an atomic shell. This process occurs when an X–ray photon with
an energy greater than the binding energy of an electron in the atomic shell is absorbed.
The absorbed photon transfers all of its energy to the electron, causing it to be ejected from
the atom with a kinetic energy equal to the difference between the photon energy 𝐸𝛾 and
the binding energy 𝐸𝑏 of the electron. An electron ejected in this way is called a photoelectron
with energy 𝐸𝑒−

𝐸𝑒− = 𝐸𝛾 − 𝐸𝑏 (2.1)

where photon energy 𝐸𝛾 is

𝐸𝛾 = ℎ𝜈 = ℎ𝑐

𝜆
, (2.2)

ℎ ≈ 4.136×10−15 eV s is Planck’s constant, 𝑐 ≈ 299.8×106 m/s is the speed of light in vacuum,
and the parameter of the photon is represented by the frequency 𝜈 or the wavelength 𝜆 of
the radiation.

The vacancy in the shell of the ionised atom is immediately filled by the rearrangement
of electrons from other shells and/or by the capture of free electrons from the medium.
Rearrangement from other shells may result in one or more characteristic fluorescence photon
emissions. If the vacancy is formed in one of the inner atomic shells, the characteristic
X–ray photons can be re-absorbed, resulting in the release of the electron from the bound
shell (Auger electrons) [18].

Fig. 2.3: The principle of the photoelectric effect [19].

The photoelectric effect is strongly dependent on the X–ray energy and the atomic num-
ber 𝑍 of the irradiated material. For X–ray energies up to ≈ 50 keV, the photoelectric effect
is the dominant mechanism of X–ray absorption in Silicon (Figure 2.2).
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2.2 Compton scattering

2.2 Compton scattering

Another type of interaction of X–ray photons with matter is Compton scattering. In this
type of interaction, part of the photon’s energy is transferred to the electron, causing a change
in the direction and energy of the photon. Compton scattering occurs when an X–ray photon
collides with an electron in the atomic shell, causing the electron, known as the recoiled
electron, to be ejected and the photon to be scattered in a new direction. The scattered
photon has a lower energy and therefore a longer wavelength than the original photon, while
the recoiled electron has a kinetic energy 𝐸𝑒 equal to the difference between the energy of
the original photon 𝐸𝛾 and the energy of the scattered photon 𝐸𝜆. The scattering angle
𝜃 and the energy shift of the scattered photon depend on the incident photon’s energy and
the angle between the incident photon and the direction of the ejected electron [18].

𝐸𝜆 = 𝐸𝛾

1 + 𝐸𝛾

𝑚𝑒𝑐2 (1 − cos 𝜃)
= ℎ𝜈𝛾

1 + ℎ𝜈𝛾

𝑚𝑒𝑐2 (1 − cos 𝜃)
= ℎ𝜈𝜆 (2.3)

Where 𝑚𝑒𝑐2 is the rest mass energy of the electron (0.511 MeV) [18]. The kinetic energy
of the recoil electron is therefore

𝐸𝑒 = 𝐸𝛾 − 𝐸𝜆 =
𝐸2

𝛾 (cos 𝜃 − 1)
𝐸𝛾 (cos 𝜃 − 1) − 𝑚𝑒𝑐2 (2.4)

Fig. 2.4: Schematic representation of Compton scattering [19].
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2. X-ray interaction with matter

2.3 Pair production

The third significant gamma-ray interaction is pair production, the process by which
high-energy photons, such as X–rays or gamma rays, interact with matter to produce an
electron-positron pair. The process occurs when a photon with an energy at least two times
greater than the rest mass energy of an electron (≥ 2𝑚𝑒𝑐2 ≈ 1.022 MeV) interacts with an
atomic nucleus. The photon is absorbed and its energy is converted into the kinetic energy
of an electron-positron pair (𝐸𝑒− +𝐸𝑒+). When the energy of the positron becomes very low,
the positron will annihilate or combine with a normal electron in the absorbing material and
both particles will disappear. This produces two photons of energy, each of 511 keV. These
annihilation photons can then interact further through processes such as Compton scattering
or the photoelectric effect [18].

𝐸𝑒− + 𝐸𝑒+ = 𝐸𝛾 − 2𝑚𝑒𝑐2 (2.5)

Fig. 2.5: Schematic representation of electron-positron pair production [19].
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Chapter 3
Timepix3 detector

Timepix3 is a hybrid pixel detector based on the Medipix technology developed by Conseil
Européen pour la recherche nucléaire (CERN) laboratories. This detector contains an array
of 65 536 radiation-sensitive pixels arranged in a 256 px × 256 px sensor matrix with a pitch
of 55 µm that detects particles such as electrons, photons and ions (Figure 3.6a).

Although the Timepix was originally developed for laboratory and scientific use [20], such
as ATLAS [21], it has quickly found applications outside the laboratory environment. Its
imaging capabilities [22, 23] have shown potential in medicine [24–27] and art [28], but also
in X-ray inspection of materials and their joints, monitoring of the radiation environment
and localisation of radioactive sources [29, 30].

Thanks to the hybrid structure of TPX3, different types of monolithic sensor layers such
as Silicon (Si), Cadmium Telluride (CdTe) or Gallium Arsenide (GaAs) with different thick-
nesses can be integrated on the same TPX3 readout chip. The material used and its thickness
typically ranges from 100 µm to 2 000 µm, depending on the application and its energy sens-
ing range (Figure 3.7), but the thickness within the sensor is constant for manufacturing
precision.

(a) Timepix3 chip1 (b) Schematic of one TPX3 pixel logic2

Fig. 3.6: Design of the Timepix3 detector.

An application-secific integrated circuit (ASIC) chip, onto which each of the pixels of the
solid-state sensor is bump-bonded, contains the advanced sensing electronics of the detector.
The signal electronics for each pixel, including a charge-sensitive amplifier (CSA), thresh-
old discriminator, counters and a Wilkinson-type analogue-to-digital converter (ADC), are
integrated within the ASIC chip. These components are contained in an analogue front-
end which, together with the associated digital front-end, are individual for each pixel.
The schematic of one pixel analogue and digital logic is shown in Figure 3.6b.

1"Timepix3" by The Medipix3 Collaborations
2"Pixel/SuperPixel diagram" by Massimiliano De Gaspari
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3. Timepix3 detector

Fig. 3.7: The detection efficiency of X–rays depends on the thickness and material of the sen-
sor used.

A significant advantage of a pixel detector with an integrated threshold (THL) discrimina-
tor is that the THL can be used to remove noise, allowing the detector to operate as an almost
noise-free system. Assuming the detector has been calibrated and equalised correctly.

Unlike previous versions of Timepix detectors [31], which were only capable of reading data
in Frame mode, where the signal value is read from all pixels at once after a set acquisition
time, the Timepix3 can also read data in a method known as a Data-driven mode. This mode
does not rely on a constant frequency and reads the signal from each individual pixel after
exceeding the THL of the given pixel. A group of 2 px × 4 px forms a so-called Super Pixel.
This ensures the sequential reading of digital data from these 8 pixels. As a result, the global
dead time for the whole detector is virtually zero with relatively short dead time per pixel,
which is ≈ 475 ns [32]. Compared to the previous version of the detector, the output data
stream is continuous and has a much better time resolution. Since only hit pixels are read
out, the total amount of data is significantly lower. The radiation flux and occupancy matrix
must be taken into account.

The TPX3 ASIC can operate all the 65 536 px in one of the following modes:
Time-of-Arrival (ToA) - measurement of the particle impact time into the detector.

That is, the time it takes to reach the THL level from the beginning of the exposure time.
Time-over-Threshold (ToT) & ToA - combination of simultaneous ToA and deposited

energy measurements. The measurement of the deposited energy in a pixel from the incident
particle is based on the Wilkinson-type ADC. The sensed energy depends on the number
of clock ticks during which the signal is above the preset discrimination level (threshold).
The Time-over-Threshold relies on the time (number of clock ticks) it takes to discharge the
accumulated charge in each pixel by a constant current.

Event counting (EC) & integral ToT - the count of events and their integrated charge
in each pixel during the common exposure time. Only events generating the charge above
the discrimination level are sensed.
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3.1 Equalisation

Pixelated radiation detectors consist of a large number of individual pixels, each of which
records the energy deposited by a charged particle as it passes through the detector ma-
terial. Due to manufacturing variations, amplifier gain differences or radiation damage ef-
fects, each pixel’s response can vary, resulting in a non-uniform response across the array.
This non-uniformity can lead to significant systematic errors in the measured data and limit
the performance of the detector.

For this reason, the equalisation of the detection matrix is one of the first steps necessary
for the correct operation of pixel detectors. Equalisation is a process used to correct these
non-uniformities by adjusting the response of each pixel to be as uniform as possible. There
are several different equalisation procedures, each consisting of a series of steps that can
be performed with (signal equalisation) [33] or without (noise equalisation) [31] detector
irradiation. This involves determining the response of each pixel to a reference source, such
as a beam of monoenergetic particles, and applying correction factors to each pixel to ensure
that they all respond equally to the same input. The aim of the equalisation is to ensure
that the detector response is as uniform as possible across the pixel array, thereby improving
the accuracy and precision of the measurements made with the detector. For this purpose,
the Timepix3 detector has the ability to set a 4-bit THL adjustment for each pixel of the sensor
matrix in the frame of the individual pixel electronics.

As part of the thermal vacuum tests, a series of equalisations and subsequent verifications
were carried out over a temperature range of −20 ∘C to 80 ∘C, including comparison with
a reference equalisation obtained at 20 ∘C.

No significant effect of the vacuum on the measurement results was observed during
the tests. However, as the detector temperature increased, the global threshold had to be
increased to suppress the noise in the matrix sufficiently. According to the verification,
the distribution of equalised pixels across the detector gradually widens with both increasing
and decreasing temperature, even at a difference of 10 ∘C. This can lead to further distortion
of the sensed radiation [9, 10].

M. Urban, D. Doubravova, and O. Nentvich, “Thermal vacuum testing of Timepix3
detector,” Journal of Instrumentation, vol. 15, no. 03, pp. C03040–C03040, Mar. 2020.
doi: 10.1088/1748-0221/15/03/c03040
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Abstract: The thermal dependence of semiconductor detectors is one of their critical properties.
This paper presents the results of the Timepix3 detector thermal vacuum testing, with respect to
the effects on its properties and sensitivity. The Timepix3 represents a new generation of Timepix
chips of the Medipix family, and it is equipped with an event-based mode of detection allowing for
simultaneous measurement of the position, time and energy of an incident particle. Due to their
properties, Timepix3 detectors are very suitable for space applications.

Given that this is a relatively new device, the influence of temperature is not described in detail
yet, especially for space usage. The operation of the device in a broad range of temperatures is
required (e.q. QB50 mission on LEO from −20◦C to +50◦C). Timepix detectors have been used
already in space missions, e.g. VZLUSAT-1, LUCID and SATRAM missions. In space, thermal
cycling of the detectors occurs and this results in measurement distortion because both the noise
edge and energy spectra are affected by changes in temperature. The experiments were performed
on a detector equipped with a 300 µm thick Si sensor. The detector was equalised under various
thermal conditions in vacuum and subsequently exposed to several energies of X-ray radiation
corresponding to the characteristic radiation of 5 elements in the energy range of 4–24 keV. The
results of these tests improve the knowledge regarding the behaviour of the essential components of
the detector under extreme conditions. This new information can be used to improve measurements
and thus minimise external influences, for example, in space applications but also in other fields
where temperature stabilisation of the detector is very difficult or energy-consuming.

Keywords: Detector cooling and thermo-stabilization; Solid state detectors; X-ray detectors
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1 Introduction

Radiation measurement is important for a wide range of fields including security applications,
medical applications and open space applications. In many of these applications, there are not
ideal conditions for the operation of an X-ray detector. Space applications have some of the
most challenging operating conditions due to the environment. However, these challenges are
worth overcoming as the data obtained from X-ray detectors in space provides valuable scientific
information.

Pixel detectors, which include the Timepix [1] family, provide information not only about the
photon counts, but also the energy of the incident radiation. With these detectors, it is possible
to attain additional information such as the shape of the trajectory of the impacted particle [2, 3].
Based on this and other information, it is possible to determine the type of an incident particle,
its energy and thus classify its source. Accurate equalisation and calibration of the detector are
essential for reliable detection and classification of particles and radiation.

Temperature stabilisation is very difficult and energy-consuming, especially in space because
heat is not well dissipated in vacuum. As the detector is self-heating during its operation, this
presents an issue as the detector noise edge and threshold is changing with temperature. Due to
these issues, the measured results can be distorted and energy peaks will be spread out resulting
in an inaccurate measurement. Other factors that heat the detector include when the detector is in
orbit, or when it is exposed to unwanted radiation from nearby stars.

There are several satellites with Timepix based detectors on board. The SATRAM experiment
is onboard of ESA’s satellite Proba-V [4]. The following twomissions exposed the Timepix detector
to the open universe: Czech CubeSat VZLUSAT-1 [5–8], and the LUCID experiment onboard of
British satellite TechDemoSat-1 [9, 10]. In these cases, thermal cycling of the detectors occurs.
A summary of these and other related missions are available in [11].

The temperature condition of the CubeSat mission QB50 in the low Earth orbit (LEO), where
was the VZLUSAT-1 nanosatellite part of, is from −20◦C to +50◦C.

– 1 –
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This manuscript presents the results of the thermal vacuum tests with the Timepix3 (a new
generation of Timepix chips) detector equipped with a 300 µm thick Si sensor. Tests were per-
formed under various thermal conditions from −20◦C to +80◦C in vacuum and exposed to X-ray
characteristic radiation of 5 elements in the energy range of 4–24 keV.

1.1 Timepix3
The Timepix3 (TPX3) [12] is a hybrid pixel-particle-counting detector, which consists of a high-
density matrix of 256× 256 sensitive pixels with a pixel pitch of 55 µm. Thus the total sensitive
area is 14.1mm× 14.1mm. This semiconductor detector is part of the Medipix family of chips. It
consists of a semiconductor sensitive layer bump-bonded on the ASIC readout chip manufactured
separately.

The important advantage of this design is the possibility to use a combination of different
sensitive materials for the detection layer (Si, GaAs, CdTe, etc.) with the same readout chip. This
layer is a monolithic piece of material with a common top bias electrode and a doped matrix at
the bottom. The combination of materials with different thicknesses (from 100 µm up to 2000 µm)
allow the change of the detection range according to the application.

The ASIC chip provides integrated signal electronics for each pixel, meaning that there is a
charge sensitive preamplifier, threshold discriminator and a 14-bit counter for each pixel. This
arrangement provides the possibility to operate each of the 65 536 pixels in one of the following
modes: particle counting (Medipix mode), energy measurement (Time over-Threshold — ToT
mode) and measurement of the interaction time (Time-of-Arrival — ToA mode).

Timepix3 introduces an additional mode that is capable of simultaneous time-of-arrival (ToA)
and energy (ToT) measurements, therefore allowing unambiguous identification of pixel clusters
that belong to the same X-ray interaction. The schematic arrangement of the Timepix detector is in
figure 1.

(a) The Timepix wire-bonded on chipboard. (b) The structure of the chip.

Figure 1. The Timepix chip is a combination of a sensor material, which is bump-bonded to the ASIC chip.

2 Experimental setup

This experiment was performed on the Timepix3 detector with the AdvaPIX TPX3 read-out inter-
face. The tested detector was equippedwith a 300 µm thick Si sensor and the radiation-sensitive chip

– 2 –
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was uncovered and its back-side (with a bump-bonded ASIC chip) was attached to the aluminium
block (see figure 2). This block was thermally coupled to the TPX3 chip itself and thermally
stabilised by a three-stage Peltier element, with the temperature feedback consisting of a Pt1000
thermometer. The entire ensemble was placed inside a vacuum chamber and an external water
cooling system dissipated the waste heat. The TPX3 chip was stabilised at a stable temperature
for at least 10minutes before each measurement. The whole test was performed in the vacuum
chamber under a reduced pressure of approximately 3.4× 10−6 hPa.

Figure 2. Detail of the detector’s arrangement for thermal stabilisation in the vacuum chamber.

3 Equalisation

Threshold equalisation is a procedure which exploits the 4-bit threshold level (THL) adjustment
for each pixel, and makes the overall threshold level as homogenous as possible. This procedure is
used to compensate the pixel to pixel threshold variations and is necessary because each pixel, even
without irradiation, generates a nonzero response (known as the dark current). This kind of current
is individual for each pixel and causes noise in measurement values. The 4-bit threshold-adjustment
prepares the individual response for each pixel. It finds a distribution of THLs for each adjustment
value, and adjusts each pixel so that its threshold is as near as possible to the average of the threshold
distribution. With respect to the detection range, the THL scan is performed in the range around the
noise edge. A typical example of THL equalisation for the TPX3 detector can be seen in figure 3a.

The equalisation procedure consists of several steps and is performed without detector irradi-
ation. In the first step, the 4-bit THL adjustment for all pixels is set to the minimum (0ADU), and
a progressive THL scan is performed where the number of new responsive pixels is noted for each
THL. The distribution of this measurement can be seen in figure 3a (“Min”. — red). Themean value
(Min. M) in this case indicates that half of the pixels on the detector are above the THL. The next
step of the measurement is performed with the maximum THL adjustment (15ADU) for all pixels

– 3 –
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(a) Threshold equalisation at 20◦C. (b) Temperature dependence of tested TPX3 chip.

Figure 3. TPX3 chip threshold equalisation.

(figure 3a “Max”. — blue). Then, using these values the whole detector is equalised, meaning that
each pixel has an individually adjusted THL. This result is shown in figure 3a (“Equal”. — green).

Due to the fact that the dark current of each pixel is highly temperature-dependent, this
equalisation is only valid for measurements under the same temperature conditions. The influence
of temperature changes on the equalisation results for TPX3 and its distribution are in figure 3b.

4 Threshold scan depending on the temperature and the radiation energy

A threshold scan with characteristic X-ray radiation was performed after the detector equalisation.
The TPX3 detector was exposed to a series of X-ray radiation after stabilisation at each temperature.
Discrete, narrow band X-ray radiation from X-ray fluorescence (XRF) was used, instead of wide-
band bremsstrahlung radiation, for better detection of changes in detector’s behaviour and its
sensitivity. XRF yields radiation at the characteristic energies of the material (shown in table 1)
from which the target was made.

Table 1. The characteristic lines of chosen elements.
Symbol Element Energy
Ti Titanium 4,508 keV
Fe Iron 6,398 keV
Cu Copper 8,046 keV
Mo Molybdenum 17,480 keV
Cd Cadmium 23,106 keV

TheTHLwas scannedwhile both varying theX-ray energy and detector temperature to establish
a relationship between the two. The number of counts over a constant exposure time was recorded
and the measured data is plotted in figure 4a with the Gauss and Error function (gerf ) fit. Figure 4a
shows an example of a radiation measurement at 8 keV (Cu) and at a stabilised temperature of 20◦C,
the temperature for which the TPX3 detector was equalised.

– 4 –
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(a) Temperature 20◦C. (b) Temperatures −20◦C, +20◦C and +80◦C.

Figure 4. Data and fits of THL scans based on characteristic XRF radiation of Cu at the different temperatures.
A decrease in THL means an increase in the value of XRF energy. The offset in the right part of the plot is
caused by the charge sharing effect.

The measured mean value annotated in figure 4a, corresponds to the maximum energy peak
position for the characteristic target radiation. Values from measurements on several energies are
then used for calibration of the detector. The sigma value is used to determine the threshold setting
precision.

The data set for each energy consists of measurements under several temperatures in the range
from −20◦C to +80◦C. Figure 4b shows chosen examples for room temperature (20◦C), minimal
reached temperature (−20◦C) and maximal reached temperature (+80◦C) measurements. The
influence of temperature dependence on the THL maximum for radiation at 8 keV (Cu) is also
evident.

The progression of the mean and sigma dependency for the copper target through the whole
temperature range is shown in figure 5a. A comprehensive overview of the effect on the measured
values for the used energies in the range of 4–24 keV (see table 1) and temperatures from −20◦C to
+80◦C is provided in figure 5b. The graph shows the difference in measurement compared to the
reference measurement at 20◦C for the comparison of effects at different incident energies.

These results show an increasing dependence of the measured maximum energy on the detector
temperature. Graph 5b also shows that the temperature effect has a more significant influence on
the measurement with the increasing energy level of incident radiation.

An alternative perspective of the processed data are shown in figure 5c (resp. 5d), where the
dependencies of the parameter changes as a function of radiation energy is plotted. Two curves for
minimum and maximum temperature are used.

5 Conclusion and future work

The Timepix3 detector (300 µm Si) was tested in a wide range of temperatures (from −20◦C to
+80◦C) under vacuum conditions to examine the detector behaviour under extreme conditions,
which is essential for space applications. The temperature range was chosen according to re-
quirements for Low-Earth-Orbit satellites. The first part of the testing was focused on the chip

– 5 –
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(a) Mean for Cu radiation depending on the chip
temperature.

(b) Shift of the XRF Mean depending on the chip
temperature.

(c) Shift of Mean depending on the radiation energy. (d) Shift of Sigma depending on the radiation energy.

Figure 5. Mean and Sigma, from the gerf fits of measured THL scan of exciting radiation by XRF for
elements in the table 1. The reference value for the shift evaluation was measurement at standard room
condition (20◦C). Each point in figure 5a is based on an equivalent results as is shown in figure 4a. The
standard deviation of values is ∼ 1%. Based on the accuracy of the measurements shown in figure 5a, the
uncertainty of determining the difference for the figures 5b–5d is better than 10% is considered using the
T-test.

equalisation without radiation, and a shift of noise level was observed with temperature change.
Also, the validity of the chip normal-conditions-setting was deeply studied. In the next step,
the measurement of characteristic X-ray radiation of selected elements (Ti, Fe, Cu, Mo, Cd) was
performed. The shift of the fluorescence peaks and the peak width were measured.

The results show the dependence of the used Timepix3 detector on the chip temperature as
well as the incident energy. The character of dependency changes its parameters with respect to
both these variables (temperature and energy). The consequence is a distortion of the measured
quantities, which may affect the overall evaluation of the incident radiation. For this reason, it
is recommended to use this type of detector under stable temperature or with the temperature
stabilisation system.

There are applications where meeting this requirement for measurement conditions is very
challenging and/or expensive, such as space measurements. Thus, the goal of future work is
to study the Time-over-Threshold (per pixel energy) calibration and its validity under specific
conditions in order to get the overall knowledge necessary for the usage of Timepix3 detectors in
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future space missions, as well as more detailed measurements at points of interest (change of the
slope dependency between the 17 keV and 23 keV incident energy) and on the broader energy range.

Based on the knowledge of detector behaviour, a procedure (an algorithm) can be designed
to minimise this effect of distortion while maintaining the reduced requirements for temperature
stabilisation and cooling.
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3.2 Event counting mode

3.2 Event counting mode

The Event counting mode is one of the core modes of the Timepix3 detector. This mea-
surement principle has already been used in the predecessor of the Timepix detectors,
the Medipix detectors. This mode is widely used in medical imaging, X–ray microscopy
and imaging of material samples using transmission X–ray imaging.

The principle of EC measurement is to count the number of times the signal received from
the CSA exceeds the set THL. Each time such an event occurs, a one is added to the counter
register of the hit pixel. This can occur multiple times within a single continuous exposure
and even within Frame readout mode. In the case of multiple hits, there is no pile-up and,
therefore, no distortion of the acquired data, as in the case of Time-over-Threshold energy
measurement. Thus, this measurement provides information about the value of the incident
flux on individual pixels within the resulting frame.

However, if used correctly, the EC mode can also be used to measure the energy of the inci-
dent radiation. This is known as the Threshold scan method. This method requires a constant
flux of incident radiation throughout the acquisition time and consists of a sequence of indi-
vidual measurement frames. For these scans, the value of the global THL setting is gradually
increased. The energy spectrum of the radiation is then obtained by sequentially evaluat-
ing the difference between the individual frames. This method is also used in the detector
calibration procedure to obtain an energy value equivalent to the threshold setting.

The effects already identified when testing the temperature stability of the equalisation [9,
10] suggested that the values obtained using the Timepix3 detector in EC mode would be
affected depending on the environmental conditions. The influence of detector temperature
variation on EC data, evaluated by XRF energy spectra, has been analysed in the following
publication.

M. Urban and D. Doubravová, “Timepix3: Temperature influence on X-ray measure-
ments in counting mode with Si sensor,” Radiation Measurements, vol. 141, p. 106 535,
Feb. 2021. doi: 10.1016/j.radmeas.2021.106535

As indicated above, the TPX3 hybrid pixel detector is sensitive to temperature distor-
tion. This was tested in a thermo-vacuum chamber at a pressure of 3.4 × 10−4 Pa within
a temperature range of −20 ∘C to 80 ∘C. A spectral drift towards higher energies with in-
creasing detector temperature is clearly visible at the energies defined by the used X–ray
fluorescence targets. The intensity of this drift depends on the energy of the incident radia-
tion. In the energy range under investigation, it causes a 2 % relative error in accuracy for
a temperature change of ±20 ∘C and a relative error of up to 10 % in the measured energy of
the XRF radiation with the detector stabilised at 80 ∘C.

The EC mode requires a long measurement time to acquire the sequence of frames needed
to evaluate the radiated energy spectrum. Therefore, it is unsuitable for spectral analysis
of unstable, faint or short-lived energy sources such as GRBs and other sources in space.
However, it can be used in X–ray imaging applications where information about the energy
of the incident radiation is not required. However, it should be noted that in this case, there
will also be a thermal drift of the detector, which will affect its THL setting. In this case,
this will affect the measured flux of the source.
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A B S T R A C T

The Timepix3 radiation imaging and particle tracking detector is the direct successor to the Timepix
semiconductor detector developed in CERN. The Timepix ASIC chip (256 × 256 pixels with a pitch of 55 μm
provides the possibility to operate each of the 65 536 pixels in one of the following modes: (1) event counting
(Medipix mode); (2) energy measurement (Time over Threshold — ToT mode); and (3) measurement of
the interaction time (Time of Arrival — ToA mode). The Timepix3 chip of the new generation introduces
the ability to measure ToT and ToA simultaneously and also the event-based readout where each hit pixel is
read out immediately after the hit. This detector can be used in a variety fields of science including particle
physics, X-ray imaging as well as medicine and space science. With regards to the wide application possibilities
of this detector, we investigate the properties of the detector in the temperature range from −20 ◦C to +80 ◦C.
This temperature range spans the majority of laboratory conditions as well as requirements for most of outer
space missions. This paper describes thermal-vacuum testing of the most common 300 μm Si detector with
AdvaPIX readout interface in the counting mode. The detector was stabilised under various thermal conditions
in a thermal vacuum chamber and subsequently exposed to characteristic X-ray radiation of 5 elements in
the energy range of 4–24 keV. It was found that the absolute measurement accuracy of higher energies is
more affected by higher temperature (up to 0.8 keV @ 17.48 keV) and relative error of Timepix3 accuracy is
inversely proportional to the incident X-ray energy. The relative precision is kept in the range of 6 % for
temperatures from −20 ◦C to +60 ◦C with significant change at +80 ◦C.

1. Introduction

Temperature stability and known temperature dependence are one
of the most critical parameters of modern semiconductor sensors,
among which Timepix3 (TPX3) is no exception. The properties of
these sensors and detectors, together with the accuracy of the mea-
surement, are usually closely linked to the conditions under which the
measurement was performed. For this reason, various methods of sen-
sor/detector calibration are introduced, which are mostly valid under
the same (or very similar) measurement conditions. These detectors
usually require constant operating conditions utilising, e.g. temperature
stabilisation.

Due to the fact that X-ray radiation measurement is widespread
in a wide range of fields, it is often challenging to provide these
conditions. Detectors from the Timepix/Medipix family are often used
for imaging (Dudak, 2020), dosimetry or as radiation environment
monitor. Their applications range from medicine (Procz et al., 2019),
such as mammography (Ávila et al., 2017) or dental imaging (Watt

∗ Corresponding author.
E-mail addresses: martin-urban@fel.cvut.cz (M. Urban), daniela.doubravova@advacam.com (D. Doubravová).

et al., 2003), to homeland security applications, such as the localisation
of radiation sources (Baca et al., 2020), to scientific instruments like
ATLAS (Bergmann et al., 2019) and many more. The predecessors
of TPX3 were even used on several satellites: the SATRAM experi-
ment (Granja et al., 2016; Gohl et al., 2019, 2016) onboard of ESA’s
satellite PROBA-V (Dierckx et al., 2014; Francois et al., 2014); British
satellite TechDemoSat-1 (Foti et al., 2015; Unwin et al., 2016) with
LUCID experiment (Whyntie and Harrison, 2014, 2015; Hatfield et al.,
2018; Furnell et al., 2019), RISESAT microsatellite (Filgas et al., 2019;
Filgas, 2018) and last but not least the Czech CubeSat VZLUSAT-1 (Baca
et al., 2016; Urban et al., 2017; Daniel et al., 2019; Baca et al., 2018)
and Rocket experiment (Urban et al., 2020b; Stehlikova et al., 2017;
Dániel et al., 2017; Daniel et al., 2019) onboard the suborbital rocket
campaign (Miles et al., 2017) in combination with X-ray optics.

In all these branches, detectors undergo thermal changes, which
should be compensated and the detector should be stabilised at a con-
stant temperature that corresponds to its calibration and operating con-
ditions. Achieving these conditions can be problematic, depending on

https://doi.org/10.1016/j.radmeas.2021.106535
Received 7 October 2020; Received in revised form 18 January 2021; Accepted 20 January 2021

3.2 Event counting mode

23/108



Radiation Measurements 141 (2021) 106535

2

M. Urban and D. Doubravová

Fig. 1. (a) The Timepix sensor consists of an 300 μm Si detector; the ASIC read-out chip provides the radiation images in 256 × 256 px resolution (Granja et al., 2016), (b) Simplified
diagram of Timepix function in different modes of operation.

the application. Thermal stabilisation could be even too demanding and
expensive in case of space application. Nevertheless, the requirement
for accurate and stable measurements remains relevant and important
in many respects. The description of the temperature dependence and
its minimisation is therefore highly desirable. Due to the wide range of
applications mentioned above, the temperature range for testing and
analysing the detector was chosen as wide as possible to cover the
majority of applications.

The used TPX3 detector with 300 μm silicon was tested in the
temperature range from −20 ◦C to +80 ◦C which also meets the require-
ments for low Earth orbit missions according to QB50 mission (Gill
et al., 2013) (in which VZLUSAT-1 is included), i.e. from −20 ◦C to
+50 ◦C.

Timepix devices are hybrid pixel particle counting detectors, which
consist of a square matrix of 256 × 256 pixels with a pixel pitch of
55 μm (Llopart et al., 2007). The detector consists of a semiconduc-
tor sensitive layer bump-bonded to an Application Specific Integrated
Circuit (ASIC) readout chip. The ASIC chip provides integrated sig-
nal electronics for each individual pixel, including a charge-sensitive
amplifier, threshold discriminator, 14-bit counter and Wilkinson type
analogue-to-digital converter (ADC).

This arrangement allows each of the 65 536 pixels to be operated
independently in one of the following modes: Medipix mode — the
number of impacts during the exposure time above the discrimina-
tion level; ToT mode — the measurement of the deposited energy of
the incident particle using the Wilkinson type ADC, where the duration
(number of clock ticks) above the discrimination level (threshold)
is recorded during the linear discharge of the signal; ToA/Timepix
mode — the measurement of the particle impact time, i.e. the time of
exceeding the discrimination level (threshold). The descriptive picture
of the sensor with the ASIC and simplified diagram of operation modes
are shown in Fig. 1.

Timepix3 chips (Poikela et al., 2014) are operated in event-based
(also known as data-driven) mode, where the complete information
about particle interaction is obtained immediately after the hit. In this
mode, a continuous stream of data (pixel coordinates, ToA and ToT) is
generated.

Due to their hybrid structure, detectors of the Medipix family can
be made of different semiconductor or semi-insulating materials (Si,
GaAs, CdTe, CZT, etc.) used for the sensitive layer with the same ASIC
readout chip. The sensor is a monolithic sensitive layer with a common
bias electrode on top and a doped bump-bonded pixel matrix on the
bottom side. Depending on the application and energy range of the
radiation, the thickness of the material can vary, typically in the range
from 100 μm to 2000 μm. The maximum deposited energy of particles
increases together with the photon detection efficiency with thickness
of the selected material.

This manuscript presents the results of thermal vacuum tests of
the Timepix3 detector equipped with a 300 μm thick silicon sensor and

the AdvaPIX interface. This detector had been tested in a temperature
range from −20 ◦C to +80 ◦C, which meets the required conditions
for LEO (QB50; Gill et al., 2013). Testing was performed using X-
ray fluorescence, where the detector was irradiated with characteristic
radiation of 5 elements in the energy range of 4–24 keV.

2. Description of measurement and threshold calibration

The experiment was performed with a Timepix3 detector (AdvaPIX
TPX3 device) placed in a vacuum chamber under pressure of approxi-
mately 3.4 ⋅10−6 hPa. A detector equipped with a 300 μm thick Si sensor
was attached to an aluminium block, which was thermally coupled
and stabilised using a three-stage Peltier element (Fig. 2) at a series of
temperatures in the range −20 ◦C to +80 ◦C. After reaching the target
temperature, the detector was stabilised for at least 10 minutes before
each measurement. The set temperature is feedback-controlled using a
platinum thermometer located just under the Timepix chip. Waste heat
from the warm side of the Peltier element was dissipated through the
water cooling system outside of the vacuum chamber.

Fig. 2. Detector arrangement for thermal stabilisation in the vacuum chamber (Urban
et al., 2020a).

The detector was exposed to a series of characteristic X-ray radiation
generated by X-ray fluorescence (XRF). The main advantage of XRF is
the generation of characteristic X-ray radiation on precisely determined
energy lines. The energies are determined by a material of the anode
target. The target materials and their respective XRF yields radiation
energies are listed in Table 1.

By using the defined energy value of incident radiation, it is possible
to define the change in the response of the detector to different,
predetermined, radiation energies and therefore calibrate the detector.
However, before starting the measurement and subsequent calibration
of the detector, it is first necessary to perform threshold equalisation

3. Timepix3 detector
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Table 1
List of targets with characteristic lines.

Symbol Element Energy

Ti Titanium 4,508 keV
Fe Iron 6,398 keV
Cu Copper 8,046 keV
Mo Molybdenum 17,480 keV
Cd Cadmium 23,106 keV

of the detector (van der Boog, 2013; Uher and Jakubek, 2011; Urban
et al., 2020a). Each pixel in the chip responds in a different way to
an incoming radiation and, even without irradiation, generates some
signal (known as the dark current) due to fabrication mismatches and
non-uniformities of the detector. This current causes a slightly different
noise in each pixel. The threshold equalisation procedure configures
the 4-bit threshold fine adjustment of each pixel and compensates
these variations and non-uniformities. The result of the equalisation
procedure is to provide the pixel matrix as homogeneous as possible
and obtain a more uniform response with the narrowest possible dis-
tribution of pixel threshold levels across the chip. The detector can be
calibrated only after such equalisation of all pixels. A global calibration
method, instead of per pixel, has been used in this article.

A Threshold scan method is applied for the global calibration of the
energy threshold (THL) of the detector after its equalisation. The THL
scan consists of a collection of many measurements with a sequential
change of the THL value for each measurement. In this way, a cumu-
lative radiation spectrum is created for each target (monochrome).

Every absorbed photon with energy exceeding the Threshold is
counted in the bin of the THL. The spectrum is then obtained by discrete
differentiation of the cumulative distortion with the respect to the THL.
The Fig. 3 shows the resulting spectrum. As can also be seen from Fig. 3,
the higher value of electronic THL settings is for lower energy values,
depending on the used type of readout circuit.

Fig. 3. The XRF global spectrum of radiation with Iron target measured with the
TPX3 detector at 20 ◦C. The values of 𝜇 - Mean, 𝜎 - Standard Deviation, 𝐴 - Magnitude
and right Tail 𝑇 are marked in the figure. The function according to Eq. (1), which
parameters are explained in the text, was used as a fit function.

The incident particles (mainly photons, in this case) generate an
electron–hole cloud in the sensor material. Because of the thermal
diffusion effect, these charge carriers move in a random direction, not
only in the direction perpendicular to the electrodes (according to the
electric field) but also transversely. Therefore, the generated charge
carries spread into neighbouring pixels from the place of origin. The
charge, shared across multiple pixels, creates a seemingly valid signal of
multiple lower-energy photons. This phenomenon is called the charge
sharing effect and it causes the asymmetry tail (T) of the measured
spectrum, which is significant in the right part of Fig. 3. It can also
cause the final peak position is shifted from the real value of the XRF

energy level because not all the generated charge is gathered by a single
pixel.

The measured spectrum is then approximated by a combination of
a Gaussian function and the Error function

𝑔𝑒𝑟𝑓𝑐(𝑥) = 𝐴1 ⋅ 𝑒
−(𝑥−𝜇)2

2𝜎2 + 𝐴2 ⋅ 𝑓𝑒𝑟𝑓𝑐

(
𝑥 − 𝜇

𝜎
√
2

)
, (1)

where 𝑥 is the THL, and 𝑓𝑒𝑟𝑓𝑐 is the complementary Error function

𝑓𝑒𝑟𝑓𝑐 (𝑥) = 1 − 2√
𝜋 ∫

𝑥

0
𝑒−𝑡

2
𝑑𝑡. (2)

The approximation is used to determine the position of the maximum
of the sensed radiation (XRF energy), its standard deviation and mag-
nitude is determined, including a description of the value of the charge
sharing effect. They are referred to as 𝜇 - Mean, 𝜎 - Standard Deviation,
𝐴 - Magnitude (𝐴1 + 𝐴2) and right Tail as 𝑇 = 2𝐴2 in Fig. 3.

By successively measuring the values for all calibration materials
(Table 1), a description of the dependence of the set THL on the energy
of the incident radiation is obtained (Fig. 4). This dependence is affine
and can, therefore, be described by two parameters 𝑎, 𝑏:

𝑇𝐻𝐿 = 𝑎 ⋅ 𝐸 + 𝑏 (3)

where 𝑇𝐻𝐿 is the value of the set threshold, 𝐸 is the radiation energy,
𝑎 is the slope of the regression line, and 𝑏 is its offset.

Fig. 4. Threshold calibration and energy resolution for calibrated XRF energies
at 20 ◦C.

The resolution of the detector threshold level for individual XRF en-
ergies can be determined from the known parameters of the calibration
curve (𝑎 and 𝑏) and the 𝜎 of the measured signal.

3. Temperature effect

The effect of different temperatures of the detector affects its de-
tection properties, and due to the shift of the calibration curves, the
recorded signal is distorted. We found that the amount of distortion
depends not only on the temperature of the detector but also on the
energy of the incident radiation. A combined graph of the measured
spectra for the temperature extremes −20 ◦C and +80 ◦C together with
the reference value +20 ◦C is shown in Fig. 5. For clarity, the measured
data are shown using Gaussian fits with the charge sharing effect being
subtracted.

The normalised signals show that due to temperature change causes
a significant shift of the measured spectra and change in their width.
The series of THL scan measurements were performed in several tem-
perature steps and evaluated based on calibration values obtained at
+20 ◦C as already mentioned (see Table 2). The detector temperature
of +20 ◦C is used as the reference for further evaluation.

3.2 Event counting mode
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Table 2
Comparison of the influence of detector temperature on sensed radiation energies using TPX3.

Material Energy Evaluated energy (keV)

(keV) −20 ◦C 0 ◦C +20 ◦C +60 ◦C +80 ◦C

Ti 4.508 4.249 4.369 4.449 4.654 4.884
± 0.308 ± 0.305 ± 0.321 ± 0.347 ± 0.419

Fe 6.398 6.141 6.307 6.401 6.634 6.856
± 0.351 ± 0.356 ± 0.363 ± 0.389 ± 0.472

Cu 8.046 7.788 8.005 8.121 8.386 8.601
± 0.346 ± 0.360 ± 0.379 ± 0.400 ± 0.507

Mo 17.480 16.771 17.239 17.559 18.006 18.311
± 0.392 ± 0.404 ± 0.431 ± 0.471 ± 0.548

Cd 23.106 22.071 22.517 22.785 23.142 23.415
± 0.821 ± 0.848 ± 0.899 ± 0.981 ± 1.109

Fig. 5. Comparison of the spectra measured using THL scans for different detector temperatures and incident radiation energy. A calibration at +20 ◦C was applied; the resulting
data were approximated with Gaussians and normalised. The charge sharing effect was subtracted.

Fig. 6. Dependence of absolute measurement accuracy on the detector temperature for
different energies of incident radiation.

Several indicators such as the absolute shift of the spectrum

𝛥𝜇 = 𝜇𝑥 − 𝜇20, (4)

Relative error (𝑅𝐸) of measurement

𝑅𝐸20 =
𝜇𝑥 − 𝜇20

𝜇20
⋅ 100, (5)

Coefficient of Variation (𝐶𝑉𝑋) ratio measured of each temperature
for the reference value (+20 ◦C - 𝐶𝑉20)

𝐶𝑉𝑥∕𝐶𝑉20 =
𝜎𝑥
𝜇𝑥

⋅
𝜇20
𝜎20

, (6)

Fig. 7. Evolution of relative measurement accuracy depending on the detector
temperature for different energies of incident radiation.

and Relative Standard Deviation (𝑅𝑆𝐷)

𝑅𝑆𝐷 =
𝜎𝑥
𝜇𝑥

(7)

are compared. The subscript of variables is used as a label for the
temperature of measurement, i.e. 𝜇𝑥 is the peak position measured at
temperature 𝑥, 𝜎20 is the standard deviation for a detector stabilised at
20 ◦C and etc.

The data suggest that the absolute measurement accuracy (Eq. (4))
of the TPX3 detector with 55 μm Si sensor is more pronounced with
increasing value of the incident radiation energy (Fig. 6).

3. Timepix3 detector
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Fig. 8. Temperature dependence of the relative standard deviation for different XRF
target and detector temperatures.

Fig. 9. Evolution of relative measurement precision using the Coefficient of Variation
ratio for the tested and reference temperature.

However, the relative measurement accuracy (Eq. (5)) is negatively
correlated to the incident energy (Fig. 7). This temperature depen-
dence of the detector causes a relative accuracy of approx. 2% when
the temperature changes by 20 ◦C and up to 10% when the detector
temperature changes by 60 ◦C (it is at a temperature of 80 ◦C).

According to the graph of 𝑅𝑆𝐷 (Fig. 8) and Eq. (7), the dispersion
evolution of the sensed energy distribution is observed. It can be
seen that the value of the measurement precision, for the individual
energies of the incident radiation, is approximately constant with a
slight increase in dispersion with increasing temperature. This increase
can be attributed to thermal noise in the detector.

Looking on a finer scale with the dependence of the 𝐶𝑉𝑥∕𝐶𝑉20 ratio
(Eq. (6)) on the temperature (Fig. 9), it can be read that the change
in relative precision is kept in the range of approx. 6% in the tested
temperature range from −20 ◦C to 60 ◦C, however, for a temperature
of 80 ◦C there is a significant increase of more than 18% compared to
precision at +20 ◦C.

The graph 10 shows the dependence of the absolute measurement
accuracy, i.e. the displacement of the measured 𝜇, on the energy of
the XRF radiation for individual materials under the different detector
temperatures.

Significant variations in behaviour for the detection of Molybdenum
XRF radiation were observed. This phenomenon will be subject to
further research.

Last but not least, as the temperature increases, the 𝜎 and 𝜇 of
the detected signal increase and its 𝐴 decreases. This phenomenon is

Fig. 10. Evolution of relative measurement precision using the Coefficient of Variation
ratio for the tested and reference temperature.

shown in Fig. 11a) for the temperature extremes (−20 ◦C and +80 ◦C)
and a reference temperature of +20 ◦C. This finding could also mean
a change in the Photon Detection Efficiency (PDE) of the detector,
which is defined as probability of photon interaction in the sensor. For
this reason, the change in Relative Photon Detection Efficiency (RPDE)
for each temperature and energy was evaluated as the ratio of the
integrated number of measured counts to the reference measurement
(see Fig. 11b). The exposure time of all measurements was constant, as
was the energy range for each target material and X-ray tube settings.

Although there is a significant decrease in 𝐴, this change is suffi-
ciently compensated by the increase in 𝜎 (Fig. 11a) and the integrated
number of measured counts is therefore almost unchanged. The results
show that there is no significant change in RPDE for any of the tested
energies, and there is no apparent temperature dependence (Fig. 11b).
Recorded fluctuations of ±5% may be caused by measurement inaccu-
racies and slight fluctuations in the intensity of the X-ray lamp with the
same setting.

4. Conclusion

This paper provides results from temperature testing of the 55 μm
silicon sensor in close connection with complex signal processing elec-
tronics like Timepix3 ASIC. The AdvaPIX interface was used as read-
out. Testing was performed under reduced pressure of approximately
3.4 ⋅ 10−6 hPa in the temperature range from −20 ◦C to +80 ◦C. This
temperature range spans the majority of TPX3 applications as well as
requirements for most of low Earth orbit space missions. The research
aimed to determine the temperature effect on the ability to record the
number of individual X-ray events (counts) - counting mode - on the de-
tector. The course of measurement and the threshold calibration in the
range of 4–24 keV was described in detail. The presented results show
changes caused by the temperature change of the combination of the
complex ASIC and the 55 μm silicon sensor. Based on the obtained data,
it was shown that the relative measurement accuracy is negatively cor-
related to the incident energy and causes a 2% relative accuracy error
when the temperature changes by 20 ◦C or up to 10% when the detector
temperature reached 80 ◦C. Nevertheless, the variance of the individual
measurements with respect to the value of the incident energy thus the
precision of the measurements is almost constant over the entire range
of tested temperatures with a slight increase in dispersion at 80 ◦C. The
relative precision change of the Timepix3 measurement is kept up to
6% up to 60 ◦C with a significant increase to 20% at 80 ◦C. There was
no significant change in the Photon Detection Efficiency of the detector
for individual XRF energies or for different measurement temperatures.
The subject for the future research is proposing a correction method to
minimise the temperature effect on the TPX3 detector performance.

3.2 Event counting mode
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Fig. 11. Photon Detection Efficiency and its temperature dependence; (a) change of the measured radiation spectrum at constant X-ray source settings with Cu target and different
detector temperatures, (b) Relative Photon Detection Efficiency for individual energies (target materials) over all tested temperatures. Measurement at 20 ◦C was used as a reference
value.
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3. Timepix3 detector

3.3 Energy mode

Timepix detectors are capable of measuring the deposited energy of radiation in indi-
vidual pixels of the radiation-sensitive sensor used. This capability is achieved in the Time-
over-Threshold mode of measurement, where the required discharge time of the deposited
charge is measured within the electronics of each pixel. This time value can then be con-
verted by a known transformation, the output of the energy calibration of the detector, into
information about the energy of the radiation, thus providing a spectral analysis of the inci-
dent radiation. For this reason, several calibration methods have been described, e.g. using
X–ray fluorescence and low energy gamma ray sources [34], internal test pulses [35, 36],
protons [37–39] or alpha particles [40, 41]. In this study, the detectors were equipped with
a conventional per-pixel calibration using XRF sources. This calibration method provides
good coverage of the energy range up to about 500 keV. In this range the ToT and the en-
ergy follow a linear relationship. This is not the case for low energies up to about 10 keV to
15 keV [39, 41], where the conversion characteristic is strongly non-linear (see Figure 3.8).

Fig. 3.8: Dependence on particle energy of the Time-over-Threshold signal.

With the ToT measurement mode, there is a risk that the measured energy spectrum will
be distorted by multiple hits to the same pixel during an acquisition time. At this point,
a pile-up occurs and the read data cannot uniquely identify the true value of the particle
energy interaction. In the hybrid pixel detectors, there are two types of the pile-up. A digital
pile-up occurs when another particle hits the same pixel before the value of the previous
measurement is read. The second type is analogue pile-up, which occurs when the CSA
signals from two or more particles overlap and are consequently evaluated as a single pulse.
In both cases, the energy of the individual hits cannot be correctly distinguished. This is
the most common source of distortion when measuring ToT in frame mode.

The TPX3 detector provides a data-driven approach to reading ToT data. In this case, the
measured data from each pixel is transferred as a data stream as soon as it is registered. This
measurement method has great potential not only for spectral analysis but also for imaging
within a single measurement if the data is appropriately processed. Therefore, Time-over-
Threshold was chosen to focus on for further applied research.
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3.3 Energy mode

The initial phase involved functional testing and thermal analysis of this particular type
of detector. The tests were carried out over a wide range of operating temperatures, from
10 ∘C to 70 ∘C, using characteristic XRF radiation and radionuclides in the energy range
from 8 keV to 81 keV. During individual measurements, a deviation in the detected energy
values of the detector was observed, which was attributed to temperature fluctuations of
the detector. The results indicated that the spectral drift trend did not match the detected
drift in the case of the EC measurement mode. Specifically, a shift towards higher energy
values was observed with increasing temperature. In contrast, in the case of the Time-over-
Threshold measurement mode, the observed energy spectrum shifted towards lower energies.
Consequently, the relative error of the measurement was found to exceed −30 %.

After analysing the observed dependencies, a new method for correcting the measured
energy deviation was proposed. This compensation method was found to be efficient as
it significantly reduces the temperature drift of the energy spectrum when the detector is
subjected to a constant temperature difference during the measurement compared to the cal-
ibration temperature. By applying this method to the Europium spectrum, the absolute
measurement accuracy error improved from −3.07 keV to 0.04 keV for a detector tempera-
ture of 40 ∘C, and from −11.99 keV to 0.28 keV for a temperature of 70 ∘C. Correspondingly,
the relative measurement error decreased from −7.7 % and −30.0 % to 0.1 % and 0.7 %, re-
spectively.

M. Urban, O. Nentvich, L. Marek, R. Hudec, and L. Sieger, “Timepix3: Temperature
Influence on Radiation Energy Measurement with Si Sensor,” Sensors, vol. 23, no. 4,
p. 2201, Feb. 2023. doi: 10.3390/s23042201

In order to perform a more comprehensive analysis of the Timepix3 detector, an expanded
set of detectors and radiation sources were used in this study. Thermal vacuum tests were also
conducted to extend the temperature range to below zero (−40 ∘C). The results confirmed
previous findings but revealed that at lower temperatures, the dependence of the spectral
drift on temperature lost its monotonicity and the direction of the drift was reversed.

Using this more detailed dataset, the TPX3 detector was characterised, and a new cor-
rection function was proposed. This correction function not only considers the thermal anal-
ysis results but also takes into account the energy dependence of the drift. By mathemati-
cally characterising these two dependencies and substituting them, it is possible to recover
the proper values of the energy spectrum based on measured data, temperature information,
and several constants. This correction method was verified on a set of examined detectors
over the entire temperature and radiation energy range. Applying the new complex method
reduces the relative measurement error from over −30 % to less than 1.5 % over the whole
range without temperature stabilisation. For example, the correction of the relative error
measured by the XRF Tantalum target (57.53 keV) has improved from −24.49 % to −0.97 %
at 60 ∘C on the detector. In other words, the absolute error has decreased from almost 15 keV
to less than 0.6 keV.

M. Urban, O. Nentvich, L. Marek, D. Hladik, R. Hudec, and L. Sieger, “Timepix3:
Compensation of Thermal Distortion of Energy Measurement,” Sensors, vol. 23, no. 6,
p. 3362, Mar. 2023. doi: 10.3390/s23063362
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3. Timepix3 detector

Furthermore, a generalisation of the correction model was proposed and tested for applica-
tions beyond the measured range. The results were verified on a detector outside the training
set and in a vacuum chamber. Overall, this study provides a new complex correction method
for thermal distortion of energy measurement in TPX3 detectors, which can improve energy
measurement accuracy in a wide temperature range.
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Abstract: The Timepix3 readout ASIC chip is a hybrid pixelated radiation detector, designed at CERN,
which contains a 256 px×256 px matrix. Each of the 65,536 radiation-sensitive pixels can record an
incoming particle, its energy deposition or time of arrival and measure them simultaneously. Since
the detector is suitable for a wide range of applications from particle physics, national security and
medicine to space science, it can be used in a wide range of temperatures. Until now, it has to be
calibrated every time to the operating point of the application. This paper studies the possibility of
energy measurement with Timepix3 equipped with a 500 µm thick silicon sensor and MiniPIX readout
interface in the temperatures between 10 °C and 70 °C with only one calibration. The detector has
been irradiated by X-ray fluorescence photons in the energy range from 8 keV to 57 keV, and 31 keV
to 81 keV photons from the 133Ba radioactive source. A deviation of 5% in apparent energy value
may occur for a 10 °C change in temperature from the reference point, but, with the next temperature
change, it can reach up to −30%. Moreover, Barium photons with an energy of 81 keV appear as
deposited energy of only 55 keV at a detector temperature of 70 °C. An original compensation method
that reduces the relative measurement error from −30% to less than 1% is presented in this paper.

Keywords: Timepix3; X-ray detector; energy measurement; temperature effects; compensations

1. Introduction

Due to the Timepix3 (TPX3) hybrid structure, these detectors may be used in a wide
range of scientific and industrial fields. Detectors from the Medipix and Timepix family are
often used for X-ray imaging [1], dosimetry, or as an environmental radiation monitor. The
detectors’ high-resolution imaging capabilities are applicable to the analysis of paintings
and sculptures [2,3] as well as mammography [4], dental imaging [5] and CT scans [6].
Significant applications include X-ray inspection of material joints and faults and the
localisation of radiation sources [7,8]. The TPX3 detector, in combination with a suitable
converter, can also be used for neutron detection of both D-D and D-T sources. This has
been demonstrated in previous research studies [9,10], which have shown its effectiveness
in detecting both fast and thermal neutrons.

The predecessors of TPX3 were used in scientific instruments such as ATLAS [11], the
suborbital rocket campaign [12–14] and the following satellites: PROBA-V with SATRAM
experiment [15–17]; British TechDemoSat-1 with LUCID experiment [18]; Czech CubeSat
VZLUSAT-1 [19–21] and RISEPix on the RISESAT microsatellite [22].

In many applications, the detectors undergo thermal changes in the environment and
thus in the detector’s structure. Temperature stability and known dependence of device
behaviour on temperature are important in the case of the TPX3 detector as well as in the
case of most modern semiconductor sensors.

The accuracy of the resulting energy measurements is closely related to the conditions
under which the measurement was made or their likeness to the conditions under which

Sensors 2023, 23, 2201. https://doi.org/10.3390/s23042201 https://www.mdpi.com/journal/sensors
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the detector was calibrated. For this reason, several calibration methods have already
been described, e.g., using X-ray fluorescence (XRF) and low-energy gamma rays radiation
sources [23], internal test pulses [24,25], protons [26,27], or alpha particles [28,29].

Since the detector can be used in many applications and in various environments,
significant changes in operating temperatures of up to tens of degrees Celsius can oc-
cur. Achieving standard measurement conditions (identical to calibration conditions)
can be challenging. Temperature stabilisation in the target application can also be very
power-demanding, especially for space usage. The characterisation of the detector and the
description of its temperature dependencies are essential to minimising the distortion of
the measured data.

Many articles mention the possible applications of TPX3; however, there are only a
few papers that describe the characterisation of the detector in a variable environment or
on measurement mode [30,31]. This manuscript presents the results of temperature tests
during radiation energy measurements performed with the MiniPIX Timepix3 detector.
The tests were conducted over a wide operating temperature range from 10 °C to 70 °C. The
characterisation was realised using XRF and a radiation source in the energy range from
8 keV to 81 keV. Based on the observed dependencies, a linear correction of the measured
energy deviation was proposed and presented in the final part of this paper.

The remaining part of the article is divided into several sections. Section 2 contains a
brief description of the detector and the detection principle. Next, Section 3 describes the
setup, materials, radiation sources and methods used. Section 4 presents the detector’s
temperature dependence and the effect of temperature drift on the acquired energy spectra
using several parameters, such as the accuracy of the measurement. Section 5 presents and
proposes a novel method for linear correction of the detected temperature distortion of
the energy spectra. Section 6 is devoted to a final summary of the observed phenomena,
properties and presented methods.

2. Detector Description

The TPX3 is a hybrid active pixel detector with a semiconductor detection layer. This
detection chip was developed at CERN as a successor to the Timepix chip [32] in the Medipix
collaboration. The TPX3 is a Complementary Metal–Oxide–Semiconductor (CMOS) type
of detector with a square matrix of 256 px×256 px and a pixel pitch of 55 µm [33]. The
device contains a readout Application-Specific Integrated Circuit (ASIC) chip on which
a semiconductor sensor layer is bump-bonded. Within the ASIC, there are integrated
electronics to sense and evaluate the signal from each pixel. The energy threshold dis-
criminator, integrated in ASIC, is used to eliminate noise (identified as low energy events);
therefore, it is possible to generate a noise-free system when the calibration and equalisation
are performed.

The ASIC allows independent reading of individual pixels in data-driven readout
mode, where only the hit pixels are read out continuously during the exposure time. In
this readout mode, the detector can have virtually zero dead time, but individual pixels
still have about 475 ns dead/readout time, extended with time for the discharging of
accumulated charge.

The TPX3 ASIC can operate all the 65,536 px in one of the following modes:
Time-of-Arrival (ToA) mode —measurement of the particle impact time to the detector.

That is, the time it takes to reach the Threshold (THL) level from the beginning of the
exposure time.

Time-over-Threshold (ToT) and ToA mode—combination of simultaneous ToA and
deposited energy measurements. The measurement of the deposited energy in a pixel from
the incident particle is based on the Wilkinson-type Analogue-to-Digital Converter (ADC).
The sensed energy depends on the number of clock ticks during which the signal is above
the preset discrimination level (Threshold). The Time-over-Threshold relies on the time
(number of clock ticks) it takes to discharge the accumulated charge in each pixel by a
constant current.

3. Timepix3 detector
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Event counting and integral ToT mode—the count of events and their integrated
charge in each pixel during the common exposure time. Only events generating the charge
above the discrimination level are sensed.

This paper examines the effect of temperature on the measurement of deposited
energy in the ToT and ToA mode via data-driven readout. A simplified diagram of the
measurement principle is shown in Figure 1.

ASIC
readout
reset

threshold
signal
clock

shutter
disc

disc sync
ToT clock

ToT cnt 0 1 0 1 2 3

Figure 1. Schematic representation of Timepix3 detector function in Time-over-Threshold measurement.

One of the advantages of Timepix3 operated in the data-driven readout mode is
the possibility of acquiring complete information about the interaction of the particles
immediately after its impact to the detector [33]. Within the collected data stream, the
ToA, ToT values and pixel coordinate information are available for each interaction in the
presented case. The detection layer for the Medipix/Timepix detector family can be made
of different semiconducting or semi-insulating materials, such as Si, GaAs, CdTe, CZT, etc.,
in combination with the same ASIC chip due to their hybrid structure. The monolithic
sensing layer can have various thicknesses, typically ranging from 100 µm to 2000 µm,
depending on the application and its energy detection range, but the thickness within the
sensor is constant with respect to manufacturing precision.

3. Measurement and Methods

The data presented in this paper were collected during measurements with three
MiniPIX TPX3 detectors equipped with a 500 µm Si sensor with 200 V bias voltage applied.
The detectors were thermally coupled to the Peltier plate using a thermally conductive tape
between the detector and the cold/heat plate, and the whole mounting was secured by
Kapton tape. Temperature stabilisation of the cold/heat plate was conducted at several
temperatures in a range from 10 °C to 70 °C with 10 °C steps. This temperature range is
suitable for testing radiation detectors as it covers a wide range of temperatures repre-
sentative of different environments and hence a significant part of their applications such
as laboratory, medical, industrial, outdoor and some applications in space. The temper-
ature of the cold/heat plate was controlled and monitored by a feedback temperature
sensor. Since the thermometers provided by the manufacturer in the Timepix3 ASIC are
uncalibrated, the sensed values throughout the tested detectors were inaccurate by several
degrees of Celsius. Therefore, an external thermometer connected by the four-wire method

3.3 Energy mode
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was chosen for temperature measurement, which was thermally coupled to minimise the
potential temperature gradient. After reaching the target temperature, the detectors were
temperature stabilised for at least 10 min before each set of measurements was performed.
Each measurement set contains a series of energy spectrum measurements in the ToT and
ToA data-driven mode for individual sources of radiation. During the measurements, the
setup was placed in a shielded X-ray box equipped with an X-ray tube and holder for
X-ray fluorescence targets. The arrangement of the experiment, including details of the
measurement setup, is shown in Figure 2.

TPX3 detectors

XRF target X-ray tube

(a)

TPX3 detectors

Thermometer

Peltier plate

(b)
Figure 2. Detector arrangement for thermal testing of the Timepix3 detectors. (a) arrangement
configuration for X-ray fluorescence measurement; (b) details of the detector placement on the Peltier
module with feedback thermometer.

Four materials (Cu, Mo, In, Ta) were selected as targets for the generation of the
characteristic radiation generated by X-ray fluorescence. The advantage of XRF is its precise
definability of the individual spectral lines. The fifth (last) tested source is a radioisotope of
Barium which adds spectral peaks in the tested energy range. All used sources of radiation
and their characteristic energies are listed in Table 1.

Table 1. List of radiation sources and target materials with their characteristic energies.

Symbol Element Energy

Cu Copper 8.046 keV
Mo Molybdenum 17.480 keV
In Indium 24.209 keV
Ta Tantalum 57.532 keV

133Ba Barium 30.973 keV
80.998 keV

With the usage of a well-defined radiation source, it is possible to measure and
determine changes in the detector’s response to clearly defined stimuli and thus establish
its dependence on external conditions such as temperature. The spectral peaks (Figure 3)
are fitted by a Ger f c(x;A1,A2,µ,σ) (Equation (1)) function which is a combination of Gaussian
G(x;A1,µ,σ) (Equation (2)), which represents radiation peak, with complementary error
function Er f c(x) (Equation (3)) as a representation of decreasing characteristics of the
measured energy spectrum. This approximation is used to determine the position of the
peak centre µ and σ as its standard deviation. The x is the value of deposited energy:

Ger f c(x;A1,A2,µ,σ) = G(x;A1,µ,σ) + A2 · Er f c

(
x− µ

σ
√

2

)
(1)

where

G(x;A1,µ,σ) = A1 · e
−(x−µ)2

2σ2 (2)

3. Timepix3 detector

36/108



Sensors 2023, 23, 2201 5 of 13

and
Er f c(x) = 1− 2√

π

∫ x

0
e−t2

dt. (3)

Ta - Kβ1

Ta - Kα1

Figure 3. Measured spectral peak generated by the X-ray fluorescence of a tantalum target. The
measured data (blue line), together with the result of the applied Ger f c function fit on the Ta-Kα1 XRF
peak (orange line), are shown on the graph. The TPX3 detector with a 500 µm Si detection layer was
stabilised at 30 °C throughout the measurement.

The procedure for obtaining the measured energy spectra includes clustering of each
event, which takes into account multi-pixel clusters and reconstructs their original energy.
The examined detectors were calibrated as part of the standard manufacturing procedure
before the characterisation starts. The calibration procedure consists of several steps
such as threshold equalisation, which compensates for non-uniformities within the pixel
matrix. This is followed by a global calibration of the threshold energy, which consists
of a measurement series depending on the sequential change of the applied threshold
for several monochromatic radiation energies, and Time-over-Threshold calibration for
per pixel energy measurement. The THL calibration procedure is described in Urban and
Doubravová [31] as well as ToT energy calibration in Jakubek [23].

4. Thermal Dependency

This chapter describes some of the main parameters such as Absolute measurement
accuracy, Relative error of measurement, and Relative energy resolution of the Timepix3 detectors
equipped with a Si sensor and their temperature dependence. Several sets of measurements
were used for the evaluation. Temperature fluctuations during the measurement affect the
detector output and distort the evaluated data. The used data sets include measurements of
energy spectra from XRF sources as well as from natural sources (see Table 1), and all tested
detectors were sequentially thermally stabilised in several steps (10 °C, 20 °C, . . . , 70 °C).

The measured set for one detector, one measured energy (same XRF target) with
constant X-ray tube setting and different temperatures is shown in Figure 4a. For a more
explicit presentation of the thermal effect on the accuracy of the energy measurement at
different energies, see Figure 4b. For clarity, the individual spectral peaks are represented
by a normalised Gaussian curve, making recognising the resulting distortion in the energy
spectrum clearer.

3.3 Energy mode
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(a) (b)

Figure 4. The thermal influence on energy measurement. (a) the set of spectral measurements
depends on the detector temperature from 10 °C to 70 °C for constant settings of the X-ray tube with
the Molybdenum XRF target; (b) visualisation of the temperature effect on the measured incident
radiation energy. Normalised Gaussian curves represent the individual spectral peaks for better
clarity. The detector was calibrated for 20 °C.

According to the manufacturer, the most common calibration of these detectors is
performed at a temperature of 20 °C. Therefore, the measurements at this temperature are
used as a reference for the subsequent evaluation. The numerical subscripts given in the
formulas below are used as a reference for the measurement temperature.

4.1. Absolute Measurement Accuracy

The first evaluated parameter is the absolute measurement accuracy, which is defined
as the absolute shift of the measured energy of the incident radiation (Equation (4)), where
µx is the position of the measured peak centre at temperature x and µ20 is the mean position
at 20 °C:

∆µ = µx − µ20 (4)

The results indicate that, with increasing detector temperature, the sensed energy
shifts toward lower values. Thus, the accuracy of the measurement decreases, and this
effect is more significant as the energy of the incident radiation increases (see Figure 5).
As can be seen, when the detector was heated up to 70 °C from the reference 20 °C, the
measured energy peaks were shifted by −2.10 keV at 8.05 keV, −9.67 keV at 30.85 keV, and
−27 keV at 81 keV.

Figure 5. Absolute shift of the spectral peak for a given energy with respect to the detector’s
temperature. The data represent the mean values over the tested detectors, and the error bars indicate
their minimum and maximum value.

3. Timepix3 detector
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4.2. Relative Error of Measurement

Following the change in the absolute accuracy of the measurements, the relative
percentage error of the measurements for the individual energies was also evaluated:

RE20 =
µx − µ20

µ20
· 100% (5)

This evaluation (see Figure 6) led to the finding that the resulting accuracy of the
measurement is not as significantly dependent on the energy of the incident radiation as
it might appear from Figure 5. However, the energy dependence still persists, and the
temperature change has a more significant effect at higher energies (for 30 °C −3.36% at
8.0 keV vs. −4.79% at 57 keV). Therefore, the relative error of the measurement is within 5%
when the detector is warmed by 10 °C. However, as the temperature rises, the distortion of
the detected peak increases as well, up to −26.8% at 8.0 keV and −32.4% at 81 keV at 70 °C.
According to the results presented in this section, it is evident that the percentage error in
measurement accuracy increases rapidly with rising detector temperature and reaches 30%
when a sensor is heated to 70 °C.

Figure 6. Dependence of the relative measurement error on the detector temperature for different
energies of incident radiation. The plotted data represent the mean values over the tested detectors,
and the error bars indicate their minimum and maximum value.

4.3. Relative Energy Resolution

Finally, the energy resolution was evaluated according to Equation (6) as well as its
dependence on temperature. The definition of energy resolution implies that the lower the
percentage value of the quantity, the better the resulting resolution. For the calculation,
the accurate material energy E and evaluated Full Width at Half Maximum (FWHM) of
the measured peak is always used from each measurement set. For the purpose of this
evaluation, the FWHM is defined as FWHMx = 2

√
2 ln 2σx, i.e., ≈ 2.35σx. The subscript

x represents, the same as in the previous cases, the temperature corresponding to the
particular measurement:

Re =
FWHMx

E
· 100% (6)

The characteristics in Figure 7a represent the dependence of energy resolution on
sensor temperature for several radiation sources.

In the range from 20 °C to 40 °C, there is only a minor effect of the sensor temperature
on the spectral resolution of the measured signal. Change of the energy resolution is within

3.3 Energy mode

39/108



Sensors 2023, 23, 2201 8 of 13

0.5% over the entire tested spectral range. As the temperature increases, the spectral peaks
widen, so the energy resolution gradually decreases.

Nevertheless, the energy resolution improves significantly with increasing radiation
energy (Figure 7b), which is consistent with the theoretical assumptions and confirms
measurements in Nowak et al. [30]. This figure is also expanded by comparison of the
trends at two measured temperatures, where there is a clear tendency of declining spectral
resolution with dependence on increasing detector temperature.

(a) (b)

Figure 7. The energy resolution of Timepix3 detector with 500 µm Si sensor. The plotted data
represent the mean values over the tested detectors, and the error bars indicate their minimum and
maximum value. (a) dependence on detector temperature; (b) dependence on radiation energy.

5. Linear Compensation

Based on the presented energy dependencies of the MiniPIX TPX3 detector, a global
correction of the energy spectra can be proposed. The correction method is based on the
knowledge of the measurement accuracy evolution depending on the detector temperature
for individual incident radiation energies (see Section 4.1).

As can be seen in Figure 8, a linear function can be established for different stable
temperatures of operation. A control measurement was performed to validate the proposed
method with the detector stabilised at 40 °C and 70 °C and using the 152Eu radionuclide
(39.91 keV) as the radiation source. This radiation source is not included in the data set of
measurements based on which the correction function was determined.

Figure 8. The correction functions for the global energy spectra of one of the tested detectors. Error
bars represent the standard deviation of the measured value of the energy maximum.
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Figure 9 clearly shows the influence of measuring the same radiation source at differ-
ent temperatures and indicates the effect of the correction on the measured spectra. The
same already presented fit model as in the previous cases is used for the evaluation. The
results show that the application of the correction successfully compensates for the tem-
perature distortion of the measurement accuracy. Applying the proposed linear correction
method to the measured data improved the absolute measurement accuracy error from
−3.07 keV to 0.04 keV for 40 °C detector temperature and from −11.99 keV to 0.28 keV for
70 °C. Corresponding to these changes, the relative measurement error decreases from
−47.7% and −30.0% to 0.1% and 0.7%, respectively. However, even after the application of
the correction, the energy resolution is degraded by rising detector temperature causing
an increasing FWHM of the spectral peak. In the above case, the change in resolution
(after correction) is from 16% at 40 °C to 24% at 70 °C. The obtained energy spectrum at the
validation temperatures corresponds persistently to the radiation energy of the applied
radiation source.

Figure 9. Measurement of the Europium radionuclide energy spectrum with the detector at 40 °C
and 70 °C. Comparison of measured energy spectra before (light curves) and after linear correction
(dark curves) according to dependencies in Figure 8.

6. Conclusions

This manuscript presents the results of the Time-over-Threshold response charac-
terisation of Timepix3 detectors with the MiniPIX readout interface, exposed to various
temperature and radiation conditions. The tested detectors were equipped with a 500 µm
thick silicon sensor and stabilised at various temperatures in the range from 10 °C to 70 °C,
where they were exposed to X-ray radiation in the energy range from 8 keV to 81 keV.

Based on the performed experiments, it was found that the distortion of the measured
signal does not depend only on the detector temperature but also on the energy of the
incident radiation. It was observed that, as the temperature increases, the measured energy
spectrum systematically drifts towards lower energy values of sensed energy. The absolute
energy shift is dependent on the energy value of the incident particles and becomes more
significant as their energy increases. This shift can cause an absolute error of several tens of
kilo-electron volts, which means a relative measurement error of up to −30% in the tested
energy/temperature set.

According to Mazziotta [34], the temperature dependence of the electron–hole pair
creation in the presented temperature range was found to be at most 0.55%. This suggests
that the change in the pair creation energy has a minimal impact.

3.3 Energy mode
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Analysis of the energy resolution, which provides information about the detector’s
ability to distinguish two close spectral lines, shows that the energy resolution strongly
depends on the incident energy. As the value of relative resolution decreases, the ability to
recognise tight spectral lines from each other grows as the energy of the impacting particles
increases. Based on the analysis, it can be noticed that the detected deviation of the energy
resolution over the tested X-ray fluorescence energies does not exceed 2% for temperatures
from 20 °C to 40 °C, respectively 5% over the whole range of tested temperatures. Therefore,
this kind of detector proves significant spectral resolution stability over a 20 °C temperature
range, with only minor changes.

Previous studies indicate that an increase in temperature difference, both positive and
negative, can result in a disruption of the homogeneity of the equalisation matrix [35,36]
because of differences in leakage current in each pixel and its effect on electronics, leading
to a non-uniform distribution of pixel noise throughout the full frame and possibly a
widening of peaks in the energy spectrum.

Other important elements that can affect energy measurement are noise sources. The
most significant noise sources include shot noise, thermal noise and flicker noise. In depen-
dence on the type and the noise generation method, its intensity and other characteristic
properties may depend on the device’s temperature [37–39].

To the best of our knowledge, this paper is the first which describes the temperature
dependence of the energy measurement using the Timpeix3 detector and, based on its
characterisations, is the first in the literature to propose and describe the correction method
for the constant offset from the calibration temperature. The fast and efficient correction
method uses the observed linear dependence of the measurement error. The presented
method allows for reducing the degradation of the absolute accuracy of the measurement
below 0.5 keV. For the validation measurement on the 152Eu sample, which was not
included in the modelling set, a reduction of the relative measurement error to 0.7% from
the original −30% was achieved with this method. However, there is still a degradation of
FWHM with increasing temperature.

Based on the presented results and the fact that mainly the position of each energy
peak changes (change of the measurement accuracy), it can be inferred that the primary
source of measurement variation is the electronics and the ASIC chip rather than the
semiconductor sensor itself. The characteristics of the observed detector’s distortion
suggest that the change in temperature may cause a shift in the threshold or a gain in the
detection system. One of the potential sources of inaccuracies might be the temperature
instability of the voltage reference in combination with the temperature drift of integrated
semiconductor components such as transistors and operational amplifiers within the ASIC
chip. The complex combinations of these effects can cause a self-rising value of the applied
threshold on the measurement (number of clock ticks) and thus lead to a detected drift of
the measured energies towards lower values.

For future research, it is recommended to focus on the identification of the source of
the detected distortions and minimise it, for example, by successive testing of a separate
readout chip or simulating its temperature sensitivity in collaboration with the designers.
The stability of the electronics, in addition to proposing a complex correction method to
minimise the effect of temperature, could be another target.

The presented results show the importance of recording the temperature during the
experiment and its impact on the overall result and accuracy of the measurements. It
should be noted that some measurements under presented environmental conditions are
outside the manufacturer’s stated operating temperature range but may occur in some of
the more demanding applications, and detectors’ responses to environmental parameters
may reveal different dependencies for different materials and thicknesses, which were not
part of the study. Nevertheless, results indicate that TPX3 has potential not only for the
laboratory but also in homeland security applications and space research.
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Abstract: The Timepix3 is a hybrid pixellated radiation detector consisting of a 256 px× 256 px
radiation-sensitive matrix. Research has shown that it is susceptible to energy spectrum distortion
due to temperature variations. This can lead to a relative measurement error of up to 35 % in
the tested temperature range of 10 °C to 70 °C. To overcome this issue, this study proposes a complex
compensation method to reduce the error to less than 1 %. The compensation method was tested with
different radiation sources, focusing on energy peaks up to 100 keV. The results of the study showed
that a general model for temperature distortion compensation could be established, where the error
in the X-ray fluorescence spectrum of Lead (74.97 keV) was reduced from 22 % to less than 2 % for
60 °C after the correction was applied. The validity of the model was also verified at temperatures
below 0 °C, where the relative measurement error for the Tin peak (25.27 keV) was reduced from
11.4 % to 2.1 % at −40 °C. The results of this study demonstrate the effectiveness of the proposed
compensation method and models in significantly improving the accuracy of energy measurements.
This has implications for various fields of research and industry that require accurate radiation energy
measurements and cannot afford to use power for cooling or temperature stabilisation of the detector.

Keywords: Timepix3; X-ray detector; energy measurement; temperature effects; compensations

1. Introduction

Timepix3 (TPX3) is a hybrid single photon counting pixel detector with semiconductor
sensors. Due to its hybrid structure, which allows various combinations of thickness and
material types of the semiconducting sensor with the same electronics of the readout chip,
in dependence on the desired application, it is a handy, popular, and widespread detector
in several different scientific and industrial fields [1]. Typical applications of this type
of detector include usage in medicine [2,3], art [4], quality control and material proper-
ties, as well as neutron detection [5–7] or radiation source localisation and monitoring of
the radiation environment [8,9]. Timepix detectors are also frequently used in the scientific
domain, such as the ATLAS experiment [10], suborbital rockets [11,12], and applications in
space [13], either on board the International Space Station [14,15] or as part of a separate
satellite [16–18] or CubeSat mission [19–24] to monitor space weather, solar flares [25,26] or
other scientifically significant radiation phenomena.

Furthermore, the novel X-ray and high-energy space experiments focusing on X-rays
require suitable focal detectors to record the images provided by the X-ray optics of these
devices. Albeit there are several possibilities, the pixel detectors play an important and
increasing role because they meet the requirements to be used on miniature satellites such
as CubeSats: they are small, lightweight, energy-efficient, and less expensive than other
options. However, such an application requires the detector’s working temperature range
to be broad, −20 °C to 60 °C.
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Due to the widespread use of detectors with the TPX3 chip, it can be challenging to
maintain all the standard environmental conditions for measurements. Namely, the operat-
ing temperature of the detector. The TPX3 with Silicon detection layer has been shown to
be highly dependent on the operating temperature [27,28].

In situations where it is not possible or economically realistic to stabilise the operating
temperature of the detector, it is necessary to compensate for its influence. This article
deals with the possibilities and methodology of how to approach this compensation and
the evaluation of the effectiveness of such compensation.

This article is divided into several parts. In Section 2, a brief description of the detector
and its principle of operation is given, followed by a description of the measurement
methods, including the applied energies of radiation and the issue of the measurement
accuracy using the internal temperature sensor, which is essential for further correction.
The following section summarises the observed temperature effect and its distortion of
energy measurements. Section 4 proposes and presents a comprehensive method for
the correction of temperature distortion in the energy spectrum. Section 5 outlines the
possibility of generalising the proposed model, including verification on a test sample.
Finally, the penultimate Section 6 of the manuscript is devoted to testing over a wide range
of temperatures, allowing a more expansive application field and testing the possibility of
extrapolating the obtained model. The last section summarises and discusses the presented
results and possible future research areas.

2. Material and Methods

As part of this research, several detectors were used and subjected to a series of
experiments with radiation sources and different operating temperatures. The following
sections provide a description of used instruments and methods.

2.1. Device Description

The Timepix3 is a hybrid pixel radiation detector as the successor to the widely used
Timepix detector and the next addition to the Timepix/Medipix family of chips that were
developed in the CERN laboratories. Compared to the previous model Timepix [29], TPX3
has better time resolution, adds functionalities, and improves on various electrotechni-
cal specifications.

It is a square-shaped detector with a size of 1.98 cm2 capable of measuring a broad
range of ionising particles. There are (256× 256) single pixels and a pitch of 55 µm, which
makes it 65 536 individual pixels in total (see Figure 1). Each pixel is connected to the detec-
tor chip by a method called bump-bonding. At the same time, there is a set of integrated
electronics for each pixel on the Application-Specific Integrated Circuit (ASIC) chip. It
is mainly an analogue amplifier, a threshold discriminator, and an Analogue-to-Digital
Converter (ADC). A great advantage of a pixel detector with an integrated Threshold
(THL) discriminator is the possibility of using the THL to remove noise and thus oper-
ate the detector in near-noise-free mode. Unlike previous versions of Timepix detectors,
which were able to read data only in the frame mode, when after the set acquisition time,
the signal value is read from all pixels at once, TPX3 is also able to read data in the so-called
data-driven mode. This mode does not rely on a uniform frequency and reads the signal
from each individual pixel immediately after exceeding the Threshold of the given pixel.
The data stream is thus continuous and with a much better time resolution. Since only hit
pixels are read out, the total volume of data is significantly lower. The data stream is limited
only by the dead time of individual pixels integrated electronics. Thus, its minimal value
is, theoretically, 475 ns for low hit rates and matrix occupancy. When sensor occupancy
is equal to or greater than 50 %, the frame driven mode may be a better option than the
data-driven mode in terms of readout time [30]. However, the data-driven mode will
typically outperform the frame-driven mode for tracking individual particle tracks where
no pileups are required. It is worth noting that the energy counter in the data-driven mode
is limited to 1022 counts (approximately 500 keV per pixel), whereas in frame mode the
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integral energy counter has a range of up to 16,384 counts, making it more suitable for
imaging applications with high photon or particle flux or measurements of highly ionising
particles. The minimum threshold limit depends on the type and thickness of the used
detection layer material and the internal noise of the ASIC chip. Typical detection layers
can be Silicon (Si), Cadmium Telluride (CdTe), or Gallium Arsenide (GaAs) in various
thicknesses [31,32]. For the Si detection layer, which was used in the presented work,
the minimum threshold value is as low as 2 keV [33].

TPX3 ASIC

micro USB

ARM CPU

Multi unit synchronisation

FPGA

Si, CdTe, GaAs, CZT

256 px×256 px
55µm resolution

80
mm

14mm

Figure 1. Illustration and description of the MiniPIX Timepix3 detector without a protective case.

There are various measurement modes that suit different applications, allowing users
to obtain information about various parameters of particles.

The Event Counting (EC) mode is a simple counting method that records the number
of particles that hits a particular pixel. In this mode, the digital output of each pixel is
monitored, and the count of rising edges (above the threshold) is recorded. This mode
provides basic information about the particle flux and can be used for radiation mapping
and dose rate monitoring.

The Time-of-Arrival (ToA) mode is a measurement mode that records the exact arrival
time of incoming particles to each pixel. In this mode, the detector uses a time-stamping
mechanism to record the time the particle crosses the threshold voltage level. ToA is a time
indication of how much time has passed between the start of the measurement and the
impact of the particle.

The Time-over-Threshold (ToT) mode involves the measurement of the duration of
a signal generated by a particle exceeding a specified threshold voltage level. This mode
implements an indirect energy measurement method based on the Wilkinson-type ADC,
where the analogue signal from each pixel is continuously monitored. Whenever the signal
exceeds the threshold voltage, a timer is triggered to start counting. The timer stops when
the signal, which is being discharged through a constant current, falls below the threshold
voltage. After calibration, the recorded time is proportional to the energy deposited by the
particle in the pixel.

The Timepix3 detector can operate in one of three measurement modes (ToA, ToA & ToT,
and EC & integralToT) [30], which combine above-mentioned principles and allow simul-
taneous measurement of some of the parameters. The frame-based readout mode allows
measurement in the combination mode EC & integralToT, ToA & ToT and only ToA. This is
different from the data-driven mode, which allows measurement in ToA & ToT, only ToA
and only ToT.

The instruments used in this work were equipped with a readout interface called
MiniPIX (see Figure 1). It is characterised by compact size, low power consumption, micro-
USB connection, and the synchronisation of several units if required, and is equipped with
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Field Programmable Gate Array (FPGA) for fast data processing and detector handling.
A set of five identical TPX3 detectors equipped with a 500 µm silicon sensor and a MiniPIX
interface was created and will be further investigated in this paper.

2.2. Methods Descriptions

Two types of radiation sources were used to obtain data for radiation energy mea-
surements. Radiation sources of the first type use the effect of X-ray fluorescence (XRF) to
generate characteristic radiation. The XRF generates precise energy lines corresponding to
the target material. The lines depend on the electron orbitals that are characteristic of atoms
of a given element used as the target. The materials of the targets with corresponding
emission lines used in this manuscript are listed in the first five rows of Table 1.

Due to the possibility of polychromatic background radiation from scattered radiation
in a radiation-shielded box, the overall measured energy spectrum is complex. In addition
to the mentioned specific energy lines, the spectrum includes X-rays produced by the X-ray
fluorescence of the materials in the shielding box, mainly Lead, as well as photons that have
undergone additional scattering either in the sensor or in the X-ray box itself, detected as
Compton events. The measured spectrum also includes a continuous spectrum produced
by the X-ray tube.

Two radionuclides Barium and Europium were used as a second type of radiation
source. Their use provides sufficiently dense coverage of the energy spectrum up to 100 keV,
which was chosen as the maximum reasonable value taking into account the detection
efficiency of the sensors used. It should be noted that the detection efficiency of a 500 µm
silicon sensor decreases sharply with increasing energy. It reaches about 50 % at 20 keV,
but is only 10 % at 30 keV and continues to decrease with increasing incident energy. For this
reason, the measurement time was extended with respect to the measurement energy of
the peak under investigation and the efficiency of the sensor material. The radionuclide
energy values that have been taken into account are listed in the last two rows of the table
of sources used (Table 1).

Table 1. List of radiation sources and target materials with their characteristic energies.

Symbol Element/Radiation Source Energy

Cu Copper 8.046 keV
Mo Molybdenum 17.480 keV
In Indium 24.209 keV
Ta Tantalum 57.532 keV
Pb Lead 74.969 keV

152Eu Europium 39.910 keV
133Ba Barium 30.973 keV

80.998 keV

Each of these methods requires a different measurement arrangement. Therefore, two
setups were prepared. To measure the energies generated by XRF, it was necessary to
use an X-ray tube and a different geometrical arrangement compared to the application
with radionuclides. Both setups use a holder for samples, and the whole arrangement was
placed inside a radiation-shielded box. The schematic layouts are shown in Figure 2.

All detectors were placed and thermally coupled to a Peltier plate for their thermal
stabilisation at each measurement phase. The energy measurements (ToT & ToA measure-
ment in data-driven mode) of the individual samples were performed in temperature steps
of 10 °C over a temperature range of 10 °C to 70 °C. Sufficient time for thermal stabilisation
of the measurement setup was kept before each measurement started.
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Figure 2. Schematic arrangement for measuring the energy spectrum of radiation. (a) X-ray fluores-
cence; (b) Radionuclides.

The evaluation methodology is based on the procedure presented in [28], where a com-
bination of Gaussian Ga(x) and complementary error function Er f c(x) is used (Equation (1)).

Ge(E, A1, A2, µ, σ) = Ga(E, A1, µ, σ) + A2 · Er f c

(
E− µ

σ
√

2

)
(1)

The function Ga(E, A1, µ, σ) stands for the Gaussian

Ga(E, A1, µ, σ) = A1 · e
−(E−µ)2

2σ2 (2)

and complementary error function is defined as

Er f c(x) = 1− 2√
π

∫ x

0
e−t2

dt. (3)

The following notation is used for the energy (E), the intensity of the error function
(A2) or intensity of the spectral peak (A1) and its mean energy (µ) as well as the energy noise
(σ). Figure 3 shows an example of the evaluation procedure where function (Equation (1))
(green line) is applied over the range of measured data (blue markers) to provide an initial
estimation of the input parameters for the accurate determination of the measured energy
peak parameter.

The obtained values can then be used to automatically determine a suitable evalua-
tion range and input parameters to accurately fit the Gaussian function (Equation (2)) of
the energy peak near its maximum intensity, see orange line in Figure 3.

Goodness of fit and its quality are assessed using Pearson’s chi-square (χ2) test
(Equation (4)), respectively, reduced chi-square (χ2

ν) statistic (Equation (5)). It is possi-
ble to fine-tune the position of the mean (µχ2) of the examined energy peak according to
the distribution of χ2(µ), particularly the position of its minimum, under the conditions of
the fit acceptability χ2

ν ≈ 1.

χ2 = ∑
i

(Mi − Fi)
2

σ2
i

(4)

χ2
ν =

χ2

ν
(5)

The variable i defines the evaluation interval, which in this case corresponds to the
range of the Gaussian fit, Mi represents the number of measured counts in the i-th energy
bin, Fi is the value of the expected flux based on the estimated Gaussian fit, and σ2

i represents
the variance of the individual counts. The χ2

ν is defined as the proportion of χ2 and
the degrees of freedom (ν), where ν = |i| − 3 with |i| as the cardinality of the evaluated
interval i.

According to the procedure described, the position of the energy peak (see purple
dashed-dotted line in Figure 3) at 57.072 keV can be determined with an uncertainty of 10 eV
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from the given data of the Ta-Kα1 line measurement, and the Full Width at Half Maximum
(FWHM) is determined to 4.51 keV.

The variation of these parameters, in particular, the drift of the peak mean (absolute
measurement accuracy, relative error of measurement) and its width (relative energy resolu-
tion), are further compared and evaluated. The reference values for absolute measurement
accuracy and relative error of measurement are obtained from measurements at 20 °C,
the temperature at which the manufacturer calibrates the detectors.

Figure 3. Part of the measured energy spectrum of the radiation produced by the X-ray fluorescence
of a Tantalum target with a 500 µm Si Timepix3 detector without temperature stabilisation. Measured
data (blue markers) together with the Ge(E, A1, A2, µ, σ) function (combination of Gaussian and
complementary error function—green line) and with the result of the final fit of the Ga(E, A1, µ, σ)

function (orange line) to the Ta-Kα1 line. The resulting position of the µχ2 of the evaluated peaks
determined by χ2 minimisation is 57.072 keV (purple dashed dotted line). Considering the statistically
significant number of observed events, the maximum size of statistical uncertainties was determined
to be <80 counts in the range shown, the individual error bars are not plotted to the measured points
for clarity.

2.3. Internal Temperature Sensor

The stability of the measured energy spectrum is crucial and is achieved by main-
taining a constant or known temperature. The internal thermometer on the chip should
provide sufficient thermal accuracy, and the calibration of this thermometer is necessary
for the proper energy shift compensation. This chapter discusses the verification of the
linearity of the internal thermometer using an external reference PT1000 thermometer.
The several selected temperatures in the range of 10 °C to 70 °C were chosen to be relevant
to the operational temperature range of the TPX3 detector.

Timepix3 detector has two places on-board to measure temperature. The first and
most crucial is in the TPX3 ASIC chip, and the second is an internal thermometer of
the processing microcontroller. Both integrated circuits were thermally coupled to the
Peltier plate and stabilised on the desired temperature in the range from 10 °C to 70 °C and
controlled by an external device until the measured temperature was stable on all three
thermometers. It takes about 10 min to stabilise the plate at each point.

During the thermal cycling process for spectral characterisation, temperature data was
collected from all detectors. The results of the investigation indicated that all thermometers
exhibited a linear progression in their readings, with a slight offset compared to the preset
temperature. Therefore, the relative error of temperature measurement was noted to be
between 1 % and 40 % depending on the specific device and the measured temperature.

A linear regression calculation was performed for the ASIC chip, resulting in the re-
gression between 0.94 and 1.02 for all five measured detectors, as stated in the row slope
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in Table 2, which follows the preset temperature linearly but with a constant offset. The con-
stant offset was estimated to range from −6.06 °C to 0.8 °C and the coefficient of determina-
tion R-squared (R2) was found to be nearly 1 for all measured detectors, which indicates
that linear regression is a suitable fit for the internal thermometer.

Table 2. Measured linearity, offset and coefficient of determination (R2) of the temperature depen-
dence of five Timepix3 detectors on preset temperature by an external device.

Chip A Chip B Chip C Chip D Chip E

Slope 1.01 1.00 0.94 0.99 1.02
Offset −4.13 −0.76 0.80 −3.10 −6.06

R2 0.999 9 0.999 9 0.999 7 1.000 0 0.999 7

In case the estimated value of slope differs from 1 in the linear regression, the deviation
from the set and measured temperature will vary if not corrected. Based on the coefficients
listed in Table 2, it is possible to determine the correction function for the internal ther-
mometers. Given the linear dependence, it is sufficient to measure the temperature at two
points, such as room temperature and 50 °C for example, to determine the linear function.
This step is crucial in obtaining accurate information about the detector temperature during
measurement because, as shown further in the article, the detector’s thermal variation
significantly affects the resulting energy spectrum and information about its value is critical
for the correction.

3. Temperature Effects

Based on the measured and processed data from all examined detectors, radiation
sources, and temperature stages, the temperature dependence of the Timepix3 detectors [28]
was verified. The results in Figure 4 represent the significant temperature dependence of
the radiation energy measurements in the Time-over-Threshold mode of the detectors.

(a) (b)
Figure 4. Influence of temperature change of the MiniPIX Timepix3 detectors equipped with 500 µm
Si sensor on the obtained energetic spectrum measured by Time-over-Threshold in data-driven
mode. The plotted data represent the mean values over the tested detectors, and the error bars
indicate their minimum and maximum value: (a) Absolute measurement accuracy; (b) Relative error
of measurement.

The results show that the energy spectrum drifts with the temperature changes.
With increasing temperature, the energy spectrum nonlinearly shifts towards lower ener-
gies, this offset is more significant with increasing incident energy. Already with a 10 °C
change of the detector temperature, a relative measurement error of about 4 % occurs.
A further change in temperature from the reference point at 20 °C, e.g., due to the influence
of the environment or the detector self-heating, may cause a displacement of the energy
spectrum of up to tens of kiloelectronvolts. This drift causes an error of more than 30 %,
in the case of heating the detector to 70 °C.
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Table 3 shows the resulting values for selected radiation sources and detector tempera-
tures from the tested interval.

Table 3. Temperature influence on radiation energy measurement with 500 µm silicon MiniPIX
Timepix3 detectors in Time-over-Threshold mode. Where ∆E is the absolute measurement accuracy,
RE is the relative error of measurement, and Res. is the relative energy resolution.

Energy 17.48 keV 24.21 keV 57.53 keV

Param. ∆E
(keV)

RE
(%)

Res.
(%)

∆E
(keV)

RE
(%)

Res.
(%)

∆E
(keV)

RE
(%)

Res.
(%)

10 ◦C 0.37 2.11 16.88 0.62 2.52 13.24 1.64 2.79 8.70
30 ◦C −0.68 −3.83 17.02 −0.92 −3.73 12.72 −2.67 −4.50 6.48
60 ◦C −3.89 −21.95 18.66 −5.66 −22.87 15.20 −14.51 −24.49 8.85

4. Compensation Method

As was written in the recently published paper, a simplified linear compensation [28]
can be used for the initial compensation of the detector’s temperature drift. This compen-
sation method is effective for the constant temperature difference of the detector during
measurement from the calibration temperature. The linear compensation method indeed
finds its use; however, if the detector is permanently exposed to different but constant
conditions, performing a complete recalibration of the device under these conditions is
preferable. Nevertheless, if the condition varies frequently, this approach is not appropri-
ate. A new method of complex temperature compensation is proposed, which is based
on the analysis of the collected data, the results, and the observed dependencies. This
method utilises a temperature distortion model applicable to a continual change not only
of the detector temperature but also of the incident radiation energy.

The examination of the measured data and subsequent processing (Figure 4) suggests
a definable temperature dependence of the energy spectrum drift. Further processing
allows us to describe the dependence of the measured energy on temperature (Figure 5a)
and thus to establish Equation (6).

Emeas = mT2 + nT + o (6)

where Emeas is measured energy by the detector, T is detector temperature during measure-
ment and m, n, o are function parameters.

However, the parameters of this dependency are highly variable concerning the energy
of the incident radiation. Therefore, it was necessary to define the interdependence of
this function on the radiation energy. Gradually, it became apparent that the individual
parameters of the Equation (6) have a linear dependence with regard to the radiation energy
(Figure 5b) and, therefore, can be described by linear regression, see Equation (7).

x = x1E + x2 (7)

where x represents one of the parameters m, n, o in Equation (6), E is the energy of radiation,
and x1, x2 are parameters of the dependence.

The mutual substitution of these two functions yields a model of the temperature
distortion of the measurement accuracy of the energy spectrum with the TPX3 detector.
The expression E leads to a function (Equation (8)) that contains the constants m, n, and o
obtained from the model and the two variables Emeas as the measured energy and T as
the temperature of the measurement.

E =
Emeas −m2T2 − n2T − o2

m1T2 + n1T + o1
(8)
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(a) (b)
Figure 5. Model of temperature dependence distortion of measurement accuracy of radiation en-
ergy spectrum (Time-over-Threshold in Data-driven mode) with Timepix3 detector equipped with
500 µm Si sensor. The error bars indicate the inaccuracy of a given parameter obtained by the fitting
function: (a) Temperature dependence; (b) Energy dependence.

Its application to the measured data yields the real energy of the incident radiation
after correction for temperature distortion.

The evolution of absolute measurement accuracy and relative measurement error over
the complete, tested range after applying the presented correction method is shown in
Figure 6. The results are compiled over all tested detectors. A simple comparison with
Figure 4 demonstrates the significant minimisation of the temperature dependence, the com-
pensation of the thermal drift in the energy spectrum of the radiation, and the improvement
of the obtained results. The plot shows that the absolute shift of the measured energy has
been reduced by applying the correction from almost −30 keV to ±0.5 keV over the entire
tested energy and temperature range. The relative error of the measurements has thus
also dropped from the original −30 % (at 70 °C) to 1.5 % thus staying within the ±1.5 %
tolerance interval over the whole range. For a more accurate representation, Table 4 gives
specific values for the same selected radiation source types and detector temperatures as
in Table 3.

(a) (b)
Figure 6. The change in absolute measurement accuracy and relative measurement error of the tested
sources after applying the proposed correction. The plotted data represent the mean values over
the tested detectors, and the error bars indicate their minimum and maximum value: (a) Absolute
measurement accuracy; (b) Relative error of measurement.
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Table 4. Temperature influence on radiation energy measurement with 500 µm silicon MiniPIX
Timepix3 detectors in Time-over-Threshold mode after application of the proposed individual correc-
tion method. Where ∆E is the absolute measurement accuracy, RE is the relative error of measurement,
and Res. is the relative energy resolution.

Energy 17.48 keV 24.21 keV 57.53 keV

Param. ∆E
(keV)

RE
(%)

Res.
(%)

∆E
(keV)

RE
(%)

Res.
(%)

∆E
(keV)

RE
(%)

Res.
(%)

10 ◦C −0.07 −0.42 14.99 −0.25 −1.02 14.01 −0.20 −0.35 8.67
10 ◦C 0.01 0.08 16.21 0.13 0.52 11.64 0.07 0.13 6.67
60 ◦C 0.04 0.21 22.56 −0.07 −0.31 18.80 −0.56 −0.97 12.52

5. Generalisation

As part of the potential expansion of the presented compensation method for a wide
range of applications without the necessity to characterise individual detectors, the pos-
sibility of parameter generalisation was also tested. Based on the tested detectors’ data,
an average temperature dependence model was established and the necessary general
parameters for the compensation were determined (see Table 5). One detector was removed
from the modelling set for generalisation and has been used for final verification and
applicability comparison.

Table 5. Generalised parameters to compensate for temperature distortion in energy spectrum
measurement accuracy using Timepix3 detectors with 500 µm Silicon sensor.

Parameter X1 X2

m −5.664 27× 10−5 −1.271 01× 10−4

n −1.660 14× 10−3 2.767 56× 10−2

o 0.109 11× 101 −0.100 19× 101

The characteristic X-ray fluorescence of the Lead target (energy 74.97 keV) was mea-
sured several times with detector E outside the modelling set at detector temperatures
of 30 ◦C, 40 ◦C and 50 ◦C. The resulting measured spectrum after normalisation for com-
parison is shown in Figure 7a. As can be seen, the temperature effect significantly distorts
the accuracy of the energy measurement by 19%.

Applying the above-proposed compensation method with the parameters obtained
from the previous characterisation of the detector E, the energy spectrum shown in Figure 7b
can be produced. It can be seen from the figure that the effect of temperature distortion on
the absolute accuracy of the measurement was nearly minimised to the relative error of
measurement of less than 0.7%. At the same time, there is a clear trend of increasing energy
peak width, common to all measurements and methods, thus deteriorating the detector’s
energy resolution for high temperatures. This is due to the increasing thermal noise in
the device.

Suppose the generalised parameters listed in Table 5 are used in the same correction
method instead of using the individual parameters for a given detector. In that case,
the spectra shown in Figure 7c are obtained. It should be noted that a more statistically
significant number of detectors would need to be tested and characterised to produce
a robust, generally valid, generalised model.

It is noticeable that the generalised compensation does not provide as satisfactory
results as in the prior case. This result was expected because when using generalised
parameters for the compensation model, there are always compromises regarding the spe-
cific parameters of the detectors included in the training set. Therefore, after applying
the generalised parameters, the output cannot be as accurate as in the case of compensation
parameters determined for a specific detector. Nevertheless, it is shown that the proposed
compensation method can be successfully applied to correct the energy drift even with
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generalised parameters based on several other detectors. The resulting relative error of
the measurements does not exceed 1.5%, for the particular detector types. The detailed
comparison of the fundamental parameters for several detector temperatures is given
in Table 6 for the cases: raw measured, compensation based on parameters for specific
detector and after compensation of thermal distortion based on generalised parameters.

(a) (b)

(c)
Figure 7. The comparison of the energy spectrum obtained by X-ray fluorescence with a Lead target
and different compensation for thermal distortion. The measurements were performed with the
detector E at three different sensor temperatures (30 ◦C, 40 ◦C and 50 ◦C): (a) Without compensation;
(b) Individual compensation model; (c) Generalised compensation model.

Table 6. Comparison of the energy spectrum parameters obtained by X-ray fluorescence with a
Lead target and different compensation for thermal distortion. Measurements were performed with
detector E (which is outside the modelling set) at three different sensor temperatures (30 ◦C, 40 ◦C
and 50 ◦C). Symbol ∆E represents the absolute measurement accuracy, RE is the relative error of
measurement, and Res. is the relative energy resolution.

Measured Individual Generalised

Param. ∆E
(keV)

RE
(%)

Res.
(%)

∆E
(keV)

RE
(%)

Res.
(%)

∆E
(keV)

RE
(%)

Res.
(%)

30 ◦C −3.45 −4.38 5.93 −0.41 −0.55 6.61 1.10 1.46 6.73
40 ◦C −8.49 −10.79 6.06 −0.43 −0.57 6.78 0.27 0.37 6.87
50 ◦C −14.87 −18.89 8.20 −0.52 −0.70 8.18 −0.56 −0.74 8.30

6. Validation and Extrapolation over a Wide Temperature Range

The validation of a model over a wide temperature range is a particularly important
process that can significantly increase the applicability and versatility of a given model in engi-
neering and scientific applications, such as aerospace, automotive, or outdoor environmental
research. This reduces the risk of failure in safety-critical or mission-critical applications.
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The extrapolation of measured data to temperatures below 0 °C can effectively reduce
the need for complex and costly measurements in extreme temperature conditions, while
still providing valuable insight into system behaviour. This approach can lead to more
efficient and cost-effective product or system development/application without the need for
a number of physical tests and additional calibrations. The utility of such extrapolation has
been demonstrated in this paper, where the model has been validated over a temperature
range including temperatures down to −40 °C.

A detector MiniPIX TPX3 with a 1 000 µm thick Silicon sensor, beyond the previously
tested collection, was used to verify the proposed model and the extrapolation. It was
operated at temperatures between −40 °C to 60 °C, requiring careful control of the test
environment to prevent condensation and frosting on the detector because temperatures
were deep below the dew point. Consequently, the device under test could have been
short-circuited and irreversibly damaged. To mitigate this risk, the detector was placed in
a vacuum chamber and thermally coupled and stabilised using a three-stage Peltier element
(Figure 8). Waste heat was dissipated through a water cooling system outside the vacuum
chamber. The temperature was stabilised for at least 10 min before each measurement and
controlled with a feedback thermometer placed below the Timepix3 chip. An automatic
carousel with multiple targets for generating XRF radiation at various energies was also
placed inside the chamber.

Version March 6, 2023 submitted to Sensors 13 of 18
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Figure 8. Timepix3 detector arrangement for thermal testing of verification and extrapolation of the 
compensation model in the vacuum chamber. (a) arrangement configuration for X-ray fluorescence 
measurement; (b) details of the detector placement on the Peltier module with feedback thermometer.
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Figure 9. Model of temperature compensation of energy measurement (X-ray fluorescence with Tin
target and detector in Time-over-Threshold mode of measurement and Data-driven readout mode)
distortion using Timepix3 detector with 1 000 µm Silicon sensor in the temperature range from −40 ◦C
to 60 ◦C. Extrapolated model based on data measured in temperatures above 0 ◦C is shown as well.
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Figure 8. Timepix3 detector arrangement for thermal testing of verification and extrapolation of the
compensation model in the vacuum chamber: (a) arrangement configuration for X-ray fluorescence
measurement; (b) details of the detector placement on the Peltier module with feedback thermometer.

Due to limitations in the vacuum system and safety measures, it was possible to
generate characteristic fluorescence radiation with energies up to 30 keV. Considering these
restrictions and with respect to the material and thickness of the detection layer, the follow-
ing XRF targets were selected: Zircon (Zr) at 15.77 keV, Cadmium (Cd) at 23.11 keV and
Tin (Sn) at 25.27 keV. Additional to the X-ray fluorescence targets, an Americium (241Am)
radionuclide with a spectral line at 59.54 keV has been selected for optimal results.

From Figure 9, it is clear that the described and presented model for compensating
temperature distortion of the measured energy spectrum of the incident radiation and,
thereby, the increasing error of energy measurement is not only effective for temperatures
above 0 °C but has also been validated at temperatures below freezing point. The results of
experiments verified that the superimposed parabolic model effectively reduces the relative
measurement error at −40 °C from −11% to approximately 0.5% (for XRF energy of Sn;
25.27 keV) as can be clearly seen in the comparison of Figure 10a,b.
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Figure 9. Model of temperature compensation of energy measurement (X-ray fluorescence with Tin
target and detector in Time-over-Threshold mode of measurement and data-driven readout mode)
distortion using Timepix3 detector with 1 000 µm Silicon sensor in the temperature range from−40 °C
to 60 °C. Extrapolated model based on data measured in temperatures above 0 °C is shown as well.

(a) (b)

(c)
Figure 10. The comparison of the energy spectrum obtained by X-ray fluorescence with a Tin
target and different compensation for thermal distortion. The measurement results of a detector
with a 1 000 µm Si sensor placed in a vacuum for different sensor temperatures (−40 °C, 0 °C and
60 °C) are shown: (a) Without compensation; (b) Individual compensation model; (c) Extrapolated
compensation model.

The extrapolation of the above-mentioned model was tested with the same detector.
A temperature compensation model was developed based on the data points that were
above the freezing point (depicted as orange in Figure 9). Figure 10 reveals that as the tem-

3.3 Energy mode

59/108



Sensors 2023, 23, 3362 14 of 17

perature decreased and moved away from the reference points, the extrapolated model
showed an increased discrepancy from the model constructed using the entire dataset.
However, even this extrapolated model provides a considerable improvement in the rel-
ative accuracy of the measurement for temperatures below 0 °C (as seen in Figure 10c).
At a temperature of −40 °C, it reduces the error from the original by more than −11% to
approximately 2% (as shown in Table 7). This compensation may be sufficient for some
applications, and extrapolation would simplify and speed up the compression process
when it is not necessary or practical to create suitable cooling conditions and it is difficult
to undercool the detector for parameterisation.

Table 7. Comparison of the energy spectrum parameters obtained by X-ray fluorescence with a Tin
target and different compensation for thermal distortion. The measurement results of a detector
with a 1 000 µm Silicon sensor placed in a vacuum for different sensor temperatures (−40 ◦C, 0 ◦C
and 60 ◦C) are listed. Where ∆E is the absolute measurement accuracy, RE is the relative error of
measurement, and Res. is the relative energy resolution.

Measured Individual Extrapolated

Param. ∆E
(keV)

RE
(%)

Res.
(%)

∆E
(keV)

RE
(%)

Res.
(%)

∆E
(keV)

RE
(%)

Res.
(%)

−40 ◦C −2.88 −11.41 35.17 −0.13 −0.5 36.95 0.54 2.13 39.43
0 ◦C 0.31 2.03 27.95 0.04 0.14 26.38 0.02 0.09 26.48

60 ◦C −4.36 17.27 28.29 −0.35 −1.39 36.09 −0.21 −0.84 36.26

7. Conclusions

This paper presents a solution to the problem of energy spectrum distortion due to tem-
perature fluctuations in the Timepix3 detector with MiniPIX readout interface and Silicon
sensor with a thickness of 500 µm and 1 000 µm. The study’s results demonstrate that a rela-
tive measurement error of up to 35 % can occur in the tested temperature range from 10 °C
to 70 °C. The study was carried out using different radiation sources (X-ray fluorescence
and natural sources) in the field of up to 100 keV to investigate the detector’s behaviour.

The first part of the paper also emphasises the issues of the potential usage of an inter-
nal thermometer built into the ASIC chip, which would significantly impact the measure-
ment and compensation capabilities.

The authors propose a complex compensation method, which has been demonstrated
to minimise the measurement error to no more than 1.5 % for all energies over the entire
temperature range tested. The results show that the proposed compensation method
and models significantly improve the accuracy of energy measurements in Time-over-
Threshold mode.

The possibility of creating a general model for temperature distortion compensation
was also discussed. It would require testing a statistically significant number of detectors.
Nevertheless, the results of the study indicate that even when applied to a small set of
five, detectors, the possibility of generalisation appears to be realistic. After applying
the generalised model to a detector not included in the learning set, the relative error of
energy measurement in the X-ray fluorescence spectrum of Lead (74.97 keV) was found to
be reduced from the original 15 % to less than 1.5 % at a detector temperature of 50 °C.

The compensation method was further tested in temperatures up to −40 °C using
a vacuum chamber and was also found to be valid in this range. The extrapolated model,
based on measurements where the temperature did not drop below 0 °C, was verified for
the correction of energy spectra measured when the detector temperature was below 0 °C.
It was found that although the efficiency of the compensation of the measurement error of
the incident energy is degraded, the extrapolated model can be used. During the tests with
XRF of the Tin target (25.27 keV) and using at a detector temperature of −40 °C, the relative
measurement error was reduced from the original 11.4% to 2.1% with extrapolated model
(0.5 % in the case of the individual model based on all data points).
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The presented results, methods, and models allow the use of the TPX3 detector to be
extended to a wide range of applications where cooling or temperature stabilisation of the
detector is not possible or economically viable. The compensation method provides a valu-
able solution to a common problem in space radiation measurement and has the potential
to have a significant impact on various applications.

In conclusion, the authors have successfully demonstrated a solution to the problem
of energy spectrum distortion due to temperature fluctuations in the Timepix3 detector
with MiniPIX readout interface and Si sensor with a thickness of 500 µm and 1 000 µm.
The proposed compensation method has been shown to significantly improve the accuracy
of energy measurements, and the model’s validity has been verified in both parts of the
temperature range, below and above 0 °C. The findings of the study have the potential to
impact a wide range of applications and industries, increase the application potential of
this detector type in other fields and decrease workforce demands (series of calibrations)
and power sources (thermal stabilisation/cooling).
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Chapter 4
Applications in space

The Timepix family of hybrid pixel detectors has found numerous applications in a wide
range of scientific and industrial fields due to its high spatial and energy resolution, fast read-
out and radiation hardness. One of the most challenging and exciting areas where Timepix
detectors have been used is space exploration and research. Space missions have unique tech-
nical and environmental constraints that require robust, versatile and radiation-hardened
sensors which can operate under harsh conditions in order to measure different types of ra-
diation. Timepix detectors have proven to be a reliable and flexible devices for numerous
space applications [42], from their installation on the International Space Station (ISS) as
an instrument for measuring the radiation environment [43], through several satellites with
Timepix as a payload (ESA’s Proba-V [14, 44], British TechDemoSat-1 [16], and Japanese
RISESat [15]), to their exposure in open space on board one of the CubeSat missions, e.g.
for measuring incoming radiation from the Sun, space or Earth’s radiation background [7].

Their purpose is not only radiation monitoring, dosimetry and spectroscopy or observ-
ing of cosmic sources but also technology demonstration and validation of new concepts.
This chapter summarises a brief overview of selected space applications of Timepix-based in-
struments and experiments, as well as the application of the results of this thesis in which
I was involved.

4.1 VZLUSAT-1

The nanosatellite VZLUSAT-1 is a CubeSat mission developed by the Czech Aerospace
Research Centre (VZLU) in the Czech Republic and was launched into low Earth orbit (LEO)
orbit on 23rd June, 2017. The primary objective of the VZLUSAT-1 mission was to demon-
strate the feasibility of using advanced materials and technologies for space applications and to
achieve higher a Technology Readiness Level (TRL) for several materials [8]. The nanosatel-
lite was designed and built by a team of researchers and engineers from VZLU, Czech Techni-
cal University in Prague (CTU), and University of West Bohemia (UWB). The nanosatellite
was also developed in collaboration with other Czech universities and companies.

With dimensions of 10 cm×10 cm×34 cm and a weight of less than 2 kg, VZLUSAT-1 is an
example of a CubeSat, a standardised type of satellite that has become increasingly popular
in recent years due to its low cost and relatively short development time. VZLUSAT-1 is
equipped with several scientific instruments, including a radiation dosimeter and an X–ray
telescope consisting of a combination of Lobster-Eye optics and the Timepix detector.

The detector interface has been modified for proper communication with the main com-
puter and for placement on the CubeSat. An additional passive heat sink was attached to
the detector itself (see Figure 4.9). During the thermal vacuum tests, it was shown that this
heatsink allows the detector to operate in a continuous scanning mode, but its temperature
rises up to 60 ∘C.

Although the lifetime of this nanosatellite was initially estimated at one to two years,
it is still operational in 2023 and providing valuable low Earth orbit data. For example,
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Fig. 4.9: Timepix detector as part of the VZLUSAT-1 payload board [45].

the long-term thermal data acquired on board the nanosatellite (orbiting at LEO) reveal
that the thermal range inside the satellite is from −5 ∘C to 42 ∘C. It was measured by the
Timepix detector, which also provides the long-term dosimetry map or solar flare data. It
can therefore be expected that the measured energies, in this case, will also be affected by the
distortion already described in this thesis. Since information about the temperature of the
detector or its heat sink is known for each frame, this temperature distortion can be at least
partially reduced, even retrospectively. In this case, it is necessary to use a generalised model
based on a reasonable number of measurements with detectors in the same configuration, as
demonstrated previously in this thesis.

However, the Timepix capabilities can also be used for space weather monitoring and dosi-
metric measurements, e.g. by filtering out individual events based on the track of a particle
and its energy, the type of radiation can be determined, as shown in Figure 4.10.

M. Urban, O. Nentvich, V. Stehlikova, T. Baca, V. Daniel, and R. Hudec,
“VZLUSAT-1: Nanosatellite with miniature lobster eye X-ray telescope and quali-
fication of the radiation shielding composite for space application,” Acta Astronautica,
vol. 140, pp. 96–104, Nov. 2017. doi: 10.1016/j.actaastro.2017.08.004

Fig. 4.10: Radiation map of the Earth based on the intensity of different particle types from
the shape of their tracks [45].
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A B S T R A C T

In the upcoming generation of small satellites there is a great potential for testing new sensors, processes and
technologies for space and also for the creation of large in situ sensor networks. It plays a significant role in the
more detailed examination, modelling and evaluation of the orbital environment. Scientific payloads based on the
CubeSat technology are also feasible and the miniature X-ray telescope described in this paper may serve as an
example. One of these small satellites from CubeSat family is a Czech CubeSat VZLUSAT-1, which is going to be
launched during QB50 mission in 2017. This satellite has dimensions of 100 mm � 100 mm � 230 mm. The
VZLUSAT-1 has three main payloads. The tested Radiation Hardened Composites Housing (RHCH) has ambitions
to be used as a structural and shielding material to protect electronic devices in space or for constructions of future
manned and unmanned spacecraft as well as Moon or Martian habitats. The novel miniaturized X-ray telescope
with a Lobster Eye (LE) optics represents an example of CubeSat's scientific payload. The telescope has a wide
field of view and such systems may be essential in detecting the X-ray sources of various physical origin.
VZLUSAT-1 also carries the FIPEX payload which measures the molecular and atomic oxygen density among part
of the satellite group in QB50 mission. The VZLUSAT-1 is one of the constellation in the QB50 mission that create
a measuring network around the Earth and provide multipoint, in-situ measurements of the atmosphere.

1. Introduction

The main idea of QB50 mission is to demonstrate the possibility of
launching CubeSats and scientific utilization. These satellites are
designed as a part of a global sensor mesh to perform in-situ measure-
ment in the largely unexplored lower thermosphere [1].

Due to the low orbit of the satellites, their orbital lifetime is limited.
With respect to this fact, space agencies are not pursuing a satellite
network from industrial satellites for an in situ measurement in the lower
thermosphere, because creation of such a network would be very
expensive. Measurements in low atmosphere can be nowadays conducted
by sounding rockets, however that is a single-point measurement with a
duration of only several minutes. One of the options is to use low-cost
satellites i.e. CubeSats [2]. These small satellites can realize a network
of satellites for in-situ measurements in the lower thermosphere and
provide multipoint measurements for a longer time period [3]. Advan-

VZLUSAT-1 is a CubeSat type satellite. The idea of these small satellites is
to prove a universal, cheap and lightweight platform mainly for univer-
sities and companies which want to test and verify new technologies on
orbit or conduct scientific measurements [5] or create sensor networks.

Companies worldwide are manufacturing universal and compatible
parts for CubeSats. Creation of a CubeSat can then be only assembling of
construction kits. VZLUSAT-1 uses these prefabricated parts - On-board
Computer (OBC), Electronic power system (EPS) as the most basic plat-
form to manage power and radio board for communication with
ground segment.

2. Scientific goals and motivation

The QB50 mission concept is predestined for swarm experiments. A
constellation of satellites with the same experiment on-board will be
created. VZLUSAT-1 is a technological satellite with three scientific
experiments.
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The first is a small X-ray telescope. X-ray observation of the sky is
feasible by various devices, such as sounding rockets, high altitude bal-
loons or X-ray telescopes placed on orbit. Nowadays, the Wolter type
optics is commonly used in space experiments. These types of optics
represent hollow mirrors, they consist of elliptical and parabolical or
hyperbolical surfaces, work on total reflection principle and have
approximately 0.5 deg wide field of view. Compared to this, VZLUSAT-1
carries wide-field Lobster Eye type X-ray optics, with parallel flat mirrors
in Schmidt arrangement. Because this technology has never been used in
orbit, an elementary, bright source of X-ray radiation - the Sun - was
chosen for test imaging and technology demonstration (which is the main
mission goal). The Lobster Eye optics is expected to focus X-ray images of
the Sun in the energy band of 3–60 keV [6]. In the case the mission is
successful, another telescope is expected to follow, with a larger optics,
higher sensitivity and better angular resolution.

Another part of the VZLUSAT-1 mission is to examine a new material,
which is Radiation Hardened Carbon Composite Housing (RHCH). This
material is lightweight and due to its volumetric mass density it should be
able to block low energy radiation and particles like protons and neu-
trons. The material slows down neutrons by elastic scattering. A detailed
description can be found in chapter 5.3.2. There are several other mis-
sions and experiments focused on this problematic [7,8].

The last experiment is the FIPEX. This experiment is focused on the
study of residual oxygen in incriminated layer of the atmosphere. In-
formation about this element is interesting for scientific models of the
atmosphere. Proportion of oxygen to other elements in the air changes
during long-time periods, in the last period it was 10–35%. The amount
of oxygen has an influence on the absorbed surface radiation in units of W
m�2 and can show a connection with global warming [9,10]. It can also
have relation to corrosion of spacecraft on orbit [5].

3. Concept of operations

The satellite will be stabilized in attitude tangential to the orbit, with
FIPEX instrument on the prow. This placement is important for the best
efficiency of the measurement. On the prow, FIPEX sensors have ideal
circumstances for gathering oxygen particles. During the flight, position
will be corrected by magneto-torquer coils, so this endpoint experiment
orientation is guaranteed ±10 deg. Also the whole satellite can be ori-
ented towards the Sun or other X-ray sources for taking pictures.
Observation can be started by an automatic trigger, made of UV diodes.
When irradiated, it gives a signal to make a picture. The satellite will be
exposed to space radiation from far space as well as from the Sun. It will
also receive doses from Van Allen belts while orbiting. These total doses
are going to be measured by XRB diodes and by a CdTe detector.
VZLUSAT-1 will carry RHCH as well. The RHCH is going to be tested for
its properties and suitability for shielding radiation and for making
construction parts for next space projects like spacecraft or habitats,
where the protection of human crew against radiation is needed [11].

The data will be sent twice a day to the ground operational station in
Pilsen (Czech Republic) for further processing. Because of limited
downlink, basic operations with data will be done on orbit. For example,
a picture from the X-ray payload is compressed by binning, from which
an on-earth operator can consider whether the real image contains
valuable data. During another connection with the satellite, a larger
image format can be downloaded on demand.

4. Spacecraft

4.1. Overview

The science mission fits to a small spacecraft, the CubeSat's form
factor suits well its requirements. All used payloads and subsystems
comprising the satellite were tested in Aerospace Research and Test
Establishment, Prague. VZLUSAT-1 includes all necessary submodules
for standalone autonomous operations and meets the requirements

imposed by the QB50 mission (see Fig. 1).
One of the systems for determining the exact position of VZLUSAT-1

is an array of retroreflectors. A network of ground stations is built around
the Earth, capable of detecting satellites equipped with suchmirrors. This
localization principle was used for example for Chinese navigation sat-
ellite Compass-M1 and American-French Jason-2 [12,13]. The system
allows to monitor the distance of the satellite with millimetre accuracy.
The ground system consists of an ultra-short laser pulses generator and a
single-photon detector with an extremely high time resolution and sta-
bility. The use of laser pulses provides a better position precision than
radio waves. Precise position of the satellite is determined from the time
shift and the elevation of a laser beam.

4.2. Structure

CubeSat units can be advantageously connected together as it is the
case of VZLUSAT-1. This satellite consists of two units, its launch size is
100� 100� 230 mm3 and mass is 1.83 kg (see Table 1). VZLUSAT-1 has
a deployable system which allows the satellite to expand its size up to
three units in orbit. The number of units connected together depends on
rules of the mission, financial possibilities of the project and re-
quirements for experiments.

VZLUSAT-1 has three components, which are constructed to be situ-
ated at the end of the satellite - the LE optics, the FIPEX and antennas. For
this reason, antennas were placed in the middle, on the joint between the
two units, although it complicates the assembling. Deployable optics is
placed on the top of the satellite, both sides are equipped with a
deployable solar panel and a Health monitoring panel. The HM panel is
made of a carbon fibre reinforced plastic (CFRP) material with additive
manufacturing forming the RHCH. The retroreflector array is placed
under the HM panel. A detailed description of the location of the indi-
vidual parts is in Fig. 2.

This panel carries corner reflectors (retroreflectors) to determine the

Fig. 1. Folded VZLUSAT-1 satellite placed in a stand.
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position of the nanosatellite with high accuracy. The corner reflection
consists of three mutually perpendicular mirrors, there are 16 corner
reflectors placed on panel.

Three X-ray sensitive XRB diodes are placed below the reflectors with
different shielding for differential measurement of RHCH shielding
effectivity. XRB diodes are placed on a board which is mounted
perpendicular to a Measure board, providing radiation and temperature
measurement. On the bottom side of the first unit there are antennas,
which are curled inside the body of the CubeSat and are secured by wires
during the launch. After achieving the orbit, the wires will be overburnt
and antennas will protrude out. A Volatiles board is on the top of the
second cube (in the middle of the CubeSat), it measures the evaporation
of residual humidity from the whole body of the satellite with emphasis
on RHCHmaterial. The bottom Cube consists of the following parts: an X-
ray board with a Timepix detector, an OBC controlling general func-
tionality of the spacecraft, a Radio board providing communications with
the ground station and the last one is an Electronic power system (EPS)
with two backup rechargeable batteries and with an energetic manager.

The structure was designed to survive the launch without degradation
or components loss. The completely assembled VZLUSAT-1 was tested on
vibration plateau. All the tests were performed in compliance with the
QB50 requirements.

4.3. Power system

The power system is an elementary board which provides power for
all systems. The power system consists of solar panels for energy gener-
ation, Electronic Power System (EPS) board NanoPower P31u, and two
Lithium-ion backup accumulator cells configured serial. There are two
solar panels with 2 U format and one panel with 3 U format on the
nanosatellite (more in Table 2). The biggest panel is assembled of two
fixed and one deployable part. All solar panels have three layers - InGaP,
GaAs and Ge layers on a Germanium underlay. Each of these layers ab-
sorbs different wavelengths, from UV to IR. The effectiveness in orbital
conditions, that means amean power density of 1367Wm�2, is 30%. The
solar panels will also receive the Earth albedo and the Earth infra-red
radiation as illustrated in Fig. 3. The area of one solar panel is approxi-
mately 30 cm2. Each of them can generate up to 2.4 V and 500 mA. Solar
panels are connected to the EPS board. The board manages charging of
accumulators, battery protection, generating the required voltages and
power distribution.

The battery system is based on Lithium-Ion accumulators with under
and over voltage protection, current limiter for shortcircuit case and
battery heater as protection against capacitance loss at low temperatures.
As the type of batteries used is sensitive to undervoltage, the board
measures the voltage and if it drops below a critical value, the EPS
gradually cuts off the power to all systems. Finally, it even cuts off the
power to the OBC. After the accumulators are charged, it switches the
satellite on again.

Average power income has been simulated in Matlab software based
on 1 � 1 Uþ 2 � 2 Uþ 3 U of solar panels placement and given the orbit
inclination 98 deg. (Fig. 4 - green curve). For the Commissioning mode
the situation with closed deployable panels was assumed 70% � 2 U þ 1
U (Fig. 4, the magenta curve). The power from solar cells vs. time of year
has been evaluated for different RAAN (right-ascension of ascending
node) and plotted a diagram in Fig. 4.

Fig. 2. Boards and payloads on VZUSAT-1.

Fig. 3. Power densities of different sources on the orbit.

Table 1
VZUSAT-1 properties.

Property Value

Dimensions 100 � 100 � 230 mm3 folded (2U)
100 � 100 � 340 mm3 deployed (3U)

Launch mass 1.83 kg
Power 2 W
Main experiments Miniaturized X-ray telescope,

RHCH, FIPEX
Type of orbit Polar, circular
Orbit altitude 500 km ± 20 km
Repeat cycle 12 h
Mission lifetime 2 years

Table 2
Main features of NanoPower P31u [14].

Property Value

Type of Power Storage Lithium-Ion Cell
Capacity 18 Wh
Battery Protection under-voltage, over-voltage, current limiter,

Watchdog, heater
Available Voltages and
Sustainable Currents

3.3 V @ 5 A
5 V @ 4 A

Type of Solar Panels GaAs
Number of Solar Panels 2 � 2 U format on sides

1 � 3 U format (2 fixed and 1 tilting) zenith
1 � 1 U format nadir
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4.4. Commands and data handling

There is a board dedicated to data handling and commands executing
on VZLUSAT-1. All these operations are managed by the On-board
computer NanoMind A712D. Main features are in Table 3 [15].

This board is responsible for commanding and monitoring of all
subsystems and nanosatellite's payloads. They are connected to OBC
according to a diagram in Fig. 5. Communication is based on CubeSat
Space Protocol (CSP).

Main I2C bus as well as power for other boards is switched by OBC.
The boards on the main I2C bus work in multimaster mode. One of the
main OBC tasks is the Datakeeper task and has one of the most important
functions, data storing and operations. There are two types of data
storages on the OBC. The first is the 4 MB Flash memory and the second
one is 512 MB microSD card which can be used as backup. The planner
task is intended for managing other payloads such as powering on,
parameter settings and measure commands. This managing can be
divided into two types. The first type is one time actions, such as pow-
ering on of boards. Return messages of these commands are stored
directly by the OBC without processing by Planner. The second type is
Housekeeping collector (HKC) which performs periodic commands like
cyclic measurements. The HKC has three parameters: Period of mea-
surement, commands and time of start. Results of HKC are stored directly
by OBC to the Datakeeper.

4.5. Attitude determination and control system

The attitude determination and control subsystem of VZLUSAT-1
consists of only magnetometer sensing and only magneto-torquer
active control. A single 3-axis vector magnetometer on-chip instrument
is included (Honeywell HMC5843). The reaction wheel is not used in the
VZLUSAT-1 for stabilization but instead we used magneto-torquer coils.
Four magneto-torquer coils are connected in two pairs, one for X and one
for Y axis. For the Z axis only one coil is used, but it has double induc-
tance. These coils are used as actuators. Hardware drivers of these coils
are H-bridges that are integral part of the OBC board as well as the

magnetometer (HMC5843).
The ADCS software is implemented directly on the OBC. It is a part of

the on-board software which is predominantly of in-house design except
for the FreeRTOS on which it is based. The in-house designed control
algorithm is based on knowledge of the aerodynamic properties of the
nanosatellite. The external surfaces of the nanosatellite together with
properly positioned centre of mass of the deployed structure of the sat-
ellite assure that the desired flight attitude corresponds to the absolute
minimum of potential energy of the aerodynamic interaction.

A key point of the control algorithm is that it monitors the energy of
the rotational motion of aerodynamically modulated rotational or oscil-
latory motions of the nanosatellite by monitoring the magnitude and the
direction of the instantaneous magnetic field vector of angular velocity.

This is accomplished bymeasuring the magnetic field of the Earth and
by processing these measured data with the use of the model of the
Earth's magnetic field together with model of the orbital trajectory of the
nanosatellite using reduced Two-Line Element Sets uploaded to the sat-
ellite usually twice per a day. A key component of the subsystem is also a
detailed enough map of the Earth's magnetic field. The map is computed
from International Geomagnetic Reference Field (IGRF) model in the
matrix of 9 deg longitude � 9 deg latitude. The map has 41 per 21 points
(the first and the last point is doubled) and is in on-board software for the
altitudes 450, 400, 350 and 300 km. The maximum vector error between
map and the full IGRF model is 1.3 deg, the mean value is 0.4 deg.

The only magnetic field ADCS will be prone to the changes of the
Earth magnetic field and geomagnetic storms. Due to geomagnetic
storms, the value of the magnetic field intensity fluctuates. The Dst index
(expressing the magnitude of geomagnetic storms) per the year 2000 was
20 nT on average. Some super-storm was measured with a Dst of about
600 nT [16]. This value covers about 3% of the total minimum intensity
value of 22 000 nT of the Earth magnetic field in the South Atlantic
anomaly. The mean Dst index value covers about 0.1% of the magnetic
field intensity, so we expect about several percent influence of the mean
geomagnetic storms to the orientation evaluation.

Stabilization is ensured by precise applying of actuators at appro-
priate times just to dissipate the rotational energy. Timing is very
important in this action with respect to the effectiveness of the action.
The highest efficiency is when the vectors of the Earth's magnetic field
induction flux density and satellite angular velocity are perpendicular.

The attitude is calculated with the use of a regression model that fits
the measured data of the magnetic field of Earth to the magnetic field of
Earth calculated using the IGRF model at known position. Components of
the regression model include the equations of rotational motion of solid
body (Euler equations), aerodynamic torques and a tensor of inertia of
the satellite (see Fig. 6). The components of the angular velocity are
calculated by a separate algorithm that processes the measured magnetic
field of the Earth.

4.6. Communications systems

Every payload requires commands and configuration for its mea-
surement and it generates data which also have to be downloaded to the
Earth's ground station. The VZLUSAT-1 has a UHF radio board with an-
tennas which provides communication with the ground station. This
system is able to transfer measured data to the ground station as well as
the upload new commands and configurations for next measurement.
The main features of the communication between the ground segment
and VZLUSAT-1 are in Table 4.

The nanosatellite orbits at altitude around 500 km at polar orbit. The
connection with the satellite is once per 12 h for 7–10 min. The
connection time depends on altitude of the satellite. During this time it is
necessary to transfer as much data as possible in both directions. The first
downloaded data are Whole Orbit Data (WOD) which contain basic in-
formation about the satellite. These can reveal a problem, usually with
low power. The WOD are also transmitted by beacon. The basic config-
uration is the first information that is required to be uploaded. After that

Fig. 4. Solar power input base on RAAN.

Table 3
Main features of OBC board.

Property Value

Processor 32-bits ARM7 - 8–40 MHz
RAM 2 MB of SRAM
Flash 4 MB for Code, 4 MB for data
Peripherals CAN, I2C, aux I2C, SPI, USART
Other RTC, magnetometer, microSD, GPIO
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a planner script is uploaded which manages other payloads and mea-
surements. This mission is limited by a very low uplink and downlink of
commands, telemetry and data rate. It is caused by the usage of free non-
licensed band and its widespread usage.

5. Scientific payloads

The payload objective of the VZLUSAT-1 project is the development,
manufacturing, qualification and experimental verification of products
and technologies in Earth's orbit (IOD In-Orbit Demonstration) and car-
rying the scientific payload FIPEX for the QB50 mission. There are two
devices on the board: Radiation Hardened Composite Housing (RHCH)
and a demonstrator of X-ray telescope, their functions and properties will
be verified.

5.1. Miniaturized X-ray telescope, the lobster-eye

Apart from technology in flight demonstration, this scientific exper-
iment on VZUSAT-1 is mainly designed for all sky monitoring of bright
sources in X-rays and detection of X-ray transients, due to a wide field of
view. In the future, if LE type telescopes were used for all sky monitoring
and the new transient was detected, more precise telescopes with a
Wolter I type optics could be focused there and could study the event in
more detail.

The miniature X-ray telescope/monitor on the VZUSAT-1 is based on
the Lobster Eye (LE) optics with a non-cooled Timepix detector. The
novel Lobster eye optics is a system of narrow shafts with right angles and
straight walls. Unlike classic optical lenses, the picture is created by total
reflection, not refraction [17].

The LE has a large field of view (FOV) of 3 deg compared to Wolter
type optics which is usually used in X-ray astronomy. Wolter type optics
has a field of view up to 1 deg and is used for detailed and sensitive
observations of selected X-ray sources. The Timepix detector used as a
focal image detector is sensitive to low energy radiation in the range
3–60 keV. In case a full two dimensional (2D) LE optics is used with a
working spectral range up to 8 keV, there is an overlap of 3–8 keV for the
overall spectral range of the miniature X-ray telescope. In case of one
dimensional (1D) LE, the spectral overlap is 3–30 keV as there is only one
reflection in the optical system.

The principle of LE optics is illustrated in Fig. 7. The special 1D LE was
developed for this mission, in order to adjust the optics working spectral
range with the Timepix focal detector. The focal length of the LE on
VZLUSAT-1 is 25 cm, the Timepix detector is located in this focal plane.
In order to ensure this condition of transmission of X-ray to the Timepix
detector there have to be holes in all boards, throughout almost the
whole satellite, between tilted optics and the Timepix detector itself. The
result of the 1D X-ray optics is line focus. Spacing of lines depends on the
arrangement of coated foils. One example of a picture taken by the
Timepix is in Fig. 8.

The Timepix is a Complementary MetalOxide Semiconductor (CMOS)
silicon detector for low-energy X-rays, approximately 3–60 keV. Origi-
nally, it was developed for the Large Hadron Collider (LHC) of the Eu-
ropean Organization for Nuclear Research (CERN). Nowadays it is also
used as a radiation monitor for orbital missions [19] or as medical in-
strument for scanning soft tissues. This variant has limited number of
modes and is called a Medipix.

X-ray board holding the Timepix sensor has several operation modes.
One of them is a signal detection mode from Infrared (IR) and Ultraviolet
(UV) sensors. The X-ray board has two UV sensors and one IR sensor. All
sensors are used for determination of a more precise position of the Earth
by IR sensor or the Sun by UV sensors. One of the UV diodes has a wide
field of view and it is designated for the Sun. When the output signal is
strong enough, the Timepix switches on. The second UV sensor has a

Fig. 5. Schema of connection of all boards.

Table 4
Main feature of the Radio transmission.

Property Value

Number of antennas 4� monopole antenna
Frequency of Connection 12 h
Connection Time 7-10 min
Carrier frequency 437.240 MHz
Downlink Data Rate 9600 Baud
Uplink Data Rate 9600 Baud
Polarization Circular
Features Morse, Beacon

Fig. 6. Aerodynamic torque as function of angle of attack.
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narrower field of view and it gets more precise position of the Sun. When
the signal from the second UV sensor is better than the preset trigger
value, the Timepix takes a picture.

5.2. FIPEX

According to the main idea of the QB50 mission, a satellite network
measurement will be created all around the orbit to perform in-situ
measurements in lower thermosphere. This layer of atmosphere is not
mapped well, because a solo mission for thermosphere has not been
launched yet and atmosphere scientists have only data from single-point
sounding rockets and similar experiments, not from a long time mission.
The QB50 project has prescribed three sets of sensors, dedicated for
different measurements in the thermosphere, and each CubeSat team had
to choose one of these sets.

The teams could choose from an Ion-Neutral Mass Spectrometer, a
Flux-Φ-Probe Experiment (FIPEX) and a multi-Needle Langmuir Probe.
Each of them is accompanied by thermosensors and they are part of the
future scientific network of sensors in the thermosphere layer. VZUSAT-1
has a Flux-Φ-Probe Experiment on board. This experiment studies the

behaviour of atomic oxygen (AO) and molecular oxygen O2 in the lower
thermosphere, compared to other missions [20] that measured nitrogen,
hydrogen and carbon compounds. Oxygen is dominant in the incrimi-
nated region and its measurement is important for validation of atmo-
spheric models. Another reason is to research influence of oxygen on
material surfaces, such as coatings of the International Space Station
(ISS) which orbits in this altitude [21]. The measurement principle is
based on oxide electrolyte micro sensors. These sensors operate at high
temperature of around 600–700 �C and they are heated by an electrical
resistance. For this reason this measurement is one of those with the
highest power consumption on the nanosatellite.

The FIPEX is oriented on the bottom side of the satellite when
standing on the ground. During the flight, this part must be on the prow,
so the sensors will be exposed to the rest of atmosphere directly and will
get as many particles as possible.

5.3. Radiation Hardened Composite Housing

Technologically the RHCH is based on the use of hardened metal
layers deposited on the composite panel with an improved thermal
conductivity and radiation properties. With an original combination of
thin films and composite, the new housing is lighter and also more du-
rable than aluminium alloys.

The RHCH base is formed by carbon fibres. We created a composite
with a higher radiation resistance than is usual by using LETOXIT Foil
Technology which uses a special adhesive LFX foil. For this specific use,
the composite is milled into the desired shape. Before a galvanization
coating, the surface of the product is treated by an ion beam. It removes
the majority of the remaining moisture and finishes the surfaces for
galvanization in a bath. During the galvanization process nickel, which is
ferromagnetic, is used. As the VZLUSAT-1 is using magneto-torquers and
magnetometer for stabilization, a non-magnetic material is desirable for
the correct function of the ADCS. To obtain a non-magnetic material, a
combination of nickel and phosphorus is used. Galvanization creates a
coating with a thickness of 50 μm.

To verify the properties of the developed RHCH the satellite is
equipped with a Health Monitoring (HM) system. The HM system in-
cludes temperature, volatiles, radiation and mechanical proper-
ties sensors.

5.3.1. Mechanical properties of RHCH
Every material has few properties which are characteristic for them -

material density, modulus of elasticity, radiation shielding quality and
others. Mechanical properties of any material are characterized by
Young's modulus of elasticity. It represents the stiffness of the material.
For further usage of the RHCH i.e. for making construction parts for new

Fig. 7. Schematic principle of the Lobster Eye optical device [18].

Fig. 8. Picture taken by the Timepix (14 � 14 mm2 with resolution 256 � 256 px) with
the 1D Lobster Eye optics during a protoflight testing procedure. Number of counts is
presented in each pixel. Gold Mini-X X-ray 50 kV Tube with a set power at (40 kV/50 μA)
and exposure of 10 000 ms at 3 m distance is used as an X-ray source.
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satellites or Martian habitats it is required to know how these properties
change in time during a longer period of exposure in space. Usual orbits
of CubeSats are lower than the altitude where the VZLUSAT-1 will
operate, their life-time is usually one year. The expected two years life-
time promises to show at least the trends of material degradation,
although even longer tests would be desirable. On the other hand, these
tests will be performed in real, complete orbital environment, which is
very complicated to simulate on Earth in the whole scale of its
parameters.

The quality of the RHCH can be affected by radiation, low pressure or
high and low temperatures. So for this purpose the VZLUSAT-1 is
equipped with the payload for measuring of the Young's modulus and a
damping coefficient of the RHCH by non-destructive testing, which is
part of the HM system. The system for measuring mechanical properties
has two parts. One is the HM panel, which is in Fig. 10 and the HM board
in Fig. 9, which processes all results of this measurement.

The Young's modulus is calculated from the eigenfrequency of the free
cantilever oscillations. The cantilever is made of the RHCHmaterial with

a small permalloy target on a free end in they centre of the HM panel
[22]. The cantilever is excited by an electro-magnetic pulse by a coil
located above the permalloy. This mechanism generates mechanical sine
vibrations with an exponential damping. A piezo element which senses
vibration is placed at the fixed end of the cantilever. To recognize ageing,
a small frequency shift in RHCH's natural frequencies and the damping
factor of the sensed signal have to be measured. Natural frequencies are
calculated directly on board by a microcontroller. The microcontroller
computes a Fast Fourier transform (FFT) with 8192 points at a sampling
frequency of 4000 Hz. The resolution of this method is 0.5 Hz. The
damping factor of the sampled signal also examines mechanical proper-
ties. The factor represents an envelope of the signal. Both factors deter-
mine the changes in mechanical properties (Young's modulus of
elasticity) and ageing properties. The raw signal can also be saved and
downloaded for ground recalculation. This data transfer is requested and
will be only used occasionally.

5.3.2. Radiation properties measurement of RHCH
On the Earth's orbit, there are different types of radiation sources like

the Sun, Galactic cosmic rays (GCR) and a trapped radiation (Van Allens
radiation belts). The Sun is the source of protons, some types of ions,
electrons, gamma rays and X-ray. Cosmic radiation at low intensity is due
to protons and ions in the energy band of 108 eV–1020 eV. The main part
of radiation in Van Allen radiation belts is created by trapped electrons
with energies usually from 105 eV to 107 eV, that will be crossed by
the CubeSat.

There are three uncooled XRB diodes on the VZLUSAT-1 used for
radiation shielding measurement. XRB diodes are based on silicon with a
high resistivity capable of detecting radiation with energies of
15 keV–60 keV (with the supply voltage of 70 V it reaches the absolute
detection efficiency of 32% of the radiation energy of 20 keV).

Lower energy radiation is filtered by a radiation-resistant window,
which together with a guard ring reduces detector's noise. XRB diodes are
capable of measuring radiation even without power. Applied bias voltage
improves the efficiency of detection of higher energies of X-ray radiation,
but also increases the amount of the dark current.

Evaluation of the shielding quality of the RHCH is based on differ-
ential method. This arrangement of measurement is shown in Fig. 11
where there are three XBR diodes with different shielding. These results
are based on the variance between them. We simulated the radiation
background with an Americium-241 gamma source, which has two main
peaks at 18 keV and 59.6 keV. This source cannot faithfully imitate the
orbital environment, but this was not the goal. The goal was to evaluate
the differences between diodes to get relevant data during the flight.
During tests, results between composite and other materials (Aluminium,
Tungsten, solar panels, circuit boards) were compared. The result is
shown in Fig. 12.

The shielding abilities of the RHCH are similar to Aluminium.
Compared to it, the composite is lighter and more stiff. The advantage of
this combination is being applied in cases when the material is not used
only as a shield, but also as a construction material which is the case of
VZLUSAT-1.

5.3.3. Volatiles
Part of the properties verification of the new carbon fibre reinforced

plastic (CFRP) used as the RHCH is, beside the study of radiation resis-
tance effectivity, the measurement of mechanical properties and evalu-
ation of changes and also an additive measurement of evaporation, water
vapour and other gasses emissions from the material. The electric charge
of water molecules has an asymmetrical distribution, and it means that
they are easily absorbed on almost any surface like construction parts of
the satellite, boards and so on. Vaporized water, or other gases, can cause
considerable difficulties in space. Evaporated water molecules can
condensate on other satellite parts for example on electronic devices,
printed circuit boards or other and cause a short-circuit on the board and
damage the whole device. Molecules can also condense on optical lens or

Fig. 9. Health monitoring board with labels.

Fig. 10. HM panel with cantilever.

M. Urban et al. Acta Astronautica 140 (2017) 96–104

102

4.1 VZLUSAT-1

73/108



sensitive chips for image scanning and thus disable the whole process.
The volatiles board serves for the measurement of residual humidity

and outgassing from the satellite, especially from tested CFRP. This hu-
midity will evaporate in the vacuum, mainly in the first hours after
launch. There are three types of sensors on board. Two pairs of organic
polymer sensors the HYT 271 and the HYT 939 are situated on both sides
of the Volatiles board. Results of these sensors are the relative humidity
and temperature. The third type is represented by inorganic HAL2 sen-
sors based on Al2O3 [23] which are sensitive not only to humidity, but to

other gases as well. There are three pieces of these sensors located on the
Volatiles board. One sensor is placed directly on the Volatiles board, the
second one leads through to the neighbouring board on the satellite. Last
of the HAL2 sensors is placed outside the VZLUSAT-1 and its active layer
is directed in the flight direction. Placement of sensors on the board
together with the magneto-torquer coil can be seen in Fig. 13. This un-
conventional placement allows measuring of the rest of water vapour
directly in layers of the atmosphere. In the last years, volumes of different
gases in the atmosphere were investigated during several missions [20]
to consider the natural statement of the atmosphere as well as the in-
fluence and damages caused by artificial activity [24].

6. Conclusion

The VZLUSAT-1 nanosatellite will be launched in the year 2017 as a
part of the QB50 mission. The altitude of the satellite will be 500 km at
layers of the lower thermosphere. The research of the atmosphere sug-
gested by Von Karman Institute (VKI) will be made by the scientific unit
FIPEX and HAL2 volatiles sensors which are sensitive to vapour. The
satellite carries several experiments with new materials and technolo-
gies, which will prove to be suitable for the use in space. One of the main
payloads is the Timepix detector with the lobster eye optics, forming a
miniature 1D LE X-ray telescope. This is a prototype of an astronomical
LE X-ray telescope/monitor for X-ray all-sky monitoring of transient and
variable X-ray sources. The complex health monitoring system is devel-
oped for measuring RHCH properties such as shielding quality, me-
chanical properties and its evaporation. In case this material is qualified
for space use then it can be utilized as a shielding for further nano-
satellites or for manned or unmanned structures and habitats.
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4.2 Rocket experiment

Two Timepix3 detectors were placed on board the Rocket Experiment as part of the
Wide Field X–ray Telescope. This dual payload rocket campaign carried by NASA’s Black
Brant IX sounding rocket with water recovery technology was accomplished in collaboration
with Pennsylvania State University. The Rocked Experiment was launched on 4th April, 2018
from Kwajalein Atoll in the Marshall Islands. The mission was designed to classify the
TRL of on-board equipment designed for space applications. The observation target was
the Vela supernova remnant, an X–ray source. The dual X–ray telescope consists of one
one-dimensional and one two-dimensional Loster-Eye reflective optics combined with the
Timepix detector. Since a significant effect of background radiation on the measured data
was expected, the possibility of filtering this radiation was successfully tested in a verification
measurement with a weak 55Fe source in a vacuum tunnel (see Figure 4.11).

(a) raw image (b) filtered image (c) energy spectrum

Fig. 4.11: Test of the X–ray telescope in a vacuum tunnel with a weak radiation source 55Fe
and long exposure time. The X–ray telescope combines a Timepix detector with
a two-dimensional Lobster-Eye optic. The images show the out-of-focus test of
the telescope during a measurement time of almost 17 h and the energy spectrum
of the detected radiation from the same data/measurements. The background
radiation was a significant contributor to the resulting image. Both raw and one-
pixel filtered data are shown.

Unfortunately, the focus of both telescopes could not be verified due to the low intensity of
the space X–ray source and the short observation time. As all instruments were in operation
throughout the flight, valuable data were obtained to verify the technologies. In addition,
certain scientific data were obtained, including the monitoring of thermal cycles spanning
from 30 ∘C to 45 ∘C. In view of the previous findings, these temperature fluctuations may also
have an influence on the accuracy of the energy measurements. It is, therefore, appropriate
to apply the new methods presented in section 3.3 also in the context of this type of short
rocket mission.

M. Urban, O. Nentvich, T. Báča, I. Veřtát, V. Maršíková, D. Doubravová, V. Dániel,
et al., “REX: X-ray experiment on the water recovery rockets,” Acta Astronautica,
vol. 184, pp. 1–10, Jul. 2021. doi: 10.1016/j.actaastro.2021.03.019
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A B S T R A C T

This paper presents Rocket Experiment (REX) that was part of a dual-payload rocket campaign for NASA’s
sounding rocket Black Brant IX with water recovery technology. This mission was a suborbital sounding
rocket flight that was launched and recovered on April 4, 2018 and targeted the Vela supernova remnant.
The purpose of REX was to classify the Technology Readiness Level of onboard devices designed for space
applications. The devices were two wide-field X-ray telescopes consisting of a combination of Lobster-Eye (LE)
optics with an uncooled Timepix detector (256 px× 256 px @ 55 μm), and additional sensors. The first telescope
uses a two-dimensional combination of LE modules with a focal length of 1m and a Field of View (FOV)
of 1.0◦ ×1.2◦ and operates in the energy range of 3 – 60 keV. The second telescope was a one-dimensional LE
with a focal length of 243mm and a FOV of 2.7◦ ×8.0◦ for the energy range 3 – 40 keV. The X-ray telescopes
were supplemented by a camera in the visible spectrum with 1.280 px× 1,024 px resolution, which was used
to obtain images of the observed sources and to verify the resulting pointing of the rocket carrier. Other
devices also include infrared array sensors and inertial measurement units tested for future small satellite
missions. The data handler and communication system were built using the Robot Operating System, and both
the system and the electronics were deployed and operated in-flight. The hardware was successfully recovered
after the launch and the data were extracted.

1. Introduction

Sounding rockets, a type of suborbital rockets, provide a low-cost
observing platform for carrying instruments for scientific and educa-
tional purposes, as well as for rapid technology validation. The sub-
orbital flights do not reach orbital velocity, therefore, can be smaller
in size and less expensive in design. Thus, several systems like motors
and telemetry systems can be cheaper, as can shields against harsh en-
vironments. Therefore, the price of the launch is lower than for satellite
missions. One of the main disadvantages of using suborbital rockets is
in the limited experiment time, which is usually 2 – 20min. Neverthe-
less, they are still useful for verification of technologies in space which
do not require a long experimental time. A major consideration for
the Technology Readiness Level (TRL) of devices used in space is not
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only the capability of working under vacuum, extreme temperatures,
temperature changes, and radiation, but also the ability to survive
the violent conditions during launch and booster separation [1].

Several research centers around the world conduct sounding rocket
experiments, e.g. the Wallops Flight Facility in Virginia (NASA), and
the Esrange Space Center in Sweden (ESA). The sounding rocket can
be used for the already mentioned verification or as a technological
demonstrator of individual instruments and entire rocket carrier [2],
but also for scientific missions or educational purposes. The combina-
tions of these categories are possible as well.

As an example of geospace scientific missions can be mentioned
the CHAMPS mission [3]. This mission consisted of two rockets which
were used to measure the density and size distribution of meteoritic
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Fig. 1. Rocket carrier and its launch from Kwajalein Atoll in the Marshall Islands.

smoke particles in the upper atmosphere. Another one is the HERSCHEL
payload which was focused on the solar science and on the examina-
tion of the Sun’s atmosphere [4]. Its goal was the research of the helium
amount and how the solar wind originated and accelerated.

From the last category, education missions, a series of projects
like RockOn!1 and REXUS2 can be mentioned. These programs are
designed for students to learn and apply skills in building experiments
for suborbital space flight and test their final design.

The suborbital mission described in this manuscript was a two-
payload campaign carried by the NASA’s sounding rocket with water
recovery technology for science payloads, which was launched from
the Kwajalein Atoll in the Marshall Islands on April 4, 2018. Fig. 1
shows photos from the launch and recovery dates.

The observation of the Vela Supernova Remnant (SNR) was the pri-
mary scientific astrophysical target of this sub-orbital experiment.
The Vela SNR is a shell-type remnant located in the southern constella-
tion Vela at a distance of approx. 250 pc [5]. This source is Type II and
it exploded approximately 11,000 – 12,300 years ago. The center of the
Vela SNR is formed by a neutron star with a strong magnetic field, with
a mass close to our Sun and a diameter of approx. 20 km [6] (the appar-
ent diameter of ≈8◦). Due to the apparent size of the object and high
surface brightness [7], this SNR is a frequent source of observation and
testing of equipment for both sounding rockets and space telescopes
[8–11]. In addition to scientific observation, the mission aims at an
important technological goal, namely the suborbital flight verification
of scientific payloads.

Payloads for this rocket mission were prepared in cooperation with
Pennsylvania State University (PSU) which was chosen with its main
measuring instrument — a soft X-ray grating spectrometer (bandpass
0.25 – 0.75 keV) named the Water Recovery X-ray Rocket (WRXR) pay-
load. The spectrometer consisted of a mechanical collimator, X-ray
reflection gratings, grazing incidence mirrors, and a hybrid CMOS de-
tector. In-depth description of the mission goals and the WRXR payload
can be found in [12–15].

The second payload – the REX – was prepared by the Czech
team and contained two sets of Multi-Foil Optics (MFO) in com-
bination with the Timepix detector [16], which formed two sepa-
rate X-ray telescopes. The first of the REX telescopes consists of two
LE modules in the Schmid’s arrangement [17,18] which covered a FOV
of 1.0◦ ×1.22◦ in the energy range of 3 – 60 keV. The second telescope
has a single one-dimensional (1D) LE module [19] with a field of view
of 2.75◦ ×8.0◦ for the energy range 3 – 40 keV. Moreover, the payload
was equipped with additional sensors: Ximea camera for visible spec-
trum with the resolution of 1,280 px× 1,024 px, an IR sensor array, and
an Inertial Measurement Unit (IMU). A photo of the payload is shown
in Fig. 2a with the WRXR on the top and the REX on the bottom.

1 https://spacegrant.colorado.edu/national-programs/rockon-home.
2 http://rexusbexus.net.

Fig. 2. The final arrangement of the rocket vacuum segment with REX payload (1D
and 2D LE telescopes) and WRXR payload (soft X-ray spectroscope).

2. REX instrument description

The REX payload consisted of two main parts: the optics modules
including sensors, and a hermetically sealed electronics box. An airtight
bulkhead separated both parts and they were electrically connected via
a vacuum feedthrough. The payload was also connected to a rocket
interface panel via another vacuum feedthrough.

The optics and sensors section contained all sensors and detectors
except for the IMU, which was placed in the hermetic box. The her-
metic box was placed behind the air-tight valve in the bottom part
of the rocket. The sensor section was designed as hermetically sealed
to hold an artificial low-pressure atmosphere to prevent liquid con-
densation during launch. The visible-light camera was used alongside
the X-ray telescopes as well as the IR sensor array. A carbon-fiber
baffle covered the optical path between the optic modules and Timepix
detectors to avoid side rays. A schematic of the optical system in
the vacuum part of the rocket is shown in Fig. 3.

Fig. 3. 3D rendition of the vacuum part of the X-ray optical system REX.

The hermetic box contained NiCd batteries and switching power
supply electronics with DC/DC converters for powering the devices dur-
ing the entire duration of the experiment (approx. 2 h). Two on-board
Odroid-XU4 ARM computers managed the sensors and miscellaneous
electronics provided an interface with the rocket. Each of the com-
puters controlled a single Timepix detector (one per telescope), and
the rest of the sensors were evenly distributed between the computers.
Mission software using Robot Operating System (ROS)3 was developed
to operate and control the entire experiment. ROS is a widely adopted
open-source middleware for the integration of sensors and data process-
ing algorithms for autonomous systems. Simultaneously, an operating
interface for Timepix detectors in ROS was developed under the name
Rospix4 [20].

3 http://ros.org.
4 http://github.com/rospix/rospix.
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Fig. 4. An illustration of the arrangement of the 2D optical system. Two 1D modules
were combined in series with 90◦ mutual rotation along their optical axes.

2.1. X-ray telescope based on Lobster-Eye optics and Timepix detector

The REX experiment consisted of two LE telescopes designed by
Czech Technical University in Prague (CTU), manufactured by Rigaku
Innovative Technologies (RITE), a two-dimensional (2D) in Schmidt’s
arrangement and a 1D Lobster-Eye optics. Table 1 presents all the pa-
rameters of the optics: the coating of the mirror layers, the focal length
or FOV and the physical position of the module in the experiment.
The 1D LE optics has the same parameters as an identical copy used
in our previous successful mission on the nanosatellite VZLUSAT-1 [21,
22].

Table 1
Parameters of the 1D and 2D Lobster-Eye optics for rocket experiment.

1D 2D

Module center position (horizontal) 250mm 1,363mm
Module center position (vertical) – 1,097mm
Focal length (horizontal) 243mm 1,345mm
Focal length (vertical) – 1,079mm
Field of view (horizontal) 2.75◦ 1.04◦
Field of view (vertical) ≈ 8◦ 1.29◦
(limited by housing)
Mirror thickness 0.145mm 0.35mm
Mirror spacing 0.3mm 0.75mm
Mirror dimension 60 × 25mm2 150 × 75mm2

Number of mirrors 56 2 × 47
Reflective surface Au Au
Angular resolution (horizontal) 6.12 arcmin 1.40 arcmin
Angular resolution (vertical) – 1.59 arcmin

The position of both 1D and 2D telescopes are visualized in Fig. 3.
The 2D telescope contained two 1D optical modules placed in series.
The modules were mutually rotated by 90◦ along their optical axes to
form a 2D optical system. Fig. 4 shows an illustration of the 2D system
configuration. A Timepix detector was placed 1,438mm from the front
aperture in the focal plane of the 2D system. The 1D telescope was
placed alongside the 2D, with another Timepix detector in the focal
plane. The focal distance of the 1D was 243mm and the system contains
only one optical module and thus the values for vertical dimension are
void.

The intended wide-field Lobster-Eye optics were designed for a tele-
scope which can achieve a wide Field of View. The used mirrors
were designed to have at least 50% of total reflectivity, which is 50%
for a single reflection (1D module) or 70% for double reflection (2D
telescope). For both 1D and 2D optics the limit angle is approx. 0.25◦
and this condition is valid for a spectral range up to 17.7 keV for the 1D
telescope according to Fig. 5. For 2D telescope and double reflection the
spectral range is only up to 13.5 keV.

The LE optics were planned to use in combination with the visible
camera (described in the chapter 2.2) to verify the star constellation in
the Vela remnant. All telescopes were pointed to the same position in
the sky. We expected to get several line focuses from the 1D Lobster-Eye
optics and crosses from the 2D Lobster-Eye.

Fig. 5. Dependence of reflectivity on emitting energy for several angles of incidence,
namely 0.10◦, 0.25◦, 0.50◦ and 1.00◦. Golden surface material was used for mirrors with
microroughness 0.2 nm. Data are based on online X-ray library CXRO.5

This REX mission carried both 1D and 2D LE telescopes to verify
their TRL and based on the results, we will decide which telescope will
be suitable for the next mission and which not. If the 1D telescope will
pass it can be used for our other goal which is to develop a system for
determining the position of point sources based on two 1D LE optics.
This combination should have better efficiency for incoming radiation
and lower attenuation as was proposed in [23].

2.1.1. Simulating the optical systems
The Vela nebula produces a flux of 3.0 ⋅10−11 erg cm−2 s−1 in the en-

ergy range of 4 – 25 keV [24] to the input aperture of each optic. For
example, the Point Spread Function (PSF) can be used with a combina-
tion of two 1D Lobster-Eye optics for higher efficiency of the telescope,
which leads to higher photon flux on the detector and thus in com-
bination with a coded mask leads to a faster identification of events
in the sky as is proposed in [23]. Figs. 6 and 7 show simulated
results of detector images where the optics have 100% reflectivity and
the detector 100% quantum efficiency.

2.1.2. Timepix detector
The Timepix detector [16] was used as an X-ray detector for the REX

experiment. This hybrid silicon pixel detector developed at CERN
consisted of a high-density matrix of 256×256 sensitive pixels with
a pixel pitch of 55 μm, and the total sensitive area of the detector
was 14.1×14.1mm2. The Timepix sensor (see Fig. 8) consists of two
parts: the first part is the semiconductor detection layer (300 μm
silicon in this case used for the energy range of 3 – 60 keV), which is
bump bonded to the second part, an Application-Specific Integrated
Circuit (ASIC) readout chip containing preamplifier, Analog-to-Digital
Converter (ADC), and a counter for each pixel. Data from the sensor
can be read out as fast as 100 images per second (depending on the ac-
companying hardware interface [25–28]), which makes it ideal for
particle tracking applications. On the other hand, long acquisition
times on the order of minutes are possible, thanks to the sensor’s
noise-less output. The matrix of all 65,535 pixels can be equalized for
a given energy threshold which makes the sensor filter out events with
lower energy than the threshold. Thus it is possible to record even
single-photon events while measuring their energy.

Timepix has already been extensively tested in space [29], e.g. on-
board the International Space Station [30,31], the Proba-V satellite
[32], CubeSat VZLUSAT-1 [22,33,34], TechDemoSat-1 [35,36], and
RISESAT [37]. Two spare detectors from the RISESAT project were used
for the REX payload.

5 https://henke.lbl.gov/optical_constants/layer2.html.
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Fig. 6. (a) Simulated image with 100% mirror reflectivity for an energy of 8 keV and a uniform distribution of the photons on the input aperture and (b) calculated photons,
which are encircled, during the observation time (282.5 s). Both (a) and (b) images use 1D Lobster-Eye optics with parameters listed in Table 1.

Fig. 7. (a) Simulated image with 100% mirror reflectivity for an energy of 8 keV and a uniform distribution of the photons on the input aperture and (b) calculated photons,
which are encircled, during the observation time (282.5 s). Both (a) and (b) images use 2D Lobster-Eye optics with parameters listed in Table 1.

Fig. 8. Timepix (a) sensor consists of a 300 μm Si detector and an ASIC read-out chip. The sensor produces images with 256 × 256 px resolution. (b) Ionizing particles leave
characteristic marks (yellow — electrons/muons, red — ions, blue — gamma), which can be processed by machine learning algorithms [20] to extract the particle type and its
energy. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.2. Camera for the visible spectrum

The camera system for the visible spectrum was employed to verify
the REX’s target pointing in addition to the primary Attitude Determi-
nation and Control System (ADCS) of Black Brant IX rocket. Verification

of the small, cheap, and uncooled industrial class CMOS camera was
the secondary purpose of this system, as it is considered for the fu-
ture CubeSat missions. The camera system was based on the Ximea
MQ013CG-E2 module with a small size (26×26×26mm3) and low
weight (26 g). The camera has a 1/1.8’’ CMOS sensor with 1.3Mpx
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Fig. 9. Small CMOS camera module from Ximea with ThorLabs lens, used in the REX
experiment as star tracker.

native resolution. The camera module was equipped with ThorLabs
MVL50M23 lens, with a focal length of 50mm, offering a field of view
approximately 9.8◦. Fig. 9 shows the camera module and the used lens.
The low power consumption and the aluminum camera case attached
to the massive rocket mechanical structure mitigated the possibility
of the camera overheating in vacuum. An absence of plastic materials
in the camera body avoided the pollution of the telescopes by ma-
terial outgassing. The USB3 interface and the availability of drivers
for the ROS made it easier to implement the camera control software
in the Odroid on-board computer. The camera outputs uncompressed
RAW images which allow post-processing of captured images after
the rocket’s recovery.

2.3. Additional sensors

The infrared array sensor Grid-EYE AMG88 (8 px× 8 px resolution)
was added to the REX payload as a technology demonstrator of Earth
horizon detection. It could be used as one of the inputs to ADCS
algorithms of a small CubeSat satellites. Furthermore, we employed an
off-the-shelf IMU, the MPU6000. It is a miniature low cost 3-axis Micro-
electro-mechanical System (MEMS) accelerometer and gyroscope, widely
used in commercial electronics and robotics.

As this class of electronics is not dedicated for space application,
the main reason for using it in this mission was to test the capability
of the sensor to survive the hard conditions of the rocket launch.
The possibility of its future usage for recognition of flight phases and
experiments triggering as well as future usage in attitude determination
and control systems of small satellites will be examined.

3. Experimental results

3.1. Launch event and payload recovery

The Water Recovery X-ray Rocket was launched on April 4, 2018
from the Kwajalein Atoll in the Marshall Islands. Fig. 1 shows the rocket
before, during and after the launch. The total experiment time was
919 s with 282.5 s while pointing on target. Both telescopes survived
the launch, observation and impact when the rocket landed on the wa-
ter. A damage to the rocket fuselage was caused during descend by
uneven heat dissipation. However, despite a breach of the electronics
compartment has caused a water leakage on our hermetic electronics
box, the electronics inside of the box survived and data were recovered.

Analysis of the data shown that the internal pressure in the optics
compartment has temporarily spiked during the launch [15]. This was
presumably caused by a water vapor outgassing. The optics and elec-
tronics section of the payload were supposed to be isolated according to
the original flight plan and the optics compartment was planned to be
pumped out to high vacuum. Instead, the both sections were connected
due to a last-moment failure of the ion pump for the optics section.
It is suspected that water from the payload skins caused a rise in the
compartment pressure [15] and could later condensed and formed ice
on the instrumentation.

The goal of this mission was to verify the TRL of the devices which
successfully worked during the REX mission.

Fig. 10. Data from the onboard 3-axis MEMS accelerometer with recognized and
marked key phases of the suborbital mission.

3.2. Inertial measurement unit

The recorded data show consistent values from the beginning of
the mission until the rocket parachute landed into the ocean and stayed
floating in the water. All of these facts indicate that the sensor survived
the mission. The main phases of the flight are labeled in Fig. 10, and
it shows the thrust phase of the first and the second rocket engine
stage, fast rocket detumbling before observation of stars, zero gravity
observing phase, reentry into the atmosphere, parachute descending,
impact onto the water surface and free floating in water. The MPU6000
sensor was partly in saturation during the full engine thrust due to its
higher sensitivity setting, but it survived an acceleration of almost 13.7 g
and an angular velocity of more than 3,000 deg∕s. The achieved results
are promising and, therefore, the MPU6000 will be used in the future
mission of PilsenCUBE II satellite.

3.3. Visible camera and payload pointing

Reliable recognition of low brightness stars in the image required
long exposure time and high gain of the image sensor due to its small
pixel pitch. However, these parameters also increase the dark current
and thermal noise which lead to the degradation of images, especially
when the image sensor has a higher temperature. Since many aspects
of the suborbital mission were not known during the payload prepa-
ration, we did not have simulations of the expected camera heating.
We proposed a special camera capture mode with changing exposure
settings in the loop and with idle intervals between the individual
batches of image frames to overcome this issue of thermal uncertainty.
The capture mode started recording a batch of image frames as soon
as the rocket electronics were switched on shortly before the launch.
Each batch of image frames consists of several different combinations

Fig. 11. Logged temperature profile of camera system during the whole mission.
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Fig. 12. Cutout of the captured images with the exposure time 500ms. Images with different gains (18 dB, 6 dB and 0 dB) are shown in columns. First row (Raw) shows raw images
captured during the sub-orbital flight. Second row (FPN) shows same cutouts after Fixed-pattern noise suppression by the subtraction of the dark images. The last row (3D avg.)
represents results after applying a spatial and temporal averaging 3D filter.

of exposure time settings (from 100ms up to 900ms) and sensor gain
settings (from 0 dB up to 18 dB). The low power mode was inserted
for a short time between two batches to reduce heating of the camera.
Several different exposure settings minimized the risk of inappropriate
camera settings due to unforeseen temperature conditions and could
also be used for the combination of images during the post-processing.

Camera temperature was almost constant near 34.7 ◦C during the ob-
servation part of the mission, as shown in Fig. 11. Small periodi-
cal increases and decreases of camera temperature were caused by
the low power mode being switched on between batches of images to
avoid overheating. However, the main temperature envelope was given

by the temperature of mechanical structures in the rocket and their
changes during ascending, observation, descending and the landing
phase of the mission.

The first row in Fig. 12 represents a sample of original images
captured during the suborbital flight, which were strongly affected by
fixed pattern noise and thermal noise. Only a few of the brightest
stars can be recognized, but not clearly due to strong noise artifacts
in the images.

Most of the fixed pattern noise was removed by the dark image
subtraction, because it is almost constant for given exposure settings
and camera temperature. Dark images were captured for all exposure

Fig. 13. Background image from DDS-II colored catalogue overlayed by our image with 500ms exposure and 0 dB gain, after stacking and noise filtering process. Stars from our
image are colored to red, red border marks Field of View, green reticle marks the position of the Vela Pulsar. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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settings when the rocket was in the ascending and descending phase
of the mission in a closed instrumentation section. Results of dark
image compensation are shown in the second row of Fig. 12. Nonlinear
amplification and thresholding were also applied to increase the image
clarity. Due to the gradual acquisition of dark images, there is no uni-
form representation for all combinations of camera settings and thermal
fluctuations. Therefore, fixed pattern noise could not be completely
suppressed, in some cases, as can be noticed in the exposition with
the 6 dB gain.

Bright stars can be well recognized after removing the Fixed-pattern
noise (FPN) artifacts, however the high amount of thermal noise is
still present in the images, covering and masking the weak stars.
The thermal noise was additionally suppressed by applying a spatial
and temporal averaging filter on the series of images captured during
the attitude stabilized phase of star observation. The results of averag-
ing eight images in series and spatial averaging with 3×3 neighboring
pixels are shown in the last row of the of Fig. 12.

Most of the thermal noise was suppressed by averaging filters
and this enabled less bright stars to be recognized (apparent magni-
tude 8). Some residual fixed pattern and thermal noise is still present
in the images, but stars can be successfully identified. A comparison
of the processed image with the Digitized Sky Survey II (DDS-II)6

catalogue map shows in Fig. 13.
The small and cheap camera successfully fulfilled the task in the sub-

orbital mission and confirmed the targeting of the X-ray telescopes.
Use of these cameras in small satellites like CubeSat requires capturing
a dark image and having a long exposure time (which requires attitude
stabilization).

3.4. Infrared sensor array

Unfortunately, the timing of the rocket stabilization and door open-
ing and closing in the scientific section did not show the Earth to
the FOV of the Grid-EYE sensor, but valuable data were nevertheless
obtained. As this and similar IR arrays contain IR lenses, sensors should
not have to experience high acceleration and the conditions during
rocket launch are far behind the recommended operation limits.

However, the thermal image had sharp edges during the observa-
tion part of the mission so it indicates that the IR lenses survived
the launch conditions. Whether the IR lenses also survived the con-
ditions of the rocket’s descent into the atmosphere cannot be stated
with certainty because the implementation team had not the possi-
bility to perform after flight laboratory tests of the sensor. During
the descent, however, the sensor still showed reliable data, comparable
to the thermal image during the ascending phase of flight.

During the ascending and descending phase of the mission, the sen-
sor’s FOV was the door and the mechanical structure of the rocket.
The thermal data from the sensor (Fig. 14) indicated the heating
of the inner rocket structure from the initial 25 – 30 ◦C up to 80 ◦C,
due to friction of the atmosphere during the ascending phase, followed
by a fast decrease of temperature down to −150 ◦C (post-processed
value), after the door opening for the phase of star observation. Closing
the science section door and reentry into the atmosphere caused a short
increase of temperature of the inner mechanical structure, followed by
cooling during its slow parachute descent and landing into the ocean.

The most interesting data were expected after opening the science
section and subsequent exposure of the sensor to the absence of heat
from space, and to the heat of the rocket structure, both concurrently
in the FOV of the sensor, where the sensor is exposed to a high
dynamic range of measured temperatures. However, the sensor suffered
from a software overflow or sensitivity switching in this situation
and the sensor’s pixels shift numeric representation of temperatures
approximately one half of the numeric range, which leads to a false

6 https://archive.eso.org/dss/dss.

Fig. 14. Obtained thermal images from the AMG88 IR sensor; (a) before launch, (b)
during ascending, (c) after science section door opening, (d) after science section door
closing, (e) during descending, and (f) after landing.

interpretation of the measured temperatures from two complement
binary representation. This can be seen in Fig. 15, where the readout
temperature of the pixels alternates between high temperature and low
temperature.

Fig. 15. Examples of acquired temperature measurements affected by a software
overflow in numerical expression of temperatures; (a) in pixel position (2,5), (b) in
pixel position (6,5), (c) in pixel position (8,3).

The overflow behavior was compensated in post-processing based
on the numeric range of the temperature oscillations and knowing
the expected temperature values for specific locations of the rocket
structure in the sensor FOV. Compensated temperatures with the opened
scientific section are shown in Fig. 16 as the mean value of four pixels
in the middle of the AMG88 Grid-EYE sensor.

The tested IR array sensor AMG88 is usable for simple and non-
critical application in similar missions, even with the instability of nu-
meric representation of temperatures. The temperature changes in
the FOV are detectable, only the absolute value of temperature is
unreliable. The sensor can be used, for example, as a simple detector for
the release of the deployable parts, covering the sensor in the stowed
state and opening the sensor FOV to space in the deployed state. Using

Fig. 16. Temperature in the Field of View after compensation of numeric
representation overflow — plotted as mean value of four central pixels.
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this sensor as an Earth horizon detector in the ADCS of small satellites is
not suitable with this particular sensor due to its instability of numeric
representation of temperatures.

3.5. X-ray telescopes

Both X-ray detectors were autonomously operated by a custom-built
software [20] in ROS. Data from both detectors were acquired using as
a continuous stream of 1 s acquisitions that started before launch.

Fig. 17. Integral image during the entire duration rocket’s flight; (a) 1D LE telescope,
(b) 2D LE telescope.

Both X-ray telescopes (1D and 2D) took images during the entire
duration of the rocket’s flight (Fig. 17). Figs. 18a, and 19a represent
filtered integral images from both telescopes while the rocket pointing
at the Vela pulsar. Thanks to the data sensing system, it was possible
to recognize and filter out individual events based on the size of their
tracks or their dissipated energy in the detection layer. The results
of track size classification are shown in color. The main areas of interest
were gamma particles (photons with a range of energies between 3 keV

Fig. 18. Data obtained from the 1D telescope taken while pointing at the Vela pulsar:
(a) integral images with particle tracks labeled according to their size (b) profile
of summation of image rows (1 – 4px) (c) profile of the summation of image columns
(1 – 4 px) (d) bar graph representing the frequency of events according to their size.

Fig. 19. Data obtained from the 2D telescope taken during the pointing time:
(a) integral images with tracks labeled according to their size (b) profile of row
summation of the image (1 – 4 px) (c) profile of the column summation of the image
(1 – 4 px) (d) bar graph representing the frequency of events according to their size.

to 10 keV), which in the case of the Si detector, leave mostly single-
pixel events on the detector [38]. However, photons can strike multiple
pixels due to charge-sharing among the neighboring pixels. During
the evaluation of the measurement, we considered 1 – 4 px events as
gamma photons.

The filtered images, formed only by impacts of gamma particles,
were evaluated as horizontal and vertical projections. Sums of individ-
ual rows and columns were plotted as a line graphs, which effectively
produces integral images of 256 line-detectors. This technique makes
it easier to detect the position the focus line (1D) and cross (2D), since
the focus is always aligned with the detector rows and columns. Fig. 18
shows the processed and filter data from the 1D telescope, Fig. 19
depicts the data from the 2D telescope.

As it can be seen in the images, a small number of particles was
collected on both detectors. Despite the approx. 43 (1D) respectively
35 (2D) X-ray gamma events taken during the observation time, no
apparent focal point/line or preferential event positions was observed.
The total supposed X-ray counts during the whole observation were
5 photons for the 1D optics and 27 photons for the 2D optics. The re-
sults show no statistical tendency to form a focus line by the 1D
telescope or focus point by the 2D telescope. In fact, majority of the
measured signal originates from ambient background radiation, which
was recorded equally by both detectors.

Another reasons for such a small photon count yield might be
a water condensation on the optics surfaces, as suggested by [15].
Water vapor condensing on the surfaces of the LE optics foils would
diminish the intensity, especially for soft X-rays. However, the real
reason is unclear as not enough data supports this hypothesis for
the REX payload. Importantly for the TRL evaluation, both the optics
and the electronics have survived the experiment and all the subsystems
were fully operational from the point of view detectors, sensors and
software equipment.

4. Applications in space
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4. Conclusion

The Rocket Experiment was one of two payloads on the suborbital
rocket campaign launched from the Marshall Islands on April 4, 2018.
The mission goal was to demonstrate the space performance of X-ray
multifoil telescopes in combination with an uncooled pixel detec-
tor Timepix and the verification of the Technology Readiness Level.
The payload contained a number of other sensors and devices, for
observation in the visible, infrared, and X-ray spectra. The payload
system was operated by the custom-made automatic software Rospix,
developed specifically for this experiment which was subsequently
published for free use by the general public and scientists. Due
to the low intensity of the source, the measurements did not yield
sufficient results for X-ray observations of the Vela Supernova Rem-
nant. However, we can report that all instruments in the proposed
system worked successfully and without problems during the experi-
ment except the LE optics for which we cannot commit to their full
functionality, due to low photon flux. Based on the obtained results,
the functionality and the possibility of using the proposed system for
similar upcoming experiments was confirmed. All devices used onboard
the Rocket Experiment have in most cases proved their functionality
at the Technology Readiness Level 7 (Tested in real environment).
Unfortunately, several tests and many paperwork are still missing to
obtain an official rating according to ESA standards (ECSS). However,
based on this mission’s results, some devices are used on or updated
for the CubeSat VZLUSAT-2 (X-ray optical system, visible camera chip)
or are planned for another mission PilsenCUBE II (IR, IMU) and rocket
experiments REX II.
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4.3 Nova-C lunar lander

Last but not least, Timepix3 is part of the Tiger Eye 1 radiation measurement instrument
that will be deployed on Intuitive Machine’s Nova-C lander as part of NASA’s Commercial
Lunar Payload Service. The instrument is designed to measure the radiation environment on
the lunar surface, including both charged particles and gamma rays.

An important aspect of the mission will be to provide detailed information on the types
and energies of particles in the lunar environment. This data can be useful in assessing the
risk of radiation exposure to people and equipment on the Moon. Other measurements, such
as XRF and XRD, can be used to study the lunar surface and its composition. The detectors
designed for this mission (Figure 4.12a) have already been tested and calibrated with respect
to the presented research results on temperature dependence and related energy drift (Fig-
ure 4.12c). Individual correction models have been developed for each detector based on the
newly proposed method. In this way, it will be possible to compensate for distortions that
may occur, as was proposed in this thesis.

(a) (b) (c)

Fig. 4.12: Timepix3 detector designed for lunar lander mission and evaluation of its response
to XRF radiation at different temperatures. (a) TPX3 detector, (b) Nova-C lunar
lander1, (c) temperature characterisation

1"NASA Selects First Commercial Moon Landing Services for Artemis Program" by NASA/Goddard/Re-
becca Roth is licensed under CC BY 2.0

87/108

https://www.flickr.com/photos/gsfc/47974873213/in/photostream/
https://creativecommons.org/licenses/by/2.0




Chapter 5
Conclusion

This thesis deals with the detection of X–rays, with particular emphasis on hybrid pixel
detectors and their suitability for use in harsh space environments characterised by extreme
temperature changes, strong radiation and vacuum conditions. This type of detector is based
on the positive experience of its use in such challenging environments, as we demonstrated by
the Rocket Experiment and the VZLUSAT-1 nanosatellite, which is exceeding its expected
operational lifetime. This initial technology mission also provides valuable scientific data,
such as measurements of solar flares and material degradation.

The study also investigated the effects of hostile environments on detector accuracy, with
particular attention paid to thermal cycling and vacuum testing. The sensing system has
been extensively tested throughout the years and provided the means for other research to
be conducted. The thesis details the extensive testing and validation of the detector system
in various measurement modes irradiated by radionuclides as well as the characteristic X–ray
fluorescence radiation over a wide temperature range (−40 ∘C to 70 ∘C) covering a significant
part of the range defined by ESA and many applications. Several issues in the field of radiation
energy measurement have been addressed and the temperature influence on the measured
energy of the incident radiation is described in detail.

One of the most significant contributions of this thesis is the detailed description and char-
acterisation of the energy spectrum distortion caused by temperature variations. This can
result in a shift of the measured energy of up to 30 % from the nominal spectral peak. Two
novel correction methods that minimise the energy measurement error to less than about
1.5 % for the Timepix3 detectors are presented. The thesis proposes a complex correction
method for both constant and variable temperature drifts based on detector characterisation.
It provides experimental verification of the proposed compensation model also in the vacuum
chamber and successfully demonstrates its possibilities of extrapolation and generalisation for
common use with a variety of Timepix3 detectors with the same detection layer. To the best
of our knowledge, this thesis and the accompanying publications are unique and the first to
describe in detail the temperature dependence and correction methods of energy measure-
ments using the Timepix3 detector.

In addition, the hybrid pixel detector has been used as an X–ray telescope in a unique com-
bination with Lobster-Eye optics in a rocket experiment and a CubeSat mission. This study’s
results, methods and models have already been used to prepare and calibrate detectors for
the Nova-C lunar lander. The implications of this research extend beyond space applications
and are relevant to other applications in science and industries where there is a need to in-
crease operational range and capability, reduce workforce (series of calibrations) and power
requirements (thermal stabilisation/cooling).

Overall, this thesis presents significant advances in the field of X–ray measurements in
space using hybrid pixel detectors from the Timepix3 family, providing new insights into
the effects of the harsh space environment on detector accuracy and presenting novel correc-
tion methods to address these effects. These results have implications for a wide range of
applications and industries, not only in space where changing operating conditions are most
significant. The proposed compensation on the Timepix3 detector can be used, for example,
on vehicles carrying GRB alert systems, for materials science or the localisation of compact
gamma-ray sources (Compton camera).
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Appendix A
Author’s scientific research activities

This chapter is divided into several sections. Section A.1 provides a list of the author’s
publications according to their relevance to this thesis. The second section A.2 includes a
summary of the activities of the author within the scientific community. The final section A.3
is a list of citations to the author’s publications.
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