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ABSTRACT

We present an X-ray device for use under conditions of weightlessness to produce high-speed radiograms and tomograms. The device is
equipped with two detectors of different resolutions, a high temporal resolution-small area detector (4 Mpix within 13 × 13 mm2 ) and a low
temporal resolution-large area detector (3 Mpix within 145 × 115 mm2 ). Using the high temporal resolution detector, the device achieves a
recording rate of up to 25 655 radiograms per second, while using a low temporal resolution detector, up to 86 radiograms can be recorded
per second. For the first time, we could record complete X-ray tomograms in microgravity aboard a parabolic flight in 16 s using a laboratory
microfocus X-ray source. We demonstrate the operation of the device by analyzing the three-dimensional packing of particles (tomograms)
and structure formation in a granular gas under periodic excitation (radiograms).
Published under license by AIP Publishing. https://doi.org/10.1063/1.5109622., s

I. INTRODUCTION
X-ray imaging plays a key role in several fields of medicine,
engineering, and natural sciences with the applications being abundant. X-ray devices allow us to infer the structure of matter not only
by inspection of the surface but also to gain information about the
three-dimensional structure using a nondestructive procedure. On
their way through matter, X-rays are attenuated corresponding to
the Lambert-Beer law1–5 where the loss of intensity is a function of
the length of the path of the permeated material and material characteristics. Due to its three-dimensional internal structure, an object
placed between an X-ray source and a detector leaves a characteristic image (called radiogram), which is recorded by the detector.
From a set of radiograms recorded from different angles, the full
three-dimensional structure of an object can be inferred by solving
an inverse problem through the Radon transformation.6,7 Such three
dimensional reconstructions are called tomograms.
Despite the fact that the physical and technical principles of
X-ray radiography and tomography have been known for many
decades, only in the past few years do X-ray radiographs and tomographs belong as standard equipment of many laboratories. While
most prominent in medical applications, X-ray radiography and
tomography are currently used in many disciplines in science and
industry. Thanks to great advances in computer technology and software technology, X-ray imaging became a standard visualization
technique. At the present time, the main challenges are related to
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algorithms for object reconstruction from the X-ray recordings. For
a recent review, see Ref. 8.
While only a few years ago X-ray systems were massive and
mostly stationary devices, modern technology allows for lightweight devices capable of high-resolution (in the range of a few
micrometers and below). At the same time, fast detectors became
available, capable of recording at a high frame rate such that many
X-ray images can be recorded within a few seconds in order to
reconstruct 3D images (tomography). In the current paper, we will
show how these properties, light-weight, miniaturization, and high
recording speed, can be exploited for performing radiograms and
tomograms under conditions of weightlessness aboard a special
airplane during parabolic flights.
X-ray recordings have been performed in weightlessness
before, both in parabolic flights and in drop tower experiments, as
well as aboard sounding rockets and aboard the International Space
Station. The corresponding devices have been presented in Refs. 9–
11, where the latter multifunctional X-ray device X-RISE is able to
perform radiograms at a frame rate of 3 s−1 . Such an apparatus has
been used to study various systems under conditions of microgravity such as thermocapillary convection in a molten silicon,12 liquid
metal foams,13–17 the motion of dendrite fragments,18 solidification
of Al-based alloys,19–25 three-dimensional packings of granular particles,26 and others. From the spectacular results found, we conclude
that X-ray radioscopy under microgravity conditions offers a unique
environment for fundamental studies.
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Whereas these recordings have been restricted to a single
image or a small frame rate of typically ∼1 s−1 ; here, we present a
light-weight device to produce radiograms with a frame rate up to
25 655 s−1 depending on the resolution of the image. These characteristics not only allow for recording radiograms at high-speed
but also, for the first time, for producing full tomograms during
the limited time of weightlessness in parabolic flights (approximately
22 s).
In Sec. II, we will describe the novel X-ray device HORUS [the
acronym stands for “Hochgeschwindigkeitstomographie und Radiographie unter reduzierter Schwerkraft” (high-speed radiography and
tomography under reduced gravity)] and in Sec. II C 2, we will
demonstrate its application to the investigation of the granular Leidenfrost effect and present some sample results as obtained during
the 30th Deutsche Zentrum für Luft- und Raumfahrt (Stuttgart, Germany) (DLR) parabolic flight campaign, which allow us to assess the
performance of the device operating in radiogram and tomogram
modes.
II. EXPERIMENTAL SETUP OF horus
A. Idea and general outline
The aim of the HORUS project was to set up a universal X-ray
facility with the following properties. The X-ray device
● shall be used in parabolic flights aboard an airplane and must
be in agreement with the corresponding needs regarding
general safety,
● shall allow for recordings of both high-speed X-ray radiograms and high-speed X-ray tomograms. The necessary
frame rate is determined by the request to produce
tomograms from about 400 single projections during a single period of weightlessness in parabolic flights (approximately 22 s). The change of the recording mode (radiogram/tomogram) shall be possible during the breaks
between the parabolas (approximately 5 min),
● shall be equipped with detectors of different resolutions and
frame rates to allow for both microscopic sample recordings
and conventional size recordings,
● shall be modular and allow for rapid exchange of the sample
and if needed of the entire experiment under observation,
● shall be light-weight where the maximal mass is limited
to 260 kg by the safety instructions of the parabolic flight
organizer,
● shall allow for recordings in horizontal and vertical configurations with respect to the direction of the gravity. This
option is needed for appropriate sample preparation during
the flight, just before the period of weightlessness starts,
● shall be in agreement with the radiation protection act of
Germany and the law of public health of France (as the
parabolic flights are performed in these countries) and other
European countries.
The HORUS apparatus was designed to be as universal as possible to meet the requirements of many research projects. Among
them are studies of supercritical CO2 , caging effects in sheared granular systems, granular convection, shocks in particle systems, aging
of wet foams, shear dilatancy of granular packings, microrheology
of agitated particle systems, packing structures of granular systems,
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structures in smectic foams, Brownian motion in granular flows,
interaction of dust with porous structures, and others.
For demonstration of the operation, in this article, we present
only two examples for the radiogram mode and for the tomogram
mode, discussed in Secs. II C 3 and II C 4, respectively. More detailed
and quantitative results on these systems as well as other applications
will be published elsewhere.
B. Design of horus
The HORUS setup is sketched in Fig. 1. It consists of the
X-ray module, comprising X-ray tube, generator, detector, shielding,
cabling, connections, and all other facilities necessary to generate
X-rays and record the images, as well as of the experiment module. The device was constructed in such a way that the experiment
module can be easily changed via a lid on top of the device. Safety
switches ensure that the power to the X-ray tube is disconnected
while the lid is open, and so radiation is shut off completely. The
experiment module is attached to the X-ray chamber, leaving 2 cm
and 3.5 cm gaps between the module and the detector, and the module and the X-ray tube, respectively. Both X-ray module and experiment module are shielded by 4 mm lead plates. Regions that are
exposed by particularly intense radiation, close to the optical axis,
are shielded by 6 mm lead plates. In order to check for radiation

FIG. 1. HORUS consists of two main parts, the X-ray module and the sample chamber. The device is shielded using 4 mm lead, except for the primary ray direction
(behind the detector), where 6 mm lead was used. The device is mounted to a
10 mm aluminum base plate. Supply cables, hoses, etc., can be fed into the device
through a cable labyrinth, according to the needs of the currently performed experiment. The sample chamber hosts the submodule basic to each experimental setup
(see Sec. II C 1).
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leaks, the radiation on the outside of the device was measured several
times, reporting a maximum of 0.2 μSv/h. The device is mounted to
a 10 mm aluminum base plate. Through the cable labyrinth, several
cables were fed,
● Camera Link 2 Tap connector, type: MDR-26
● Neutrik Speakon connector, type: NL8FC
● USB3 Standard A receptacle connector (4×)
● Main power connectors, types: C7 and C13
● LAN.
The X-ray module is equipped with a Hamamatsu L9181-02
microfocus X-ray source. This X-ray source is a compact tungsten
X-ray generator operating at a maximum tube voltage of 130 kV and
a maximum tube current of 300 μA. It consists of three components,
a microfocus X-ray tube, a high-voltage generator circuit, and a control circuit, which are integrated into a single unit. The L9181-02 can
be operated and controlled from an external control unit.27
The X-ray tube has a 200 μm thick beryllium exit window for
the X-rays. Its focal spot size ranges from 5 μm to 40 μm, with a minimum focus-to-object distance (FOD) of 13 mm and a maximum
X-ray emission angle of 45○ . Figure 2(a) shows two security switches
(knife and magnetic switches) that are connected to the L9181-02
X-ray source. These switches are located at the door that opens the
sample chamber. In addition, the green button, see Fig. 2(b), has to
be pressed for unlocking the switches and thus opening the chamber.
When the chamber is open, both switches are open, thus inhibiting X-ray generation. Once the door is closed, the yellow button, see
Fig. 2(b), must be pressed to confirm the interlock, in return the door
is locked and the X-ray generation may be resumed via software.
The generated X-ray beam illuminates a sample located in the
sample chamber and is finally registered by the detector, which
records the intensity of the high energy photons. HORUS uses two
detectors of different characteristics, in particular, of different

FIG. 2. (a) Security switches connected to the X-ray source, to automatically interrupt the power supply of the high voltage section when the lid of the sample
chamber is open. The switches are located at the door of the sample chamber. (b)
Buttons to unlock the switches for opening the door (green button) and to confirm
the interlock once the door is close (yellow button).
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FIG. 3. (a) 1512NTD Dexela detector: number of pixels 1944 px × 1536 px, sensitive area 145.4 × 114.9 mm2 , resolution 75 μm/px, and frame rate up to 86 s−1 .
(b) C12849 Hamamatsu detector: number of pixels 2048 px × 2048 px, sensitive area 13.3 × 13.3 mm2 , resolution 6.5 μm/px, and frame rate up to 25 655 s−1 .
Both detectors can be used to study dynamic processes, thanks to their high frame
rates.
TABLE I. Detector’s properties.

1512NTD Dexela28 C12849 Hamamatsu29
Number of pixels (px2 )
Max. resolution (μm/px)
Sensitive area (mm2 )
Max. frame rate (s− 1 )

1944 × 1536
75
145.4 × 114.9
86

2 048 × 2 048
6.5
13.3 × 13.3
25 655

temporal and spatial resolutions, to meet the requirements of the
experiment. Figure 3 shows (a) the 1512NTD Dexela detector28 and
(b) the C12849 Hamamatsu detector.29
The main characteristics of both detectors are specified in
Table I. Note that, in the case of the 1512NTD Dexela detector,
the maximum frame rate can be achieved only under a 4 × 4 digital binning configuration and using the Camera Link connection.
In the case of the Hamamatsu detector, the maximum frame rate
can be achieved by applying area reduction. The condition of 512
horizontal pixels is necessary for 1 × 1 binning, while 8 pixels are
recorded in the vertical direction. Nevertheless, if 2 × 2 or 4 × 4
binning configuration is applied, the horizontal pixel condition is
not required. The achievement of the maximum frame rate can be
guaranteed (by Hamamatsu) as long as one of the recommended
personal computers (PCs) is used (see Refs. 30 and 31).
HORUS can be operated in two different modes, radiogram and
tomogram. In radiogram mode, due to the high frame rates of the
detectors, it can be used to study dynamic systems such as rapid
flows, shaken granular materials, and impacts. In tomogram mode,
the sample is rotated by a rotating platform by 360○ to produce
enough projections such that the 3D structure can be reconstructed.
In order to obtain a good 3D-reconstruction, the object should neither deform nor move with respect to the detector and the X-ray
source during the entire recording time.
C. Experimental modules
1. Idea and outline
While the X-ray module described in Sec. II B is unspecific, the
experiment modules described here are highly specific. As outlined
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in Sec. I, HORUS shall be used by a variety of experimentalists focusing
on very different objects. By using specific experiment modules, it is
possible to switch between very different experimental setups even
during the 5 min breaks between the blocks of parabolas.
The submodule basic to each experiment module is sketched in
Fig. 4(a). With dimensions 270 × 250 × 660 mm3 , most of its space
is intended to equip the module with apparatus specific to the experiment. New levels can be added in the submodule, facilitating the
arrangement of the desired equipment. The size of the sample volume depends on the sensitive area of the detector. The sample itself
can be placed anywhere within the yellow region. For operation, the
module will be placed into the sample chamber of HORUS, as shown
in Fig. 1, and will be fixed by four quick-release screws. By changing
experiment modules, HORUS can perform very different experiments.
Supply of electricity and data exchange between the experiment and
the operator are organized through the main rack of HORUS through
quick release connectors that can be fed into the sample chamber
through the cable labyrinth (see Fig. 1). In Secs. II C 3 and II C 4, we
will discuss two specific examples of experiment modules operating
in radiogram and tomogram modes, respectively.
2. Granular matter
HORUS is a multipurpose facility; however, its first tests and scientific application were in the field of granular matter research.
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X-ray techniques have been used before to characterize the static
and dynamic properties of granular systems. Among the studied systems and phenomena are granular flow through hoppers and channels,32–34 impacts and cratering,35 shear deformation,36 fluidized
beds,37–40 granular jets,41,42 systems during mechanical loading43
including failure,44 sandfish motion,45 packing of spherical46,47 ellipsoidic48 and more complex particles,49 and others. It shall be mentioned that quantitative measurements of granular systems are not
always simple, in particular, due to beam hardening.50,51 A recent
Focus Issue of Review of Scientific Instrument on “Imaging methods in granular physics”52,53 provides an excellent overview on X-ray
investigations of granular systems and related topics.
Granular systems reveal a variety of exciting phenomena, and
it is known that many of these effects are influenced by gravity
(see, e.g., Refs. 54–60). Therefore, to study these phenomena in the
absence of gravity, experiments have been performed under conditions of weightlessness in parabolic flights, drop towers, and sounding rockets. By now, however, according to our knowledge, the only
investigation of granular matter in weightlessness that operates with
X-ray methods was reported by Yu et al.26 who studied the packing
properties of spherical particles by recording radiograms at a frame
rate of 4 s−1 and a number of pixels of 2 Mpix (2008 px × 1340 px
within an area of 18 × 11.7 mm2 ).
In order to assess the performance of the HORUS facility during
parabolic flights, in Subsections II C 3 and II C 4, we present sample
experiment modules intended to study a highly dynamic effect, the
granular Leidenfrost effect, by recording high-speed radiograms and
granular jamming by compaction, studied by means of tomograms.
3. Granular Leidenfrost module

FIG. 4. (a) Side and (b) front view (with respect to the X-ray beam) of the sketch
of the submodule basic to each experimental setup. New levels and apparatus
specific to each experiment have to be added to the submodule, within the area
colored in light green. For operation, it will be placed into the sample chamber
of HORUS. By changing experiment modules, the HORUS can perform very different
experiments.
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The granular Leidenfrost effect (studied experimentally so far
only under gravity conditions) describes the behavior of granulate
in a box, which is vertically excited via vibrations.61–64 This effect
shows as an inversion of the density as a function of height (floating cluster regime) in qualitative contrast to the barometric formula.
Because of the phenomenological similarity to the well known classical Leidenfrost effect, this effect was termed granular Leidenfrost
effect, albeit its physical explanation is rather different. Since there
were contradicting predictions from numerical simulations for the
granular Leidenfrost effect under conditions of weightlessness, the
effect was studied experimentally using the HORUS facility in highspeed radiogram mode. Here, we present only the setup and some
sample results. The full set of numerical and experimental results
will be published elsewhere.65
The granular Leidenfrost experiment module is shown in
Fig. 5(a). It consists of (1) a plastic box containing the electrical connections and protections (fuse, switches, etc.), (2) an IDLC-45-1400
power supply connected to (3) two light-emitting diode (LED) panels (useful if a camera for observing the experiment in the visible
optical range is installed) that illuminate (6) the sample box, which
is mounted on (5) a quick release clamp. The main part of the Leidenfrost module is (4) a TIRAvib S 51140 electromagnetic shaker66
with a rated force of 400 N. In between the two LED panels, there is
a gap where the X-ray beam enters the sample container.
Once the module is placed inside the sample chamber, it is
fixated by four quick-release screws with handwheel. The driving
parameter of the shaker is controlled by a computer; thus, during
each parabola, a different set of parameters can be studied.
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Occasional rattlers can be tolerated but larger rearrangement during
the recording would inhibit the reconstruction of the tomograph.
5. Sample results

FIG. 5. Side view of two samples for experiment modules used with the HORUS
facility in microgravity experiments using parabolic flights: (a) granular Leidenfrost
module and (b) granular jamming module. Both modules have common elements:
(1) box containing electrical connections and protections, (2) IDLC-45-1400 power
supply, (3) two LED panels for illumination, (5) quick release mechanism for the
sample container. The Leidenfrost module also has (4) a TIRAvib S 51140 electromagnetic shaker and (6) a sample container that contains the granulate. The
granular jamming module contains (7) a rotating table used for tomograms, (8)
a sample container (with a piston) filled with granular beads, (9) a servo motor
connected to an electromagnet, for arming/releasing the piston at the sample container, and (10) a plastic box hosting an Arduino that controls the servo motor and
the electromagnet.

4. Granular jamming module
The granular jamming module allows us to study the geometric properties of granular packings obtained from the gaseous state
in the absence of gravity. To this end, a granular gas in a cylindrical container is compressed rapidly by a piston, thus freezing the
granular packing.
Here, we use the granular jamming module to demonstrate the
performance of HORUS operating in tomograph mode. Figure 5(b)
shows the module. Elements (1), (2), (3), and (5) were already
explained in Sec. II C 3. In order to produce tomograms, the sample
container (8), with a diameter of 44 mm and a height of the granular column of ∼30 mm (when compacted), is rotated in small steps
by 360○ . When turning the rotating table (7) at velocity 22.5○ s−1 ,
one full rotation is performed in 16 s, which fits well in the interval
of weightlessness during a single parabola (approximately 22 s). The
rotating table is connected to the schedule procedure step (SPS) system of the X-ray device. The SPS controls all parameters and steps
needed to perform a tomograph recording. The SPS is controlled by
an external computer. The module also contains (10) a plastic box
that hosts an Arduino, which triggers a signal to (9) a servo motor
with an electromagnet attached to it.
In contrast to the dynamic experiments using the Leidenfrost
module, for tomographs, the sample is required to stay static during the recording, i.e., during the parabola. In order to decrease
the probability of rattlers, slightly compressible plastic particles and
soft container walls (top and bottom) were used in our experiments.
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In order to demonstrate the performance of HORUS, here we
present sample results obtained during the 30th DLR parabolic flight
campaign. A typical experiment operating HORUS in radiogram mode
starts in the pull-up phase (hypergravity conditions, ∼2 g). In this
phase, one of the operators starts the shaker, and this also triggers
the recording of a high speed camera inside the sample chamber. A
few seconds before entering the microgravity phase, another operator starts the radiogram recording of the granular dynamics. The
settings of the device depend, of course, on the specific experiment.
Typical settings (as used to obtain Fig. 6) are shown in Table II.
Figure 6 shows a snapshot (radiogram) of the granular material
(polystyrene beads of diameter 1 mm), contained in a box of size 5
× 5 × 5 cm3 . The box is subjected to vibrations of frequency 35 Hz
and peak to peak amplitude 2 mm. Despite the fact that the vibration
frequency is 1.4 times higher than the recording frequency, due to
the small vibration amplitudes, the boundaries of the box (polycarbonate sheets of width 4 mm) are well defined, allowing us to easily
distinguish between the granular material and the container walls.
Low and high density regions are easily recognizable and also quantizable.65 The obtained contrast in the radiograms was very good for
all the tested materials (polystyrene, plastic beads, and sand). As a
measure of the quality of the radiograms, the signal-to-noise ratio
was computed as follows: SNR = 20 ∗ log10 (⟨IROI ⟩/σROI ), where
⟨I⟩ROI and σ ROI are the mean and the standard deviation of the intensity values in the region of interest, ROI (white image). The obtained
value of SNR = 46 dB supports the statement of the overall good
quality of the recording in radiogram mode. Nevertheless, it depends
on the settings of the device (exposure time, voltage, current, etc.).
During the campaign, problems with one of the cables for connecting the Hamamatsu detector were encountered; therefore, only the
Dexela detector could be used.

FIG. 6. Snapshot obtained by HORUS in radiogram mode using the 1512NTD Dexela detector. The raw image shows a system of polystyrene beads of diameter
1 mm contained in a polycarbonate box of size 5 × 5 × 5 cm3 subjected to vibration
of frequency 35 Hz and peak to peak amplitude 2 mm.
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TABLE II. Typical settings for radiogram mode.

Exposure time
Frame rate
Voltage
Current
No. of images
Total duration of recording
Detector
Resolution
Number of pixels

40 ms
25 s− 1
110 kV
0.13 mA
1000
40 s
1512NTD dexela
75 μm/px
1944 px × 1536 px

Figure 7 shows a radiogram of the previous box, but this time
subjected to vibrations of frequency 15 Hz and peak to peak amplitude 13 mm. The top and bottom boundaries of the box are unclear,
and just possible regions are distinguishable. In general, for amplitudes larger than approximately 10 mm (independently of the frequency), the images appear somewhat blurred, requiring advanced
postprocessing. Moreover, for large frequencies (close to the frame
rate of the detector), problems such as rolling shutter and aliasing appeared when using the 1512NTD Dexela detector without
binning.
Similar to the previously explained experiments, jamming
experiments start in the pull up period (2 g phase). During this
hypergravity phase, one of the operators sends a trigger signal to
move the piston upwards, thus allowing the granular beads move
freely when entering the μg phase. After relaxation of the gas during the first seconds of the μg phase, another trigger signal releases
the piston, to compress the free floating granular gas and obtain a
jammed packing. After a predefined time delay (1 s in our case),
the X-ray device records 400 projections from different directions
by means of the rotating table. The recording takes a total of 16 s.
Figure 8 shows a transverse cut of a reconstruction of a granular
packing obtained by means of the granular jamming module operating in tomography mode, using the 1512NTD Dexela, a voltage of

FIG. 8. A transverse cut of a reconstruction of a granular packing obtained by
means of the granular jamming module operating in tomography mode. A granular
gas of spherical plastic beads of diameter 6 mm was frozen by jamming in microgravity. The height of the granular column after compaction is ∼30 mm, while the
diameter of the container is 44 mm. The 3D tomogram was produced subsequently
from the projections obtained during the parabolic flight. The particles are hollow
due to the manufacturing process.

110 kV and a current of 0.13 mA. A granular gas of spherical plastic beads of diameter 6 mm was frozen by jamming in microgravity.
The 3D tomogram was produced subsequently from the projections
obtained during the parabolic flight. The overall performance of
the device operating in tomogram mode fulfilled the requirements.
As a measure of the quality of the tomograms, the mean sphericity, ⟨Ψ⟩ = ⟨π1/3 (6Vp )2/3 /Ap ⟩, was computed (after digitally filling
the void inside the particles), where V p and Ap are the volume and
the surface area of the detected particles, respectively, and the symbol ⟨. . . ⟩ represents the average over all the particles. The resulting
sphericity was ⟨Ψ⟩ ≃ 0.98 ± 0.02, corresponding to very spherical
particles, which shows the very good contrast of the tomograms,
taking into account that only 400 projections were recorded in only
16 s. Similar results were obtained for the rest of the tested materials (polystyrene and glass beads). Nevertheless, the quality of the
obtained tomogram depends strongly on the stability of the packing
during the recording. In cases where the residual gravity fluctuates
noticeably, leading to displacements of the beads, the tomograms
may appear defective.
D. Organization of the HORUS facility in parabolic flight
aircraft—Experimental, control, and storage racks

FIG. 7. Radiogram obtained by HORUS in radiogram mode using the 1512NTD Dexela detector with 1 Mpix and a resolution of 80 μm/px. The raw image shows a
system of polystyrene beads of diameter 1 mm contained in a polycarbonate box
of size 5 × 5 × 5 cm3 subjected to vibration of frequency 15 Hz and peak to peak
amplitude 13 mm. Top and bottom walls are undetectable.
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The HORUS facility for use aboard parabolic flight aircraft consists of three racks. Figure 9 shows a photograph of the arrangement
as mounted into the aircraft. The experimental rack (a) contains the
X-ray module including the sample chamber. The X-ray module is
mounted to a frame, which allows us to turn the device by 90○ with
respect to an axis perpendicular to the direction of the gravity, colored in black in Fig. 9(d). This feature allows for convenient preparation of the experiment prior to the μg-phase. The change of the
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FIG. 9. Cabin layout of the HORUS facility for use aboard parabolic flight aircraft. The
system consists of three parts, the experimental rack in the vertical configuration
(a), and in the horizontal configuration (d), containing the X-ray module and the
sample chamber, the control rack (b) containing the computers for the control of
the X-ray device and the experiment under observation located in the experiment
module, the power supply for the electromagnetic shaker, the corresponding control unit, and other auxiliary modules. Finally, there is a storage rack (c) where two
experiment modules can be stored; thus, three different experiments can be performed during a parabolic flight. The HORUS facility requires two or three operators
depending on the specific experiment.

configuration between parabolas and upright positions can be performed in flight but requires some effort due to the total mass of the
X-ray module of approximately 260 kg. The total size of the experimental rack is 130 × 105.4 × 94.43 cm3 (130 × 105.4 × 54.21 cm3 ) in
the vertical (horizontal) configuration.
The control rack (b) (see Fig. 9) contains the computers for
the control of the X-ray device, the experiment under observation
located in the experiment module, (high-speed) cameras, etc. Furthermore, it contains the power supply and amplifier for the electromagnetic shaker, the corresponding control unit and other auxiliary modules. This rack is divided into three levels. The upper
level carries two monitors and two keyboards to operate the system.
The middle level carries the computers and the vibration control.
The lowest level carries the amplifier for the shaker. The total size of
the control rack is 106.6 × 95 × 64 cm3 .
The storage rack, see Fig. 9(c), contains up to two experiment modules. The experiment modules can be swapped during the
flight. This allows us to perform rather different experiments during
the same flight. The HORUS facility requires two or three operators,
depending on the specific experiment.
III. CONCLUSION
We introduced a novel, compact, and multifunctional Xray facility, HORUS. The X-ray device can be used for conducting
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experiments during parabolic flights and also in the laboratory. The
facility is in agreement with the radiation protection laws of Europe
(Euratom). It has been certified for use in France and Germany,
and it can be certified for other European countries too. Equipped
with two detectors of different spatiotemporal resolutions, HORUS
allows for high-speed recordings of X-ray radiograms and tomograms (full tomogram in approximately 16 s). The low temporal
resolution detector (up to 86 radiograms per second under 4 × 4 digital binning) offers a sensitive area of 145 × 115 mm2 , while the high
temporal resolution detector (up to 25 655 radiograms per second
under 4 × 4 digital binning) offers 13 × 13 mm2 . The X-ray device
can be rotated by 90○ with respect to an axis perpendicular to the
direction of the gravity, which permits us to obtain two different initial configurations of the same experimental setup. The experiments
are built modular; this allows a rapid exchange of the sample, and if
needed, the entire experiment under study.
The performance of the HORUS facility was evaluated by analyzing the three-dimensional packing of particles and structure formation in a granular gas under periodic excitations. The former allows
us to assess the quality of tomograms, while the latter allows us to
assess the quality of the radiograms. Due to the relative high voltage (110 kV) and current (0.13 mA) of the tomograph as well as
the small exposure time of the detectors, a very good contrast was
obtained for all the tested materials (plastic, glass, polystyrene, and
sand). Nevertheless, some limitations of the device were found when
using the low temporal resolution detector. High values of the vibration amplitude (>10 mm) resulted in blurred images when recording
with full resolution, 3 Mpix and 75 μm/px. In addition, when the
vibration frequency is close to the frame rate of the detector, problems such as rolling shutter and aliasing were observed depending
on the used amplitude.
ACKNOWLEDGMENTS
We thank the German Aerospace Center, DLR, for financial
support through Grant No. 50WM1643.
REFERENCES
1

P. Bouguer, Essai D’Optique sur la Gradation de la Lumière (Claude Jombert,
Paris, 1729).
2
J. H. Lambert, Photometria Sive de Mensura et Gradibus Luminis, Colorum et
Umbrae (Klett, Augsburg, 1760).
3
A. Beer, “Bestimmung der absorption des rothen lichts in farbigen flüssigkeiten,”
Ann. Phys. 162, 78–88 (1852).
4
J. Als-Nielsen and D. McMorrow, Elements of Modern X-Ray Physics, 2nd ed.
(Wiley, 2011).
5
J. D. Ingle Jr. and S. Crouch, Spectrochemical Analysis (Prentice-Hall, USA,
1988).
6
J. Radon, “Über die bestimmung von funktionen durch ihre integralwerte längs
gewisser mannigfaltigkeiten,” Ber. Verh. Saechs. Akad. Wiss. Leipzig, Math.-Phys.
Kl. 69, 262–277 (1917) [“On the determination of functions from their integral
values along certain manifolds,“ IEEE Trans. Med. Imaging 5, 170–176 (1986)].
7
S. R. Deans, The Radon Transform and Some of its Applications (John Wiley &
Sons, 1983).
8
S. Weis and M. Schröter, “Analyzing x-ray tomographies of granular packings,”
Rev. Sci. Instrum. 88, 051809 (2017).
9
Y. Houltz, P. Holm, P. Andersson, O. Löfgen, K. Löth, and G. Florin, “X-ray diagnostics for use in microgravity experiments,” in 19th European Rocket and Balloon
Programmes and Related Research, 2009, Bad Reichenhall, Germany (European

90, 105103-7

Review of
Scientific Instruments

Space Agency–Publications–ESA SP, ESA Communication Production Office,
Noordwijk, 2009), Vol. 671, pp. 399–402.
10
F. Kargl, M. Balter, C. Stenzel, T. Gruhl, N. Daneke, and A. Meyer, “Versatile compact X-ray radiography module for materials science under microgravity
conditions,” J. Phys.: Conf. Ser. 327, 012011 (2011).
11
S. Klein, D. Bräuer, M. Becker, A. Knipstein, S. Meckel, E. Sondermann,
and F. Kargl, “X-RISE–A multifunctional x-ray radiography device for parabolic
flights and laboratory use,” Int. J. Microgravity Sci. Appl. 33, 330405
(2016).
12
T. Azami, S. Nakamura, and T. Hibiya, “Effect of oxygen on thermocapillary
convection in a molten silicon column under microgravity,” J. Electrochem. Soc.
148, G185–G189 (2001).
13
T. Wübben, H. Stanzick, J. Banhart, and S. Odenbach, “Stability of metallic foams studied under microgravity,” J. Phys.: Condens. Matter 15, S427–S433
(2002).
14
F. García-Moreno, C. Jimenez, M. Mukherjee, and J. Banhart, “Metallic foam
experiment on MASER 11,” in 19th European Rocket and Balloon Programmes
and Related Research, 2009, Bad Reichenhall, Germany (European Space AgencyPublications–ESA SP, ESA Communication Production Office, Noordwijk, 2009),
Vol. 671.
15
F. García-Moreno, M. Mukherjee, C. Jimenez, and J. Banhart, “X-ray radioscopy
of liquid metal foams under microgravity,” Trans. Indian Inst. Met. 62, 451–454
(2009).
16
F. García-Moreno, C. Jiménez, M. Mukherjee, P. Holm, J. Weise, and J. Banhart,
“Experiments on metallic foams under gravity and microgravity,” Colloids Surf., A
344, 101–106 (2009), current research on foams.
17
F. García-Moreno, S. T. Tobin, M. Mukherjee, C. Jiménez, E. Solórzano, G. S.
Vinod Kumar, S. Hutzler, and J. Banhart, “Analysis of liquid metal foams through
x-ray radioscopy and microgravity experiments,” Soft Matter 10, 6955–6962
(2014).
18
G. Salloum-Abou-Jaoude, H. Nguyen-Thi, G. Reinhart, R. H. Mathiesen,
G. Zimmermann, and D. Voss, “Characterization of motion of dendrite fragment
by x-ray radiography on earth and under microgravity environment,” in Solidification and Gravity VI, Materials Science Forum Vol. 790, edited by A. Roósz and
K. Tomolya (Trans Tech Publications, 2014), pp. 311–316.
19
H. Nguyen-Thi, A. Bogno, G. Reinhart, B. Billia, R. H. Mathiesen, G. Zimmermann, Y. Houltz, K. Löth, D. Voss, A. Verga, and F. de Pascale,
“XRMON-GF experimental set-up devoted to x-ray radiographic observation
of directional solidification under microgravity on MASER12 sounding rocket
mission,” in Proceedings of 20th ESA Symposium on European Rocket and
Balloon Programmes and Related Research, Hyère, France, 22–26 May 2011, 2011.
20
H. Nguyen-Thi, G. Reinhart, G. S. A. Jaoude, R. Mathiesen, G. Zimmermann,
Y. Houltz, D. Voss, A. Verga, D. Browne, and A. Murphy, “XRMON-GF: A novel
facility for solidification of metallic alloys with in situ and time-resolved x-ray
radiographic characterization in microgravity conditions,” J. Cryst. Growth 374,
23–30 (2013).
21
H. Nguyen-Thi, G. Reinhart, G. Salloum-Abou-Jaoude, D. J. Browne, A. G.
Murphy, Y. Houltz, J. Li, D. Voss, A. Verga, R. H. Mathiesen, and G. Zimmermann, “XRMON-GF experiments devoted to the in situ x-ray radiographic observation of growth process in microgravity conditions,” Microgravity Sci. Technol.
26, 37–50 (2014).
22
A. Murphy, G. Reinhart, H. Nguyen-Thi, G. S. A. Jaoude, and D. Browne,
“Meso-scale modelling of directional solidification and comparison with in situ
x-ray radiographic observations made during the MASER-12 XRMON microgravity experiment,” J. Alloys Compd. 573, 170–176 (2013).
23
A. G. Murphy, J. Li, O. Janson, A. Verga, and D. J. Browne, “Microgravity and
hypergravity observations of equiaxed solidification of Al-Cu alloys using in situ
x-radiography recorded in real-time on board a parabolic flight,” Mater. Sci.
Forum 790-791, 52–58 (2014).
24
A. Murphy, R. Mathiesen, Y. Houltz, J. Li, C. Lockowandt, K. Henriksson,
N. Melville, and D. Browne, “Direct observation of spatially isothermal equiaxed
solidification of an Al–Cu alloy in microgravity on board the MASER 13 sounding
rocket,” J. Cryst. Growth 454, 96–104 (2016).
25
D. Browne, F. García-Moreno, H. Nguyen-Thi, G. Zimmermann, F. Kargl,
R. H. Mathiesen, A. Griesche, and O. Minster, “Overview of in situ x-ray studies of light alloy solidification in microgravity,” in Magnesium Technology 2017,

Rev. Sci. Instrum. 90, 105103 (2019); doi: 10.1063/1.5109622
Published under license by AIP Publishing

ARTICLE

scitation.org/journal/rsi

edited by K. N. Solanki, D. Orlov, A. Singh, and N. R. Neelameggham (Springer,
Berlin, 2017), pp. 581–590.
26
P. Yu, S. Frank-Richter, A. Börngen, and M. Sperl, “Monitoring threedimensional packings in microgravity,” Granular Matter 16, 165–173 (2014).
27
Hamamatsu, Microfocus X-ray source L9181-02.
28
Dexela, 1207NDT, 1512NDT and 2923NDT.
29
Hamamatsu, X-ray scmos camera c12849 series.
30
Pc recommendation.
31
Hamamatsu, X-ray sCMOS Camera C12849-101U/-102U Instruction Manual,
Version 1.3 ed.
32
J. O. Cutress and R. F. Pulfer, “X-ray investigations of flowing powders,” Powder
Technol. 1, 213–220 (1967).
33
R. L. Michalowski, “Flow of granular material through a plane hopper,” Powder
Technol. 39, 29–40 (1984).
34
G. W. Baxter, R. P. Behringer, T. Fagert, and G. A. Johnson, “Pattern formation
in flowing sand,” Phys. Rev. Lett. 62, 2825–2828 (1989).
35
T. Homan, R. Mudde, D. Lohse, and D. van der Meer, “High-speed X-ray
imaging of a ball impacting on loose sand,” J. Fluid Mech. 777, 690–706
(2015).
36
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